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Chapter 1

Part 1. Introduction on X chromosome inactivation
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Chapter [ Introduction on X chromosome inactivation

Sex determination, sex chromosomes and their evolution

Sexual reproduction represents one of nature’s most ingenious inventions during
evolution [1], facifitating exchange of genes located on homologous chromosomes in
the generated offspring, providing important variation for natural selection. To enable
sexual reproduction, a difference in sex between individuals is a prerequisite, and several
ways of sex determination have evolved in different species. In species like crocodiles,
lizards and turtles, the sex is determined by the incubation temperature of the egg {2-3].
However, in many species, the sex of an individual is genetically determined by genes
located on sex chromosomes [4]. Mammals are heterogametic, in which the female nucleus
contains two X chromosomes and a male nucleus one X chromosome and one Y
chromosome. Almost 100 years ago, Herman Muller proposed that in Drosophila
melanogaster, the X and Y chromosomes originated from a common pair of autosomes [3].
This idea was later applied by Susumu Ohno to vertebrates, who argued that the X
chromoseme remains conserved, whereas the Y chromosome degenerates during evolution
f4]. Now it is generally accepted that sex chromosomes originated from a pair of
autosomes, and divergence of these autocsomes in proto-X and proto-Y chromosomes was
initiated, in the ancestor of marsupials and placental mammals, by the emergence of the key
male sex determining gene Srp, which evolved from the ancestral Sox3 gene on the proto-Y
chromosome [6-11]. [n subsequent steps the proto-Y chromosome acquired male beneficial
genes, resulting in a genomic region which was non-homolagous with the X chromosome.
It 15 thought that the absence of homology initiated degeneration of the Y chromosome,
Nowadays the Y chromosome contains less than a 100 single copy and multicopy genes, of
which are 78 male specific, most of them involved in male fertility and sex determination
[12-13]. The X chromosome is still able to recombine 1 meiosis in the female germ line,
which prevented degradation, and which contributed to the maintenance of a large
chromosome containing more than a thousand genes, involved in a plethora of biological
functions, varying from brain development to metabolism and fertility [4, 14].

The human X chromosome is approximately 155 Megabase (Mb) in length, and
harbors around 1098 genes (Figure 1). With its 7.1 genes per Mb, the gene density of the X
chromosoine is among the lowest of all chromosomes [14]. Although the X chromosome
contains the longest human gene knowin, the dystrophin (DMD) locus, spanning more than
2 Mb, the average gene length of X chromosomal genes is lower compared to the other
human chromosomes [14]. Only around 1.7% of all nucleotides of the human X
chromosome are being transcribed into protein coding transcripts, whereas the remainder is
composed of repetitive sequences, pseudogenss and genes encoding non-coding RNAs
[14]. Among the genes on the X chromosome, there is an accumulation of so-called cancer-
testis antigen genes, which are characterized by their expression in certain cancers, whereas
in physiological conditions, their expression is predominantly found in testis [[4-19].
Interestingly, the same fow gene density and accumulation of testis-specific genes is found
in the chicken Z chromosome [20]. In the chicken, sex is determined by the ZW system in
which the females are heterogametic. Although the human X and chicken Z chromosome
evolved from different ancestral chromosomes, expansion of the one sex chromosome that
has a homologous pairing partner in either female (XX in mammals) or male {ZZ in birds)
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Chapter 1 Introduction on X chromosome inactivation

human X chromosome
155 Mb

I PARY

Xp

Figure 1: The human X chromosome
Schematic of the human X chromosome, showing the short (Xp) and long arm (Xq), with the
pseudoautosomal regions (PAR), and the X added {XAR) and X conserved regions (XCR).
The X inactivation center, located at Xg13.2 is indicated as well.

meiosis, by accumulation of intergenic regions and repetitive areas like LINE repeats,
together with acquisition of testis-specific genes on the larger chromosome X or Z seem to
be a commeon theme in the evolution of sex chromosomes [20].

The evolution of the mammalian X chromosome started more than 165 million
years ago (MYA), long afier the divergence of the mammalian and avian lineages.
Alignment comparison between the human X chromosome and the chicken genome has
shown that a large block of homology can be found between the long arm of the human X
chromosome (Xq) and chicken chromosome 4p [14]. This so-called X conserved region
{XCR) can be found in all three mammalian groups - the placental mammals (Eutheria), the
marsupials {Methateria) and the egg-laying mammals (Prototheria, monotremes) - and is
therefore a descendant from a proto-X chromosome present before the divergence of the
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Chapter 1: Introduction on X chromosome inactivation

mammalian lineages 150 MYA [7, 14]. Another block of homelogy can be found between
chicken chromosome 1 and the short arm of the humar X chromosome (Xp). This region is
not conserved in marsupials and monotremes, and must have been added to the proto-X
chromosome before radiation of the placental mammals around 100 MYA, and after
separation from the marsupial lineage 150 MYA, and is referred to as the X added region
(XAR)Y[7, 14, 21].

Although the emergence of Sry, some 160 MYA, has initiated the divergence of
the proto-X and Y chromosomes, and prevention of recombination between the X and Y
has resulted in degeneration of the Y chromosome, some small parts of our sex
chromosomes are still homologous to each other, and still recombine during male meiosis
[22]. Intriguingly, these so-called pseudoautosomal regions are not remnants of the original
autosomal progenitor, but are added later during evolution to beth the X and the Y
chromosomes. The 2.7 Mb pseudoautosomal region located at the short arm of the human
X and Y chromosomes, called PARI, appears to be crucial for proper sex chromosome
pairing and subsequent chromosome segregation during male imeiosis [22-23], and was
added 80 to 100 MYA. Around 24 genes being expressed from both the X and the Y
chromosomes are mapped to the PARI, including 7 well defined genes affecting energy
metabelisim and growth. Another, 330 kb small, pseudoautosomal region (PAR2) is located
at the distal tip of the long arm of the human sex chromosomes. This region of the X and Y
chromosomes seems to be primate specific, as its addition took only place 4 io 10 MYA
[14, 24-25], and does not seem to be crucial for male fertility [26].

The X chromosome and the need for dosage compensation

Both sexes contain an equal number of autosomal chromosomes, and a balanced dosage of
X linked genes is needed to accomplish functional cell physiology [27-29]. In
heterogametic species, the evolution of a single gene-rich X and gene-pore Y chromosome
in males results in a potential dosage problem, as in males only a single X chromosome is
responsive for the same functions as two X chromosomes in females. Many genes act in a
dose-dependent manner, and therefore during the attrition of the proto-Y, the monosomy of
the proto-X chromesome in males is believed to be compensated by an up-regulation of
gene transcription from the newly formed X chromosome, thereby restoring the equilibrium
between autosomal and X-linked genes [4}. For females, this up-regulation of X-linked
gene transcription would further disrupt the desired equilibrium, as the presence of two, and
highly transcribed, X chromosomes would disrupt an equal gene dosage between the
autosomes and sex chromosomes in females. To prevent this potential problem, in placental
marmals, dosage compensation of X-linked genes between both sexes is achieved by
inactivation of one of the two X chromosomes in females, in a process called X
chromosome inactivation {XCI) [4, 30-32]. XCl occurs during early female development,
and results in functional heterochromatinization and silencing of the X chromosome, which
is maintained during subsequent cell divisions throughout life [33]. XCI leads to mono-
allelic expression of most X-linked genes, with the exception of genes located in the
pseudo-autosomal region{s) and a number of other genes escaping from inactivation [34-
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Chapter 1: Introduction on X chromoesome inactivation

35]. These latter genes often have X-degenerate counterparts on the Y chromosome, which
also carries a pseudo-autosomal region homologous to that of the X chromosome. As a
result, beside these escaping genes, only one X chromosome is functionally active in both
sexes. Since expression of X-encoded genes from this chromosome and the single X in
male cells is two-fold up-regulated compared t0 autosomes, the proper dosage of X-
encoded genes is restored, thereby complying to Ghno’s hypothesis [4].

The first experimental evidence for this hypothesis has come from studies
involving the chloride channel gene Cic4, which is X-linked and subject to XCJ in the
mouse strain Mus sprefus, but autosomal in different laboratory mouse strains {36].
Quantification of allele specific gene expression in crosses of hybrid mice has shown that
the autosomaj copy of Clc4 is expressed at around half the level of expression compared tc
the X-linked copy, providing evidence that indeed the transcription of the X chromosome is
up-regulated compared to autosomss [36]. Micro-array studies investigating whole genome
wide expression of genes have consolidated the idea that the X chromosome is up-regulated
[37-40]. Although, recently, an RNAseq study has claimed to reject Ohno’s hypothesis [41-
471, reporting no up-regulation of the X chromosome and a resulting X-to-autosome
expression ratio of 0.5 in both human and mouse. Subsequent studies have shown that this
result can be explained by the fact that low and tissue-specifically expressed genes were
taken into consideration in this study [43-44]. When only genes showing moderate to high
expression were compared, an up-regulation of the X chromosome was found, bringing the
X-to-autosome ratio to 0.7 [43-44], The reason that the X-to-autosome ratio did not
increase to 1, as would be expected if up-regulation of X-linked genes would be complete,
might be related to the fact that RNAseq might result in noisy data {43]. Alternatively, this
might indicate that only certain dosage sensitive genes show up-regulation, whereas other
genes do not. Evidence for this has recently been obtained in a study which focused on X-
linked genes, whose gene products are involved in multi-protein complexes [45]. Indeed,
for X-linked genes encoding proteins being part of large protein complexes, an X-to-
autosome ratio of 1 has been found [45]. This might indicate that Ohno’s hypothesis mainly
hoids true for dosage sensitive genes.

In different species, the problem of dosage compensation has been differently
solved (Figure 2). In Drosophila melanogaster, males harbor a single X chromosome, and
a ¥ chromosome which is not related to the human Y chromosome, whereas females have
two X chromosomes. A difference in X-linked dosage of genes is prevented in this species
by sex-specific up-regulation of gene transcription from the single X chromesome only in
males {29, 46-48]. Since the X chromosomes in females are not being hyperiranscribed,
there is no need for a further dosage compensation mecharism in female flies. In the
nematode Caenorhabditis elegans, hermaphrodites have two X chromesomes, whereas
males have a single X chromosome and no Y chromosome. Here it are the hermaphrodites,
which reduce the X-linked transcription, to achieve a similar transcription level between the
sexes [49-50]. Since de facto in both sexes of this worm species only one X chromosome is
active, also here an up-regulation mechanism has evolved, comparable to the situation in
placental mammals.
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Mus musculus Drosophila melanogaster Caenorhabditis elegans
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Figure 2: Dosage compensation in different species

In mice and other placenfal mammals one X chromosomsas in females is inactivated during
early embryonic development to achieve an equal dosage of X-linked genes between both
gsexes. In the fly, the single X chromosome in males becomes two-fold up-regulated. In
worms, hermaphrodites reduce expression from their two X chromosomes, to equalize
expression from a single X chromosome in males.

X chromosome inactivation in the mouse: development and
timing in the cycle of life

In mice, two forms of XCI exist. Imprinted XC1 (iXCl) of the paternally inherited X
chromosome (Xp) iz initiated very early during female embryonic development, around the
two- to eight-cell stage [51-52], and is maintained in the extra-embryonic tissues and its
derivatives, including the fetal placenta [53] (Figure 3). The Xp is reactivated in the inner
cell mass (ICM) of the developing female embryo [34]. Then, at around day 3.5 of
embryonic development, a second round of XCl is initiated in the embryo proper
developing from the epiblast, which is random with respect to the parental origin of the
future inactive X chromeosome (Xi) [30]. This random inactivation (rXCI) is aiso observed
for female mouse embryonic stem (ES) cells, when these ES cells are induced to
differentiate.

ES cells are derived from the ICM of a blastocyst. They are characterized by the
ability of self renewal and are pluripotent with the capacity to form all cell types of the
embryo proper and the adult organism upon development or differentiation [53-56].
Besides potential applications for regenerative medicine, ES cells are an ideal study system
for early mammalian development from the pre-implantation period onwards [57-58].
Female mouse ES cells retain two active X chromosomes {Xa) and upon differentiation
these cells initiate random XCI, making them the prevailing mode! system to study XCI
[59-60]. This points to a link between rXCl and the transition of cells from a pluripotent
state to more differentiated cell types. Besides simulating early development in an
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Figure 3: X chremosome inactivation and reactivation in female mouse development

Imprinted XCI of the paternally inherited X is initiated in 4- to 8-cell stage pre-implantation
embryos. The inactive Xp is maintained in all extra-embryonic tissues and its derivatives.
Imprinted XClI is reversed in the inner cell mass (ICM), followed by the onset of random XCI
initiated at E5.5 in the epiblast, which gives rise to the embryo proper. Random XCl| is also
initiated in differentiating female ES cells, and is already established in EpiSCs. Random XCI
is reversed in the developing PGCs, and during the reprogramming process of somatic cells
into iPS cells, and EplSCS into ES cells. Adapted from Barakat and Gribnau, Development 2012.

experimental setting, XCI in ES cells is important to accomplish proper cell function and
developmental potential of these cells in culture or when transplanted back to an embryec.
The recent discovery of induced pluripotent stem (iPS) cells, which have ES cell
characteristics and are derived from somatic cells by reprogramming with defined
pluripotency factors [61-66], has reemphasized the importance of studying initiation,
maintenance and reversibility of XCI in this type of cells. Among others, the active status
of X chromosomes in ES and iP§S cells can be used as a pluripotency marker, as during iPS
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Chapter 1 Introduction on X chromosome inactivation

reprogramming the inactivated X chromosome (Xi) from somatic cells becomes reactivated
in mouse iPS cells [67-68)].

After initiation of rXCI, the transcriptional silent state is maintained through
inheritance of epigenetic modifications, so that the choice of the Xi is maintained in
dividing cells. As a consequence, female tissues are a mosaic of cells expressing either Xp
or the maternally derived Xm. This is nicely demonstrated by female {or XXY male) calico
cats, carrying red and brown hair color genes on the two X chromosomes.

Although rXCI is a very stable form of epigenetic gene silencing, it is reversed in
the germ ling, in primordial germ cells (PGCs), around the time when also the genomic
imprints are erased [69]. Hence, oocytes contain two active X chromosomes. In remarkable
contrast, the single X chromosoime in spermatecytes is silenced, in the form of an XY body,
through a meiotic sex chromosome inactivation (MSCI) mechanism which targets unpaired
chromatin regions which are not engaged in homologous meiotic recombination [70].
Progressive loss of homologous recombination between X and Y is interlinked with the
evolution of the heterologous XY chromosome pair from a pair of autosomes. To cope with
the consequences of this evolution, MSCI likely is as important as XCI. However, the
mechanism leading to MSCI is different from that leading to XCL

Cis acting factors involved in regulation of X chromosome
inactivation

Transcriptional silencing of a whole chromosome during development has fascinated
biologists for decades, and in recent years a considerable amount of knowledge has been
acquired which now contributes to our understanding of the molecular mechanisms
involved in such silencing, among others in mammalian XCI, Genetic studies in mice and
humans with X-to-autosome translocations have revealed that a major X-linked control
locus, the X inactivation center {Xic in mice and XIC in humans) is necessary for XCI to
occur [71-74]. Early studies in humans had raised the idea that the XIC must be located on
the long arm of the X chromosome close to the centromere, based on the observations that
abnormal X chromosomes with the presumed XIC present in two copies have a bipartite
Barr body meorphology, and isochromosomes containing the short arm of the X
chromosome are not present in the population, presumably because such chromosomes are
unable to inactivate because of a lack of the XIC [75-77]. Further studies of abnormal
patient X chromosomes revealed that only one XIC can be present, and this must be located
between Xq11.2 and Xq21.1 [78]. By studying human and primate mitotic metaphase
chromosomes, it was noticed that a female specific bend is present at Xq13.3-q21.1, which
was likely to be the visible manifestation of the condensation process of the Xi [79-80],
starting at the XIC. By making use of somatic cell hybrids containing rearranged X
chromosomes, and another set of abnormal patient cells with X chromosomes which
retained the possibility to be inactivated, the minimal region of overlap, the XIC, was
further delineated to Xq13 [81], as this region was always present in cells able to undergo
XCI. Similar stadies in mice identitied the Xic [71, 73, 82], which encompasses more than
1 Mb on the mouse X chromosome [83], and has been shown to contain 13 genes of which
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Figure 4: The X inactivation center

Three non-coding X-linked genes, located within the X inactivation center, are important for
the XC! process. Xist coats the X in ¢fs, recruiting chromatin maodifiers invelved in sitencing
the Xi. Tsix and Xife are transcribed anti-sense to Xist, and repress Xisi. Xist, Tsix and Xite
are regulated by irans-acting X-encoded activators of XCl, and autosomally-encoded
reprassors of XCl. Adapted from Barakat and Gribnau, Development 2012,

at least 3 genes are invelved in thz process of XCI. These genes, Xist, Tsix and Xite, are
non-coding, and represent the master switch focus involved in silencing of the X
chromosome in ¢is (Figure 4).

The first gene which has been found to map to the XIC/Xic is the X-inactive
specific transcripi (Xist in mice, XIST in humans) [74, 84-85]. Xist is the only known gene
which is specifically expressed from the Xi. Xist is a non-coding gene, consisting of 7
exons in the mouse and 8 exons in human, producing a poly-adenylated RNA molecule (17
kb in human and 15 kb in mouse}, which is subject to alternative splicing [86-87] and has a
half-life of approximately 4 to 6 hours [88-90]. Xisr RNA is tightly associated with the Xi
[91-92], and it is required for XCI to cccur in cis, as knockout studies in female ES cells
and mice have shown that X chromosomes bearing a deletion of the Xist gene are unable to
inactivate the mutated X [93-95]. In case of the knockout mice, an Xist deleted allele can be
transmitted trough the maternal germ line, resulting in healthy male offspring, or females in
which always the non-mutated allele is inactivated. In case of paternal ransmission, female
offspring is not born, due to a failure of initiation of imprinted XCI which results in a
virtual absence of placental tissues [93-94]. During XCI, expression of Xiss is up-regulated
from the future Xi [89, 96]. Xist RNA molecutes spread from the Xic across the X
chromosome in cis, and cover the Xi completely. By spreading along the Xi, Xist RNA
induces heterochromatinization of the X chromosome by attracting chromatin modifiers
involved in gene silencing [97-991].

In the mouse, two DNAsel hypersensity sites and 7 footprints characterize the
primary Xisi promoter (P1), which is located directly upstream of the gene [100-102].
Footprint Il is a putative TATA box, although this site does not seem to be a direct TATA-
binding protein (TBP) binding site. At the transcriptional start site, where footprint 1 is
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located, a putative YY1 binding site has been found. In addition, binding of the
transcription factors E2F, AP1, SP1 and CBP has been found in the region of the minimal
promoter [101]. Further upstream of Xist, 5 additional footprints have been identified, but
their function remains to be determined [103-104]. A recent study which makes use of a
panel of 12 different reporter constructs containing different paris of the Xist promoter has
identified three enhancer and three silencing elements in the Xiss promoter, and found
putative binding sites for the estrogen receptor, retinoic acid receptor, SRY, and the
transcription factors C/EBP, NFY and NFAT [105].

Another promoter, the P2 promoter, is located +1303 bp of the Xiss transcriptional
start site [106], Transcripts derived from this promoter lack the A-repeat which is crucial
for silencing, but seem to be more abundantly present in female somatic cells [106]. The
functional relevance of these transcripts is not clear. The PO promoter, locaied upstream of
Pl was proposed to result in unstabie Xis¢ transcripts [83, 106], but this turned out to be an
artefact, representing the 3° termination site of antisense transcription through the Xist locus
(89, 167].

In hurman, the X/ST promoter has been shown to bind the common transeription
factors SP1, YY1 and TBP, and seems to be constitutively active in reporter constructs
[108], which indicates that, prior to XCI and after XCI initiation, X/ST must be actively
repressed on the Xa. This repression might include repressive histone modifications, and
DNA methylation [109-114].

One of the most characteristic features of the produced Xist RNA is the presence
of 6 highly conserved tandem repeats, termed repeat A to F [86-87, 115-116]. The A-
repeat, located in Xist exon 1, seems to full fill a crucial role in the gene silencing capability
of Xist, and consists of 7.5 copies of a direct repeat unit, constant CG rich and variable AT
rich, which harbors two short inverted repeats that might fold into a secondary structure
comprising two stem loops. This stem loop structure is believed to be able to interact with
putative proteins, thereby contributing to the silencing function of this repeat. The B-repeat
is transcribed from a microsatellite tract {CCCCAG) n which is present in many species,
but the function of this repeat is unknown. The C-repeat, transcribed from a sequence
located 3 kb downstream of the A-repeat, consist of 14 tandem repeats of a C-rich sequence
in the mouse, and has been implicated in the ¢is localization of the Xisr RNA. Only one
copy of this 11 bp monomer is present in humans. Repeat D is the largest of all repeats, but
its monomers are less conserved during evolution, resulting in a large variability between
species. Repeat E also shows a high degree of variability, with a small menomer length
between 25 and 30 bp, and like the D-repeat, its functions are unclear. Finally, the F-repeat
is transcribed from sequences located at the start of the P2 promoter, and contains a binding
site for the cell cycle factor E2F [117]. Therefore, this repeat, with a 19 bp motif, might be
important for the regulation of Xist transcription.

Another non-coding gene located within the mouse Xic is Tsix, which is
transcribed antisense to Xis7 [118]. Tsix contains four exons and at least two transcriptional
start sites, producing a 40 kb transcript, which only localizes to the Xic, as determined by
RNA-FISH experiments. The Tsix gene fully overlaps with the Xist gene in mice, and Tsix
was shown to negatively regulate expression of Xist, as a deletion of Tsix leads to up-
regulation of Xiss transcription, and near exclusive inactivation of the mutated X
chromosome in female cells [119-120]. Prior to XCI, expression of 7six is from both X
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chromosomes in a 10- to 100-fold excess compared to Xist, and expression is continued,
transiently after initiation of XCI, on the future Xa [121]. On the Xi, transcriptional
shutdown of Tsix is accompanied by chromatin changes at the Tsix promoter [122]. The
exact mechanisms involved in Tsir-mediated silencing of Xist are unknown, Since
expression of Tsix transcripts is found in a gradient along the Xist gene, with more
transcripts in the 57 portion of 7six relative to the 3° portion of the gene, a rele for
transcriptional interference as a mechanism to suppress Xist has been proposed [89, 121,
123]. Another possible mechanism by which Tsix might suppress Xist transcription is via
RNA-mediated silencing. it has been shown that Tsix regulates the methylation status and
thus the activity of the Xisr promoier, via de novo methyltransferase 3a (DNMT3A) [§9,
124}. Also, active chromatin marks are more abundant at the Xist promoter in cells with a
deficient 7six gene in cis, whereas marks of repressed chromatin are reduced {111, 125-
127]. Antisense transcription through the Xisz promoter itself seems to be crucial for the
establishment of repressive chromatin marks, as a truncation of Tsix io 93% of its normal
length failed to induce JXist silencing [112]. Also deletion of the Dxpas34 element, which is
a CpG island located downstream {o the major Tsix promoter and also initiates antisense
transcription, abrogates Xist silencing in cis, thereby further emphasizing the importance of
antisense transcription in Tsix-mediated silencing of Xisr [127-129]. Furthermore, the
methylation status of this CpG island coincides perfectly with antisense transcription
through Xist [130-131]. Xist and Tsix transcripts are partially overlapping, and a possible
role for an RNAi-mediated mechanism regulating XCI therefore cannot be excluded [132].
Small xiRNAs, ranging in size from 25 to 42 nucleotides, have indeed been detected from
different regions within the Xist gene, and a mutation of the endonuclease Dicer resulted in
a loss of xiRNA formation and decreased methylation of Xist, implicating a role for Dicer
in XCI. This is disputed by others, who found that Dicer null-ES celts show normal XClI,
and that the effects on Xa are mediated by a decreased activity of de novo
methyitransferases rather than a direct effect of Dicer [133-134]. Therefore, at present the
exact role of small RNAs in XCI initiation is unclear. Also, over-expression in ¢is of Tsix
cDNA in a ceil line with abrogated endogenous 7six transcription did not result in
restoration of Tsix-mediated Xist silencing, which argues against an RNAi-mediated
process [135].

The third non-coding gene involved in XCI is Xire, for X chromosome intergenic
transcript element [136]. This gene is located approximately 10 kb upstream of Tsix, and its
expression and methylation pattern during XCI is similar to that of Tsix. Xire is believed to
be the positive regulator of Tsix [137]. Deletion of Xite results in reduced antisense
transcription of Tsix through the Xist locus, implying a similar role for Xife in inhibiting
Xist expression as for Tsix and Dxpas34 [131, 136].

Beside Xist, Tsix and Xire, the Xic harbors several other genes (Figure 5), most of
unknown function. An involvement of these genes in the regulation of XCI was unknown at
the start of this thesis research. At its centromeric site, a neuron-specific gene called
nucleosome assembly protein 1-like 2 (Nap//2, also known as Bpx) is located, which
encodes a protein of 460 amino acid residues [138-139]. This gene is entirely located in the
last intron of Pprx, which is transcribed in the same orientation [140]. Ppax is highly
expressed in undifferentiated ES cells, and scems to be a testis-specific gene in adult mice,
where expression is found in germ cells having entered meiosis [140]. Ppnx does not seem
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to be conserved in human. Ppax has different splice variants, and since Ppsx and Napl/2
have a different expression pattern, transcriptional interference between these two genes is
likely to be prevented [140]. Also centromeric, Cdx4, a small gene with three exons,
belonging to the caudal family of homeobox genes, encodes a 282 amino acid protein
which is highly conserved amongst species [140-141]). Chic/ is located upstream of Cdx4,
spanning 40 kb in mouse, and 163 kb in human [140]. Also known as BRX, CHICI
belongs to the familiy of cysteine-rich, hydrophobic proteins, and is specifically expressed
in brain tissues [142]. Between Chicl and Xite, another testis-specific gene is located,
which is called Tsx [140, 143]. Tsx spans 10 kb in the mouse, and encodes a 156 amino
acid, highly acidic protein without homology to any other protein [140, 144].
Immunostaining showed exclusive expression of Tsx in pre-meiotic germ cells in pre-
pubertal mouse testes, whereas in adult mice Tsx mRNA has been found in Sertoli cells, the
somatic cells supporting spermatogenesis. Tsx 13 not expressed in the female germ line, but
gxpression can be found from the 2-cell stage onwards throughout pre-implantation
development [ 145]. Tsx has become a pseudogene in humans [140]. The region upstream of
Xist, is characterized by the presence of Jpx and Frx, two genes transcribed into nen-coding
RNAs of unknown function [140]. Jpx, also called Enox, is located 10 kb upstream of Aist,
is transcribed in the opposite direction, and is weli conserved among species, implicating a
potential function for this non-coding RNA. Jpx expression does not seem 10 be sex-
specific or developmentally regulated, is ubiquitously expressed in somatic tissues [140],
and partially escapes XCI [146-147]. Fix is transcribed in the same orientation as Xis7, and
its expression is found in multiple tissues [140]. Yet another testis specific gene, Cnbp2, is
located 150 kb upstream of Xist [140]. It encodes a 170 amino acids protein which has a
high similarity to cellular nucleic acid binding protein {CNBP), a zine-finger DNA binding
protein. Since Crbhp2 has only one exon, but is conserved amongst species, it is likely to be
a retrogene derived from Cubp [140]. Its function is unknown. Finally, around 300 kb
upstream of Xist, the gene Xpct, encoding X-linked PEST box containing transporter, is
located, which is also known as Sic/642 or Mee8 [148-149], Xper covers 147 kb in the
mouse, and 117 kb in humans, and its & exons are highly conserved amongst all eutherians,
The 565 amino acid XPCT protein is a member of the monocarboxylate cotransporter
family that mediates movement of lactate and pyruvate across membranes, and is invelved
in thyreid hormone transport [149-150]. Hence, mutations in XPCT cause a human mental
retardation syndrome [151-132]. Xpct is subject to XCl, as only expression from the Xa has
been observed [148-149, 153]. Xpcf is highly expressed in liver and kidney, at lower levels
in heart, brain and lung, and its expression is low or absent in spleen, testis, skeletal muscle
[149] and undifferentiated ES cells [154]. Homozygous knockout mice show abnormal
thyroid hormone metabolism, but are born at expected Mendelian frequencies [[55].

Interestingly, the region upstream of Xist, including Jpx, Fix, Cabp2 and Xper,
displays several chromatin features of the inactive X chromosome, including enrichment of
H3K9me and H3K27me3, prior to differentiation [156-157]. The functional relevance of
this so-called heterochromatic hotspot remains to be determined.
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Figure 5: The X inactivation center on the mouse X chremosome
Shown are ail 13 genes known 1o map to the X inactivation center. See text for details.

Counting the number of X chromosomes and the initiation
of random X chromosome inactivation

A long standing question in XCI research involved the counting and choice mechanisins
regulating initiation of XCI, leading to inactivation of the proper number of X
chromosomes. How does a cell sense the number of X chromosomes present in a nucleus,
and how many of them need to be inactivated? A number of clinical cobservations in
patients with an aberrant number of X ¢chromosomes have shed some light on this question.
In patients with a supernumerary number of X chromosomes, like so-called 47 XXX super
females or 47, XXY Klinefelter patients, all but one X chromosome become inactivated
[158-160]. In Turner syndrome patients, the single X chromosome present in these females
does not underge XCI, whereas in tetraploid female embryos two inactivated X
chromosomes are found [161-162]. From this, the general rule has been deduced that XClI
results in one Xa per diploid genome [163].

Several models, with increasing complexity and partially overlapping mechanisms,
have tried to explain the XCI counting and initiation mechanisms {Figure &). The blocking
factor (BF)} model predicts the presence of an autosomally encoded factor which is present
in one entity in a diploid nucleus [72-73]. The BF is thought fo act through binding to a
DNA element, called counting element, and only interacts with one X chromosome, thereby
rescuing this X from XCI in cis. Since there is only enough BF in a diploid nucleus to
prevent XCl on one X chromosome, all additional X chromosomes will become silenced.
The related symmetry breaking model states that the BF js not a single entity, but consists
of several autosomally encoded molecules which assemble on the future Xa, thereby
preventing XCI {164-165]. Since the Xic is necessary for XCI o occur, as XCl is initiated
only in the presence of more than ene Xic in a diploid nucleus, it seems likely that the
postulated counting element must be located within the Xic. Several studies made use of
transgenes and deletions, 1o identify the counting element, reasoning that when an
additional counting element would be introduced into male ES cells, this sheuld be able to
titrate away the Himiting BF and induce counting. Therefore, XC! should also occur on the
endogenous X chromosome, which is now no longer protected by the BF.

Indeed, in several transgenic male ES cell lines with autosomally integrated
transgenes covering Xist and Tsix, or Xist alone, ectopic XCl occurred on the single
endogenous X chromosome [166-171]. Autosomal Xist expression and silencing of
autosomal genes adjacent to the integration site was alse observed. The transgenes used to
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Figure B: Initiation of random XCi
Models explaining XCT initiation and counting. See text for details

generate these ES cell lines varied from large Y ACs carrying >500 kb to small cosmids of
only 35 kb covering only Xist and flanking regions [167]. These studies therefore indicated
that factors invoived in counting may be located within the sequences covered by the
transgenes. However, other related studies did not show induction of counting using similar
transgenes {172-174], or showed that only multicopy transgenes are able {o induce counting
[175]. Interestingly, studies involving a deletion of Xist on one X chromosome in female
ES cells, which had shown that Xist is necessary for XCI to occur in cis, also revealed that
Xist transcription and the deleted part of the Xist gene are not invelved in counting, as XCI
is normally initiated on the wild type X chromosome [93-95, 104, 176-177]. In contrast,
different male Tsix mutant ES cells, some already generated prior to the identification of
Tsix, displayed initiation of XCI on the single X chromosome, which suggested a role for
the deleted sequences in the counting process [120, 123, 127, 129, 178]. Deletion of these
sequences, however, did not disturb the counting process in female cells, but resulted in
preferential inactivation of the mutated allele, showing that Tsix mediates silencing of Xisz
in ¢is [119]. These findings could be explained through a mechanism whereby the
respective mutations disrupt the counting element, preventing BF binding. However, a
heierozygous deletion of a region including Xist, Tsix and Xire (AXTX), in female ES cells
and mice, did not result in a disturbed counting process, as the wild type X chromosome
was normally inactivated [179]. This finding indicated that Xist, Txix and Xite are not
required for the counting process, and locate the counting element outside the deleted
region, although studies with Xist transgenes suggest that overlapping sequences may be
involved which play a redundant role in counting and initiation of XCI.
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In contrast to all previously reported 7six mutations, one described 7six mutation
{ACpG), which involves a deletion of the Dxpas34 region, did not result in aberrant XCI in
male cells [180]. Interestingly, female cells with a homozygous ACpG Tsix mutation
showed chaotic XCI, with many cells initiating XCl on both X chromosomes. Based on this
finding an X-encoded competence factor (CF) was hypothesized, involved ir activation of
XCL One model comprising the combined action of a BF and CF postulates that the
abundantly present CF inactivates all X chromosomes but not the one to which BF is bound
[177]. Another hypothesis states that also the X-encoded CF is limiting and is titrated away
by one ‘copy’ of the autosomally-encoded BF, which corresponds to a single X
chromosome [180}. When more than one X chromosome is present in a diploid nucleus, the
extra copies of CF will not be titrated by the BF, and will inactivate the remaining
unprotected X chromosome(s).

The model of alternate states proposes that the two X chromosemes in an XX cell
are already different prior to XCI [181]. This model is supported by the fact that cohesion
of sister chromatids has been shown to be differentially regulated between two X
chromosomes in undifferentiated ES cells. Also differences in DNA methylation and the
chromatin state may play a role. Therefore, this model involves a putative epigenetic
difference between two genetically identical chromosomes, exisling prior to the initiation of
XCI. However further experimental validations for these observation are needed.

A different model explains counting and choice in XCl by transient transvection or
direct pairing of the two Xic’s present in a female diploid nucleus [182-183]. This model is
supported by observations that in early differentiating ES cells, there is a non-random
gpatial distribution of the Xic’s in the nucleus, at which the Xic’s move closer to each other
prior to the onset of XCI [184]. These transient trans-interactions are only found in early
differentiating cells which have started to express Xist, but have not yet recruited EZH2 or
H3K27me3 [183].This transient pairing event may therefore play a role in the regulation of
counting and choice. Pairing is facilitated by Tsix and JXite sequences, and it seems to be
dependent on the action of CTCF [185]. The stem cell transcription factor OCT4 and
ongoing transcription catalyzed by RNA polymerase 1l are also crucial for the pairing
events [185-186]. A genomic region covering part of the Slc/642 gene, located 250 to 350
kb telomeric o Xisf has been identified, which also mediates pairing of the X chromosomes
at the onset of XCI [187], and was proposed to play a role in the activation of XCI. At
present, it is unclear whether pairing has a functional role in XCI, or is a consequence of
transcriptional activation of the Xic on both X chromosomes which may result in relocation
of the Xic's close together in the nucleus. In line with this, the majority of Xic co-
localizations occur in close proximity to the nuclear envelope [182]. Interestingly, pairing
appears not to be required for initiation of XCl, as XCl is initiated in XXAK EG cells with
a deletion distal to Xist, removing Tsix and Xire sequences, which abolish the XCI pairing
event [ 182-183]. Therefore additional studies are needed to clarify the role of pairing in
XCL

Many of the above-discussed models assume that the XCI process is deterministic
and mutually exclusive, in which always the correct number of X chromosomes are
inactivated in female cells. However, in vitro studies with diploid and tetraploid ES and
ICM cells revealed a significant percentage of cells with too many or too few Xi’s [162,
179, 188], suggesting a stochastic mechanism directing the XCI process, with an

]
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independent probability for every X chromosome to initiate XCI1 {179]. Comparison of the
refative number of cells that initiated XCI between different diploid, triploid and tetraploid
ES cells indicated that the X-to-autosome ratio determines the probability for an X
chromosome to be inactivated [189] (Figure 7). The probability is the resultant of different
factors: X-encoded XCl-activators and autosomalily-encoded XCl-inhibitors that promote
or repress JXist accumulation, respectively. Upon development or differentiation, the
concentration of the XCl-activators will rise and/or the concentration of the XCl-inhibitors
will decrease, and in female cells this will be sufficient to generate a specific probability in
time for enough Xist to accumulate and start to spread in cis (Figure 8). XCl-inhibitors are
involved in setting up a threshold that has to be overcome by Xist to accumulate. Because
the XCl-activator gene is X-linked, spreading of Xisf will down-regulate the XCl-activator
gene in cis, preventing the second X chromosome from inactivation. In this model,
injtiation of spreading is a stochastic event, so that the chance for silencing of the XClI-
activator gene on either X is equal. In male cells the concentration of the XCl-activator will
not be sufficient to break the threshold and initiate XCI. Therefore, female specific
initiation of XCl is obtained through a sex-dependent dosage difference in X-encoded XCl-
activators that promote Xist RNA accumulation. Female ceil lines and mice that harbor Xisf
or Tsix mutations that affect the transcription rate of either one of these genes indicate that
Xist and Tsix are the major players in setting up the probability, and that the XCl-activators
and XCi-inhibitors are likely to act through these genes,

Trans acting factors in the regulation of X chromosome
inactivation

How are Xist, Tsix and Xite regulated? Deletion of the complete Xist, Tsix and Xire region
in female ES cells still allows initiatior of XCI on the wild type, unmutated X chromosome
[179]. This, together with results obtained using single copy transgenes harboring Xist and
Tsix sequences [175], has indicated that other factors are likely to be involved in the
regulation of X chromosome inactivation, and have led to the stochastic X chromosome
initiation model described above [179, 189]. In the present XCI activator/inhibitor model,
the XCl-inhibitors are autosomally encoded #frans-acting factors which act against the XClI-
activators in setting up the threshold for XCI to be initiated. Interestingly, most of the
inhibitors of XCI which have been identified thus far appear to be factors which are also
involved in maintaining ES cell homeostasis by generating an ES ceil specific transcription
factor network. These findings {ink repression of XCI to the pluripotent state of a cell, as
was first proposed more than 30 years ago [190]. In pluripotent ES and ICM cells, it
appears to be the pluripotency factors which repress XCl, either by stimulating expression
of Tsix or by repressing Xist expression [191-192]. The latter can be direct or indirect
through repression of activators of Xist. One of the pluripotency factors coming into play is
OCT4, which has been shown to be crucial for the regulation of Tsix expression, by binding
to the Xife promoter and Tsix regulatory regions [186]. REXI, a repressor of genes involved
in cell differentiation and a key marker of ES cell pluripotency, has also been shown to
regulate 7six expression, by binding to the Tsix regulatory Dxpas34 region [192]. Binding
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of REX1 in this region involves complex formation in which also the reprogramming
associated factors KLF4 and eMYC, and the ubiguitously expressed factors CTCF and YYI
take part [192-193]. The binding of these factors to the Dxpas34 region seems to facilitate
the recruitment of the transcriptional machinery to the Tsix promoter, leading to efficient
initiation and elongation of 7six transcription. SOX2 and KLF4 also bind to the Xite region,
thereby possibly enhancing the positive regulation of Xire on Tisix transcription.

Direct suppression of Xist by pluripetency factors in ES cells has been proposed to
involve NANOG, OCT4 and SOX2 recruitment to a region in Xist intron | [191]. ChIP
sequencing studies revealed two other pluripotency factors, PRDM 14 and TCF3, that bind
to the same region within intron | of Xist, suggesting a putative role also for these factors in
repression of Xist [194-195). In support of this, genetic depletion of Nanog in ES cells
resulted in up-regulated Xisr expression, and rapid down-regulation of Ngrog, Oct4 and
Sox2 gene expression is accompanied by ectopic Xist accumulation [191].

Although an involvement of pluripotency factors in the Xist repression seems to be
straightforward, as XCl inijtiation is coupled to cellular differentiation, release of JXisr
repression by loss of pluripotency factors alene cannot explain female specific initiation of
XCl, as both in male and female cells pluripotency factors are believed o be down
regulated upon differentiation. Therefore it will be interesting to test whether genetic
abiation of piuripotency factor binding sites within the Xist locus is sufficient, to result in
Xl initiation, Aiternatively, redundant mechanism might be in place, where pluripotency
factors not only repress Aist directly, but might also play a rele in suppression of XCI-
activators prior to differentiation. Since XCl-activators are believed to be X-linked, such a
delicate interaction of multiple factors might explain the apparent crucial role of
pluripotency factors in regulation of XCl in female ceils. At the start of this thesis research,
the identity of XCl-activaiors was unknown, and identification of these factors was
considered to be crucial for the further understanding of control of XCI initiation.

The identification of XCl-activators and XCl-inhibitors, and the subsequent
functional studies on the regulatory reles of these factors, will most likely highlight that the
network regulating XCI involves intricate relationships between multiple factors, often
acting in a dose-dependent manner, and on various target genes. Down-regulation of most
autosomally encoded XCi-inhibitors occurs in beth male and female differentiating ES
cells, but only the female cells will initiate random XCI, based on sex-specific differential
expression of X-linked XCl-activator genes (Figure 8). Initiation of random XCI will result
in silencing of the X-linked XCl-activator genes in ¢is, providing a feedback mechanism
preventing initiation of XCI on the second X chromosome. When Tsix is silenced in ¢is,
this resulis in a drop in the threshold for sustained Xist expression, so that Xist remains
expressed on the Xi, despite decreased XCl-activator activity. On the Xa, silencing of Xist
invelves Tsix transcription-mediated recruitment of chromatin remodelers and the de novo
methyl transferase Dnmt3A to the Xist promoter. All these regulatory mechanisms might
allow an efficient and robust initiation of rXClL.
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Figure 8: A stochastic model for XCI

A stochastic model for XCl postulates that initiation of XCl is dependent on X-encoded
activators of XCl and autosomally encoded inhibitors of XCI. Upon differentiation or during
development the nuclear concentration of the XCl-activator(s) (blue) increases, whereas the
concentration of XCl-inhibitors such as NANOG, OCT4 and SOX2 decreases (not shown), or
remains constant in time (YY1 and CTCF, not shown). XCl-activators are X-encoded, and
therefore only in female cells the balance in the nuclear concentration of these factors is
sufficient to generate an independent and continuous probability to initiate XCI (grey and
black arrows), and results in cells that do not initiate XCl, or initiate XCl on one or both X
chromosomes (+). Initiation of XCI results in spreading of Xist and silencing of XCl-activator
genes in cis, resulting in down-regulation of the XCl-activator concentration, which prevents
XClI on the remaining Xa. Adapted from Barakat and Gribnau, Adv Exp Med Biol 2010

X chromosome silencing and maintenance of silencing

Once XCI is initiated, a series of events takes place which changes the euchromatin of the
active X chromosome into the tightly packed inactive heterochromatin of the Xi, which can
be recognized as the Barr body in female somatic cells [196-197]. The first step in this
cascade of events is the (ranscriptional up-regulation and spreading of RNA transcribed
from Xist on the future Xi [74, 84] (Figure 9). The Xis¢ transcript contains several repeats,
of which the A repeat, located in the 5° portion of the Xist RNA, is involved in the silencing
process [115]. Coating of the future Xi with Xist RNA leads to a rapid deprivation of RNA
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polymerase I and associated transcription factors, which leads to an immediate reduction
of gene transcription on this chromosome, and the creation of a silent, repetitive nuclear
compartment [198-199]. This silent compartment is initially mainly composed of repeat
sequences, but upon further differentiation, as silencing occurs, genes are moved into this
compartment [198]. One of the earliest events after Xist accumulation are specific
chromatin changes, including the loss of active chromatin marks like H3K9 acetylation and
H3K4 mono- and di-methylation [52, 156, 200], as well as a gain of silent chromatin marks
like H3K27 wi-methylation (H3K27me3) [97-98, 122, 201], H3K9 di-methylation
(H3K9meZ2) [156-157, 202-204}, H4K20-mono-methylation (H4K20me1)[205} and mono-
ubiquitylation of histone H2ZA on lysine 119 (H2ZAK119ubl) [206-207], followed by the
incorporation of histone variants including macroH2A [208] and changes in DNA
methylation and replication timing [209-211] (Figure 10).

To initiate the establishment of chromatin changes and silencing, Xist RNA needs
to accumulate and spread along the X chromosome. The exact mechanism invelved in Xist
spreading is not clear. Studies using inducible expressed Xist transgenes harboring several
deletions in ES cells have shown that several regions within the Xist RNA are capable of
chromosomal binding, but non of them seems to be essential and absolutely required for
chromosomal localization [115]. The lack of conserved motifs within these binding regions
has made it difficult to discover a unigue binding sequence involved in chromosomal
localization of the Xist RNA. A recently generated hypomorphic Xist allele in mice, with an
inversion within Xist from approximately 5 kb into the first exon until exon 3 (Xist ™Yy
[212], shows compromised Xist localization in ¢is. This allele leads to female embryonic
tethality relatively late during embryonic development (E9.5-10.5), and is characterized by
partial chromosomal silencing, based on the assessment of chromosome-wide histone
modifications. Although it seems difficult to decipher which feature of the inverted Xist
RNA is responsible for the failure of proper localization, this study indicates that several
structural features of the Xist RNA might be crucial for its proper localization.

Further evidence points to a crucial role for exon 1 in localising Xist to the X
chromosome [115]. Screens using peptide or locked nucleic acid (PNA or LNA)
oligonucleotides have shown that probes binding to the C-repeat located in Xist exon 1
disrupt proper Xist localization [213-214]. The C-repeat consists of 14 tandem repeats of a
C-iich sequence in mice [86], and targeting of these repeats leads to an immediate
displacement of Xist RNA from the Xi, including loss of PRC2 [214] and macroH2A [213]
from the Xi, which is only recovered after de novo Xist RNA synthesis. In human only one
C-repeat is present [87], which might explain why targeting of the human C-repeat in 293
cells did not result in Xist displacement [214]. In agreement with a role of exon 1 in Xist
localization, it has been found that the nuclear scaffold protein SAF-A (also known as
hnRNPU or SP120) is a crucial component in the mechanisin which defines Xist
localization [215-216]. SAF-A has been characterized as a DNA/RNA binding protein and
is a putative component of the nuclear scaffold invelved in regulation of gene expression
and DNA replication. SAF-A was found to be enriched on the Xi, and its enrichment is
dependent on the RNA binding domain of SAF-A [217], and Xist transcription [218]. UV
cross-linking and immunoprecipitation experiments have shown that SAF-A has a high
binding affinity for a region in Xist exon 1, implicating that SAF-A might directly bind to
this region of Xisz, thereby facilitating the chromosomal localization of Xisr, as RNAI-
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Figure 9A: Random XCI

The random XCI process can be divided in three phases; counting and initiation,
establishment and maintenance. Xist is initially expressed at low levels, but then is up-

regulated on the future Xi and remains expressed thereafter. Tsix represses Xist in ¢is on the
Xa, and is silenced when the Xi is established.

development
initiation establishm

Xist
Y

Tsix
Xa Xa Xa Xi Xa Xi Xa Xi

Figure 9B: Imprinted XCI

Imprinted XCl is initiated in the mouse cleavage stage embryo, and results in the exclusive
inactivation of the paternal X chromosome. Imprinted XCI starts with up-regulation of Xist
expression from the Xp (blue). At later stages Tsix expression is required to repress Xist on

the Xm (red). Adapted from Barakat and Gribnau, Development 2012,
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mediated knock-down of SAF-A results in disrapted Xist cloud formation in both somatic
and ES cells [216]. In line with this, homozygous SAF-A knockout mice are embryonic
lethal at around E6.5, although it is at present not clear whether females are more affected
compared to males due to the failure of XCI initiation {219]. This first interaction between
Xist and a nuclear scaffold protein might indicate that an interaction between Xist and the
nuctear scaffold is crucial for Xist to localize in cis over the X chromesome from which it is
transcribed. This would be in agreement with earlier studies, which showed that Xisr RNA
remains associated with the nuclear scaffold after removal of chromatin [911.

Another protein which has recently been proposed to interact with Xist RNA is the
DNA-binding protein YY1 [220]. YY1 was shown to be a bivalent protein, capable of
binding both RNA and DNA trough different sequence motifs. As YY1 is able to bind both
the Xist RNA (through an interaction involving the aforementioned C-repeat transcribed
from Xist exon 1) and the DNA, YY1 was proposed to tether the Xist RNA to the X
chromosome in cis. Although this docking hypothesis Is intriguing, at present it is not clear
how Xist RNA docking to the Xist locus is compatible with the Xist spreading itself. Thus,
future studies are needed to address how, under this scenario, Xist 1s able to translocate
along the chromosome.

Recruitment of Xist RNA to the Xi may also be facilitated by BRCAI1, a protein
involved in many pathways including checkpoint activation and DNA repair. Association
of BRCA1 with the Xi was found in a small percentage of cells, and reconstitution
experiments indicated a role for BRCA1 in Xist/XIST lecalization [221-222)]. Nonetheless,
this claim is disputed by others, and the exact role of BRCAI in XCI remains to be
determined [223-224].

Beside proteins directly or indirectly interacting with Xist RNA, sequence specific
characteristics of the X chromosome might help in the Xist spreading. Studies on X-to-
autosome translocations and autosomally integrated Xist transgenes have indicated that Xis
spreading on autosomal regions is not complete, which indicated that X-chromosomat
sequences are needed for efficient spreading [72, 168, 225-228]. Booster elements or way
stations have been hypothesized to facilitate the Xisr transmission along the X chromosome
[229], and LINE-1 retrotransposons were postulated to be the most likely candidate for
being these booster elements [230-233], as they are one of the most common repetitive
sequences in mamnalian genomes and are enriched on the X chromosome compared to
autosomes [234-237]. Regions on the X chromosome that underge XCI have a higher
LINE-1 density than regions surrounding genes that escape inactivation [[4, 236-241], and
the density of LINE-1's on the fused autosome in X-to-autosome translocations seems to
correlate with the amount of Xist spreading [226-228, 239, 242-246]. However, also other
sequences may be important for the Xist spreading, as others did not find a correlation
between LINE-1 density and spreading, or suggested a less critical role [122, 140, 240,
247-249]. How Xisr imteracts with these sequences during the spreading process, and
whether these interactions are direct or mediated by other molecules is at present not clear.
In mice, LINE repeats are also transcriptionally active on the Xi at early stages of XCI
[250], and small RNAs, which might be produced from these active LINE repeats have
been implicated in enhancing the silencing efficiency of certain X-linked genes. Based on
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Figure 10: Epigenetic changes on the Xi
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Chapter 1: Introduction on X chromosome inactivation

their methylation, LINE repeats on the Xi also differ from LINEs located on autosomes
[251]. Further studies are needed to clarify the role of LINE repeats both in the initiation of
XClI, and spreading of Xist along the X chromosome.

After Xist accumulation, one of the first histone modifications detected on the Xi
is H3K27me3. This modification is dependent on the Polycomb repressive complex PRC2,
which accumulates on the Xi and consists of the proteins EED, RbAp46/48, SUZ12 and
EZH2, of which EZH2 is a methy] transferase implicated in H3K27 tri-methylation {98,
252-253]. Recently, a direct interaction between EZH2 and the A-repeat of Xist has been
reported, and Ezh2 knockdown studies in female ES cells indicated a role for PRC2 in
establishment of the Xi in random XCI {99, 254-255]. These studies also found an
interaction between the A-repeat and SUZ12. Interestingly, a knockout of EED resulting in
a non functional PRC2 complex and the genome wide depletion of H3K27me3 reveals only
a defect in imprinted XCI in mice [256], with re-activation of the Xi in extra-embryonic
tissues. Degpite defects in embryenic development due to the absence of EED, random XCI
was not affected in the embrye [257], which contrasts with results obtained after knock-
down of Ezh2 in vitro [99]. A different study, employing autosomally integrated inducible
Xist transgenes, indicated that H3K27me3 did not accumulate in the absence of EED, and
in addition some components of the PRCI complex (MPH1 and MPH2)} do not localize to
the Xisr coated autosome. However, recruitment of RING1IB, which is part of the PRCI
complex, and Xist mediated silencing of autosomal sequences were not affected [258].
Accumulation of HZAK119ubl (mono-ubiquitylation of histone H2A on lysine 119) on the
Xi is dependent on RINGIB [206-207], but a homozygous Ring/b mutation did not affect
Xist-mediated silencing of an autosome with a transgenic insertion of Xist [258]. These
findings indicate that PRCI and PRC2 are dispensable for random XCI, which does not
exclude the possibility that these complexes are involved in redundant mechanisms in the
establishment and maintenance of the Xi.

As mentioned before, the A-tepeat seems to be important for the silencing
capability of Xist. Inducible Xist transgenes lacking the A-repeat are deficient in silencing
[115], and interactions between the A-repeat and PRC2Z components could suggest that the
A-repeat is important for PRC2 recruitment to the Xi, thereby explaining its role in
silencing [99, 254-255]. To investigate the role of the A-repeat in the endogenous Xist
locus, two independent A-repeat knockouts have been generated in ES cells [259-2¢0}, and
one line of knockout mice has been derived [259]. In both cases, deletion of the A-repeat
did result in absence of XCT initiatton from the mutated allele [259-260]. In mouse studies,
transmission of the mutated allele through the maternal germ line resulted in female pups
with completely skewed XCI, in which always the non-mutated allele was inactivated,
whereas transmission trough the paternal germ line resulted in absence of viable female
offspring, due to a failure of initiation of imprinted XCI on the paternal X chromosome
[259]. Surprisingly, this lack of XCT initiation was not caused by the spreading of a mutated
Xist RNA which is unable to silence, but instead was explained by the total absence of Xist
transcription from the mutated allele. In both ES cells and in vive, higher Tsix expression
levels have been found emanating from the X chromosome harboring the A-repeat deletion.
Although one study explains the lack of Xist production from the A-repeat deleted allele by
a failure of proper Xist splicing, which is supported by the fact that an interaction between
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Chapier 1. Introdhction on X chromasome inactivation

the A-repeat and the splicing factor ASF/SF2 is found [260], the lack of Xist production is
more likely to be explained by the increased Tsix level [259]. Apparently, A-repeat
deficient Xist, unable to recruit PRC2, is unable to silence Tsix in cis, which will result in
the high Tsix level observed. The increased Tsix level might therefore explain the aberrant
methylation of the Xist promoter which has been found on the mutated allele, which will
result in transcriptional silencing of that allele [259]. This explanation would be in line with
the results obtained from studies using inducible Xist transgenes lacking the A-repeat, since
in that case both 7six is missing in ¢is, and the endogenous JXist promoter is replaced by an
inducible promoter [115, 261]. Therefore, in this situation, A-repeat deficient Xist RNA
will still be expressed from the fransgene, in contrast to the mutated Xist RNA from the
endogenous locus in the A-repeat mutant. In addition, inducible Tyix expression has
recently been shown to result in Xisz silencing in wive in exira-embryonic fissues, which
was also found to be caused by aberrant methylation of the Xisf promoter [124].

Although it seems clear that the A-repeat performs an important roie in the
silencing function of Xist, there has also been evidence for silencing capability independent
of this well conserved repeat. A recently generated 16 bp insertion of an unrelated sequence
into exon | of Xist (Xist "), which does not disrupt the A-repeat, leads to X chromosome
coating in cis in mouse embryos and establishment of some histone modifications
associated with the Xi, including H3K27me3 and H4 hypoacetylation. However, gene
silencing seems to be compromised in these mice, as this hypomorphic Xist allele leads to
female specific lethality during mid and late gestational stages [262]. Evidence for A-repeat
independent modes of gene silencing also comes from transgene studies in ES cells which
express A-repeat deficient Xist [205, 258]. Although with less efficiency, in the absence of
this repeat, still recruitment of poiycomb group repressive (PcG) complexes has been found
[205, 258]. Expression of the same transgene in aiready differentiated cells, did not result
in PcG recruitment, which further supports the presence of @ window of opportunity in
which silencing can occur [261]. Studies have indicated that Xisi needs to be expressed
within the first 48 hours of differentiation of female ES cells to accomplish proper
silencing. Interestingly, transient expression of the A-repeat mutant Xiss for a short time
during early differentiation imparted a memory to the chromosome, which allowed PcG
recruitment upon re-expression of the transgene after 9 days of differentiation. This could
argue against a direct recruitment of PeG complexes by Xist, and might indicate that at least
a redundant pathway may exist, in which PcG complexes are recruited to the Xi based on a
chromosomal mark which functions as a memory [205]. Using the same transgene, it was
recently found that A-repeat deficient Xist is able to induce chromosome-wide histone H4
hypoacetylation and H3K4 hypomethylation, which are also both associated with gene
silencing [218]. H4 hypoacetylation persisted after transient transgene expression, and
therefore it is tempting to speculate thai this mark may represent the above mentioned
memory, which needs to be in place to attract PcG complexes [218].

Next to the questions regarding the presence of epigenetic memory on the X
chromosoeme, another interesting question remains how the silencing window is determined
{2613. As PcG complexes are abundantly present both in undifferentiated ES cells and their
differentiated progeny, but correct silencing occurs only after early Xisr expression, it could
be that co-factors are needed to accomplish proper PcG recruitment or function.
Alternatively, post-transcriptional modification of either the PcG complexes or the Xist
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RNA might be necessary. As either these modifications or the required co-factors might be
developmentally regulated, this could confine the window in which Xist is able to induce
proper silencing. Candidate co-factors for PcG-RNA interactions include JARID2 [263-
265] and PCL2 [266]. Both proteins are present at high levels in ES cells and during early
differentiation, and expression levels decline during later differentiation. Although both
proteins do not have a defined RNA-binding domain, knock-down of Pci2 results in a
significantly reduced PRC2 recruitment to the Xi [266]. However, both these candidate co-
factors cannot explain the recruitment of PRCIL to the Xi. Early studies had shown that
PRCI is recruited by H3K27me3, a mark which is generated by the PRC2 complex, thus
linking function of both complexes together in a hierarchical order [267-269]. PRCH,
however, was also found to be recruited to the Xi in a PRC2 deficient background [258,
270]. This discrepancy can now likely be explained by the identification of the RYBP-
PRCI complex, invoived in histone H2A monoubiquitylation [271]. RYPB was found to be
enriched on the Xi in trophoblast stem cells [272], and co-localization of H2ZAK119ubl and
RYPB was found in EED-deficient ES cells, which suggests that in response to
accumulation of Xisr RNA, RYPB-PRCI can be recruited to the Xi, accounting for the
H3K27me3-independent histone H2A monoubiquitylation [2711.

Besides co-factors and complexes involved in installing repressive chromatin
modifications on the Xi, other proteins might be involved in setting up an appropriate
developmental context in which Xist RNA can induce silencing. By making use of the same
inducible Xist transgenes which delineated the XCl window of opportunity in ES cells
[261], it has been found that inducible expression of Xist is able to silence genes in B- and
T-cell precursors in adult mice [273]. This indicates that in these cells, the factors involved
in Xist mediated gene silencing are transiently reactivated. By making use of a T-cell
lymphoma model in which gene expression of parental and Xisfresistant tumor cells were
compared, SotB/ and its closely related homolog SatB2 were identified as factors which
define the developmental context for gene silencing by Xisr [274]. These cancer associated
genes encode nuclear proteins, which act as genome organizers and gene regulators [273].
Knock-down studies of SatB! and SatB2 showed a partial defect in silencing of the X
chromesome in differentiating female ES cells, suggesting a direct role for these auclear
scaffold proteins in heterochromatinization of the Xi [274]. These are most likely redundant
functions, as single disruption of the genes encoding these proteins is compatible with
female development in mice [276-278].

Even more proteins have been implicated in establishment and maintenance of the
Xi. An E3 ubiquitin ligase complex consisting of the speckle-type POZ protein SPOP and
CULLIN3 has been shown to be involved in the regulation of macroH2A deposition on the
X1 [279]. SPOP and CULLIN3 ubiquitinate both BMII, a component of the PRCI
complex, and macroH2A. Ubiquitination of macroH2A appears crucial for the recruitment
of macroH2A to the Xi, and RNAi-mediated knock-down of either SPGP or CULLINS
results in diminished macroHZA staining on the Xi. RNAi-mediated knock-down of either
macroH2A or SPOP/CULLIN3 in combination with demethylation and deacetylation
inhibitor treatment, resulted in reactivation of an Xi-linked reporter gene. Reactivation was
not found with demethylation and deacetylation inhibitor ireatment alone, indicating a role
for macroH2ZA in the maintenance of the silent Xi state. The silencing function of
macroH2A might be indirectly established by recruitment of the Poly (ADP-ribose)
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polymerase |, PARP1 [280]. PARPI is a nuclear enzyme involved in modulating chromatin
structure, sensing DNA damage and regulation of gene expression [281-283]. MacroH2A is
able to recruit PARPI 1o the Xi, and to inhibit the catalytic activity of PARPI.
Enzymatically inactive PARPI1 is able to bind nucleosomes and inhibits transcription [284].
Depletion of PARPI in combination with demethylation and deacetylation inhibitor
treatment leads to reactivation of an Xi-linked reporter gene. Hence, macroH2A might
collaborate in gene silencing by modulating the enzymatic activity, and thus the ability of
PARP! to silence X-linked genes. Interestingly, despite the clear evidence of macroH2A
recruitment to the Xi {208, 285-288], knockout of macroH2A| does not lead to female
specific lethality {289-290], which might be caused by the redundancy between different
isoforms and variants of macroH2A [285, 291-292]. However, also simultanecus knock-
down of macroH2A1 and macroH2AZ in ES cells is compatible with normal differentiation
and initiation of XCI [293], although a combined knockout of both genes will be necessary
10 specify the involvement and requirement of macroH2A in the silencing and maintenance
of the Xi.

One of the last events in the stabilization of the inactive state of the Xi is the
methylation of CpG islands in promoter regions and within genes {209]. Relative to the
active X chromosome, the Xi is hypomethylated in gene-poor regions, but hypermethylated
in gene-rich regions [294-296]. DNMT! (a maintenance methyl transferase) has been
shown to be crucial for the stable maintenance of the Xi during embryonic development, as
a mutation in DNMT1 leads to failure of gene silencing and associated embryonic lethality
at £9.5 [297]. In contrast, DNMT3A and DNMT3B, which are important for the de novo
establishment of methylation marks, are not required for XCI in mice [298]. This indicates
that DNA methylation is required mainly for stable maintenance of the Xi. The protein
SMCHD1 also associates with the Xi, where it is invelved in maintenance of methylation of
CpG islands of genes subject to XCI [299-300]. SMCHDI1 contains a SMC-hinge domain
which is found in proteing involved in cohesion and chromosome condensation. SmeHD]
knockout mice show defects in maintenance of the Xi in embryvonic and exira-embryonic
tissues. Notably, in plants, a SMC-hinge domain containing protein has been identified as a
factor involved in RNA-mediated DNA methylation [301]. It seems plausible that if such a
mechanism is conserved between plants and animal species, mammalian SMCHD 1 might
have a related function in the regulation of methylation in XCIL.

Analysis of Arrx heterozygous female knockout mice implicated a role for ATRX,
a chromatin remodeling protein named alpha-thalassaemia and mental retardation on the X
chromosome, in imprinted XCI [302]. Female mice inheriting a mutated allele through the
female germ line fail to inactivate the paternal X in extra-embryonic tissues, suggesting a
failure in imprinted XCi. Interestingly, at later stages of ES cell differentiation, ATRX also
associates with the Xi, supporting a rele in maintenance of the Xi [303]. One more protein
to add to the list would be the Trithorax group protein ASH2L, which is enriched on the Xi
in the maintenance phase of XCI [218]. It is believed that this protein is recruited as a
structural component of the Xi and might interact with PeG complexes. Its precise function
needs to be determined.

Once the Xi is established, expression of Xisr is no longer necessary for the
maintenance, as a conditional deletion of Xist dees not lead to reactivation of silenced genes
[95, 261, 304]. Furthermore, many of the above-mentioned histone modifications and



Chaprer 1 Introduction on X chromosome inactivation

specific protein enrichments to the Xi disappear upon deletion of Xiss, with the notable
exceptions of histone H4 hypoacetylation and IDNA methylation of promoters, which seem
to be associated with stable and Xis/-independent maintenance of XCI. However, what is
also clear is that apparently muitiple redundant proteins and epigenetic layers are involved
in the establishment and maintenance of the Xi. Together, they ensure that the Xi is stably
silenced and propagated, leading to persistent dosage cotnpensation.

The pseudo-autosomal region (PAR) of the X is not silenced. In addition, a limited
number of X-linked genes outside the PAR escapes from XCl mediated silencing, as
investigated in the mouse. In human, mole, cow and elephant, even more escapees have
been identified [305-310]. Therefore, in different species, the completeness and robustness
of silencing appears to differ, which might be caused by a differeatial evolutionary need for
dosage compensation between species. The genes which escape dosage compensation, and
do not have Y-chromosomal homologues, are thus differentially expressed between males
and females, and may play a role in establishing differences between both sexes. in
addition, the X-degenerate genes on the Y chromosome have become different from the X-
chromosomal paralogs, meaning that several X- and Y-linked genes may contribute to
genetic differences between the sexes even when an X-chromosomal escapee has a Y-
chromesomal paralog. Most of the X-linked escapees are located on the XAR of the short
arm of the X chromosome, which might reflect their younger evolutionary age and perhaps
a lower constraint for dosage compensation [240, 305, 308, 310] (Figure 1). However,
some escapees are also located in the XCR, and are showing different levels of escape in
different tissues and species. For example, the mouse Arx gene escapes XCI sporadically
in the trophoblast [302], and in 40% of ear fibroblasts, but not in other cell lines. However,
in human and elephant, this gene does not show such an escape [305, 311-312]. The
chromatin environment and nuclear organization of the gene locus seems to be important
for the probability of a gene ic escape, as escaping genes are located outside the Xist
ferritory which forms a repressive compartment [198], and correlation has been found
between the level of escape and the presence of repeat sequences in the gene environment
[238, 240, 313]. Furthermore, escapees seem to be concentrated in clusters, at least in
human [240], which has lead to the hypothesis that escaping domains are delimited by
boundaries [314]. The muitifunctional insulator protein CTCF [315] has been found to bind
to several boundaries between escaping genes and genes subject to XCI [316]. In agreement
with this, the Jaridic gene in mice is surrounded by CTCF binding sites, and is escaping
XCI[316]. However, the artificial flanking of a transgene by insulators containing CTCF
sites did not result in escape of XC1 of the transgene [317]. Therefore, CTCF binding alone
cannot explain all behavior refated to escape of XCI. However, what seems clear from
additional transgene studies is that intrinsic features of gene loci are important to determine
whether a gene can escape, as four different locations of the same BAC transgene on the X
chromosome in mice all resulted in escaping expression of transgenic Jaridic [318].

[n summary, many different redundant epigenetic layers and only parily
understood complex interactions between RNAs, proteins, modified histones and DNA are
involved in the silencing and maintenance of the silent state of the X chromosome,
Although many investigations have studied varicus mechanisms, only the first steps have
been made towards a complete understanding of the underlying processes invelving
silencing and maintenance of XCI. More factors and interactions with a role in the initiation



Chapter 1: Introduction on X chromosome inactivation

and maintenance of XCl silencing are anticipated to be discovered, as iflustrated by the
recent genome wide RNA( screen using reactivation of an X-linked GFP transgene in MEFs
as a readout, which yielded a list of 32 new candidale proteins involved in maintenance of
XCl, including the ORC2 and HPlu proteins [319]. Their precise function in keeping the X
chromosome silent needs tw be determined.

Evolution of X chromosome inactivation and the X
inactivation center

As discussed above, the evolution of the mammalian sex chromosomes is an ongoing
process which started more than 160 MYA, and has resulted in the presence of two X
chromosomes in female placental mammals, and one X and one Y chromosome in their
male counterparts. To compensate for the monosomy of X-linked genes in males, initial up-
reguiation of X-linked gene transcription was necessary in males, conferring a more severe
dosage problem on fernales, which now had to deal with a higher dosage of X-linked genes
being transcribed from both of their X chromosomes. The solution for this problem was the
start of X chromesome inactivation, and taking a look at our closest related mammalian
relatives will teach us more about the evolution of this imporiant process and aid us to
identify the molecular players involved, since the two main mammalian groups, the
marsupials and the placental mamrnals, share the same origin of the X chromosome [4].
The third group of mammals, the egg-laying monotremes, consists only of the
platypus and two species of echidna, diverged at the base of the mammalian branch 166
MYA {320-322]. These species have a complex and not weil undersiood mechanism of sex
determination, involving multiple X and Y chromosomes, which form a chain during
meiosis [323-325]. Several of these X chromosomes have homology to the chicken Z
chromosome (rather than to the X of marsupials and placental mammals) [326], and
whether the monotreme X chromosomes are subject to dosage compensation is a matter of
debate [323]. A recent study of epigenetic modifications characteristic of the inactive X
chromeosome did not find any difference between male and female platypus sex
chromosomes, strongly arguing against the presence of a chromosome-wide, epigenetic
dosage compensation mechanism in monotremes [327]. Instead, X-linked gene expression
in monotremes might be, at least partially, regulated on a gene-by-gene basis [328-329].
Marsupials have evolved an X-linked dosage compensation mechanism which
involves a chromosome wide silencing mechanism, comparable to that in eutherians [330].
Although XCI in marsupials is far from being resolved, several important differences have
been identified between XCI in marsupials and placental mammals. In marsupials, XCI is
always imprinted, rendering the paternal X chromosome inactive [331-334]. Furthermore,
XCI in marsupials seems to be more incomplete, less stable [335] and less tissue specific
{328], compared to placental mammals. The inactive X in marsupials is late replicating
[332, 336], shows underacetylation of histones [337-339] and repressive histone
modifications {327], comparable to the eutherian Xi, but no DNA methylation differences
have been observed [340-341]. Most strikingly, an Xist gene has not been found in
marsupials [116, 342-343]. Therefore at present, it is not clear how a chromosome-wide



Chapter I Introduction on X chromosome inactivation

silencing mechanism is achieved In marsupials, although the presence of a not yet 1deniified
non-coding RNA mimicking the Xist function of eutherians cannot be excluded. A
candidaie for this is the recently identified Rsx RNA, which seems to have Xist-like
properties [344].

The absence of chromosome-wide dosage compensation in monotremes, and the
presence of such a mechanism in marsupials despite the absence of Xisf, can help to
understand the evolutionary age and origin of the current eutherian X inactivaticn center
(Xic). Since the marsupial lineage diverged 148 MY A, and Xist dependent X inactivation is
the active mechanism in all investigated placental mammals with a XX/XY female/male
karyotype [21, 339, 345], and must thas have evelved prior to the major radiation in the
eutherian lineages starting some 100 MYA, Xis/ evolution can be traced back to a window
of 48 million years [320, 346]. Xist is present only in placental mammals, so that sequence
alignment of AXisr with other, non-eutherian species cannot help deciphering the
evolutionary origin of the Xic. However, four protein-coding genes, namely Cdx4, Chicl,
Slel6a2, and Rufi2 which are flanking the Xic, are well conserved between different
vertebrate classes, including birds and amphibians. As the linkage of these genes is
conserved, it can be assumed that this genomic locus represents the orthologous region of
the Xic in non-eutherian species, referred to as the Xic Homologous region (XicHR) [342].
lnterestingly, this region is located near the Sox3 gene, in birds [347]. In the common
ancestor of marsupials and placental mammals, one Sox3 allele gave rise to the Sry gene, on
the prote-Y chromosome, signifving the beginning of the mammalian X and Y
chromosomes. Since Sox3 is a dosage sensitive gene [11], and up-regulation of Sox3
expression from the proto-X chromosome might have been crucial for males to compensate
for loss of one allele, and hence for females to conquer, it seems plausible that genes
located in close proximity of Sox3 on the ancestral X chromosome were recruited first in
the evolution of the XCI machinery [347].

In both chicken and frog (Xemopus sp.), the XicHR region contains 5 protein
coding genes, namely Fipl/2, Lnx3, Rasiilc, Uspl. and Waved, which do not have
detectable orthologs in eutherians. Comparative sequence analysis instead has shown that
the present day Xic genes Tsx, Xist, Jpx and Fix have evolved from the XicHR genes
Fipl/2, Lax3, Uspl and Wave4, respectively [116, 342, 345]. The Ras/i{c gene seems to
have become a pseudogene in eutherian species, and no sequence homology is detectable in
rodents. Interestingly, the same region of the XicHR is disrupted in marsupials, where both
the Celx4-Chicl part and the Slei642-Rafl2 part are located in different places on the long
arm of the X chromosome, the former being located close to the centromere, whereas the
latter is located much more distal [343, 348.-349]. Also in platypus (a monotreme), the
Colx4-Chicl and UspL-Waved-Slcl1642-Rafi2 blocks are separated, located at different
positions on chromosome 6p [343]. This chromoesomal linkage is interesting, since several
eutherian X-linked genes are located on platypus chromosome 6, which shows strongly
enriched staining for H3K9m3 and H4K20me3, and depletion for H3K27me at the satellite
regions {327]. A link between accumulation of these modifications and regulation of gene
expression of these pre-Xic genes has still to be addressed. The fact that both in
monotremes and marsupials the orthologs of the protein-coding genes of the XicHR can be
found is in agreement with the absence of Xisz in these lineages. nterestingly, the fact that
the XicHR seems to be disrupted in both monetremes and marsupials, whereas the order of
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gene derivatives is conserved in eutherians, implies that the disruption of this region must
have occurred twice during evelution, since monotremes diverged from the therian lineage
some 1& million years before the marsupials diverged from the placental mammals [343].

The chicken Lnx3 gene is most likely the progenitor of the modern day eutherian
Xist gene [116, 342]. In chicken, L#x3 encodes a PDZ domain-containing ring finger |
protein, with E3 ubiquitin ligase activity [350]. Sequence comparison between Xis? and
Lnx3 has shown that some exons and introns of Xisr are remnants of Lax3 exons, but
numerous point mutations and deletions suggest that during evolution Lrx3 lost its protein-
encoding capacity. However, Lax3 did not become a pseudogene. Rather, insertions of
transposons and other mobile elements into Lax3 has contributed to the development of the
Xist gene which is transcribed into the non-coding but functional Xist RNA. Among others,
ancient mobile elements like the .3CR element are present in all eutherian Xisr orthologs,
suggesting that these insertions have occurred early during evolution [116]. Also many of
the sequences transcribed into functional tandem repeats of the Xist RNA, including the
Xist exon 1 sequence transcribed into the A-repeat, are derived from mobile elements, in
this case from endogenous retroviruses [116]. Furthermore, several species specific mobile
elements can be found in the different Xist orthologs amongst different species, for example
Alu repeats in primates and Bl and B2 repeats in rodents [116, 345], thereby explaining
differences in gene structure amongst species. Based on their high similarity, it has been
proposead that Xisf exon 4 has retained some regulatory elements of Lrx3 exon 4 [342]. Xist
exon 4 ig highly conserved among eutherians, and is predicted to be transcribed into RNA
forming a stable secondary structure representing a structural domain within the Xisf RNA
[310, 351} The same secondary structure however is absent from chicken Lnx3 mRNA,
making a functional similarity between these regions unlikely [343]. Also the A-repeat of
Xist RNA, important for the silencing capacity, is missing in Lax3 [116, 343], and Lnx3
shows a variable expression both in male and female chickens in different tissues [342].
Therefore it seems likely that during evelution, Xist originated from Lmx3 and in time
acquired new regulatory cues and functional properties.

As mentioned before, Xist has evolved between 148 and 100 MY A in the eutherian
lineage. What happened since then, to the Xisr gene and the Xic locus? Comparative
sequence analysis has been obtained for the Xic region and the Xisf gene in mouse, human
and hovine [140], rat, mouse, bovine, dog, vole and human [116, 310}, different families of
rodents [117], and recently for different primate species [352]. What is clear from these
studies is that, in the majority of eutherian species, the overall organisation and gene
content of the Xic is conserved. Clustering of genes in the Xic region might be important,
since it is well known that genes with similar expression characteristics are often found
within the same gene neighborhoods [333], and are regulated by similar mechanisms.
However, some differences might be as important, and also have implications for
improving our understanding of the X chromosome inactivation mechanism{s). For
example, compared to the rodent Xic, the XIC in humans is considerably expanded, likely
due to insertions of species specific repeats. The Tsx gene seems to be conserved in rodents,
but in the primate lineages it has become a pseudogene [140]. Sle/642 is highly conserved
between all placental mammals, but its orientation is reversed between rodents and humans
[1491. Whereas Tsix appears to play a crucial role in the regulation of XCI in mice [118,
180, 354], TSLX may have lost such a role in primates [117, 140, 352]. The 3” end of TSLY,
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which is overlapping with the X/ST gene being transcribed from the opposite strand, is
conserved, but other areas of 757X show repeat element insertions and even large scale
deletions in human, and alse in other primates [352]. Also the DXPas34 region and the Xire
gene, which seem to be crucial for Tsix expression in rodents, are not conserved at a
sequence fevel in primates, reinforcing some of the distinet differences between primate
and rodent XCI [128, 352].

The Xist gene structure is fairly well conserved among eutherian species [140,
343]. In particular the promoter region of Xist shows a higher level of conservation among
species [116-117]. However, there is only a low level of simifarity of the transcribed Xist
sequence. The Xist exons show 066% sequence identity between mouse and human, and
62% identity between mouse and bovine [140], a figure which is close to the average
conservation of untranslated regions of ortholog protein-ceding genes between mouse and
human. Although in most species the number of Xist exons is identical, the exon-intron
structure differs significantly [116, 140, 352], and the length of the gene shows some
dramatic variability amongst species, most likely due to species-specific insertions of
repetitive regions and amplification of repeats [ 16]. Interestingly, comparison among six
different primate species has shown that the overall size of the ancestral primate Xiss Jocus
is very similar to the present day human X757 locus, indicating that during the last 80
million years only small, lineage specific changes cccurred within the X/S7 gene [332].
One of these small changes seems to involve the D-repeat, which is transcribed from Xist
exon |. Whereas the A-repeat, crucial for the silencing capability of the Xist gene [115] is
highly conserved among all species studied, the D-repeat shows some variation among
species, and is even missing in certain primates, including lemurs [352]. Whether this has a
functional consequence for XCI in these species remains to be addressed.

XCl and human ES cells

Studying X chromosome tnactivation in humans is challenging. Due to ethical reasons, the
use of early human embryos for research purposes has been widely restricted. Similarly,
data on XCI in great apes and other primates are not available. Most of the obtained
knowledge on human XCI has come from studies which made use of different model
systems, including mouse-human celi hybrids, human embryona! carcinoma and tumor cell
lines [147, 355] and human transgenes integrated in mouse ES celts [170, 174, 356-358].
The derivation of human ES (hES) cells promised the availability of a potent study model
for human XCI, comparable to mouse ES cells. Different studies explored XCl in hES cells,
with varying and conflicting results [359-364]. Most of the female hES cell lines display an
inactivated X chromosome already in the undifferentiated state, characterized by XIST
expression, X/8T RNA coating, and accumulation of markers of heterochromatin on the Xi.
Other undifferentiated female cell lines have two active X chromosomes, and have the
potential to inactivate one X during differentiation, comparable to mouse ES cells (Table
1}. Interestingly, certain ceil lines behave different in distinct laboratories, with some sub-
clones showing random XCl upon differentiation, whereas others show XCI hailmarks
prior to differentiation. In a survey of 11 characterized hES cell lines, Silva et al. (2008)
identified three different classes of hES cells with regard to XCI [361]. The first class only
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XaXa -+ + - +/-
XaXi - . + o
Xist/XIST - - + +/-
H3KZ7 me3, Cot exclusion - - + +/-
bFGF, Activin/Nodal sign. - - + +
Lif/Stat3 signalling + + - -
diff. in extra embr. tissue - - + +

Table 1: Characteristics of mouse and human pluripotent stem cells
Compariscn of XCl characteristics and growth cenditions of different reported human and
mouse pluripotent female stem cells. Indicated are the presence (+) or absence (-) of an Xi
and epigenetic changes associated with XCl in the different pluripotent stem cells describad.
Also shown are the fissue culture conditions reguired to maintain these stem cells {+), and
the potential to differentiate in exira-embryonic tissues {+).

displays XCl characteristics upon differentiation. The second and third classes have an
inactive X chromosome in the undifferentiated state, but in the third group X757 expression
is lost. Although this last category does no longer express X757, other XCI markers are stitl
present, like the exclusion of Cotl RNA from the X chromosome. Interestingly, in these
cells, H3K27 tri-methylation is also lost, which indicates that H3K27 tri-methylation is
dispensable for the maintenance of XCI. These results support previous findings that in
mice and human recruitment of H3K27 tri-methylation is X/ST dependent [97].

How can the differences between hES and mouse ES cells regarding XCI be
explained? In mice, cells of the ICM show two Xa’s prior to differentiation. A species-
specific difference in the time window in which XCI cccurs could explain why hES cells,
which are also derived from the [CM, display XCI characteristics prior to differentiation.
Does random XCI in human embryos already occur at an earlier stage, and do hES cells
therefore display an Xi? Alternatively, reactivation of the Xi established during the early
cleavage stages might occur later in humans compared tc mouse. In mouse embryos,
imprinted XCI occurs prior to impiantation, and causes inactivation of the Xp [51-33, 363-
366]. Tmprinted XCI is maintained in the extra-embryonic tissues, but is reversed in the
cells of the ICM (Figure 3), by reactivating the Xp, likely initiated by NANOG expression
in cells of the epiblast [367]. Although XCI in human embryos is also initiated during the
early cleavage divisions according to one report [368], it is unclear whether human XCI is
imprinted [369-378]. According to another study, X/S8T accumulation in human blastocyst is
often found on two X chromosomes, whereas silencing has not occurred vet at this stage
[379]. In addition it is unclear at what stage the Xi is reactivated, if reactivated at all, and
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hence, if XCI in undifferentiated hES cells could be due to persistence of XCI initiated in
the early pre-implantation embryq, rather than representing precocious initiation of random
XCI. In support of this, a highiy skewed XCI pattern has been observed in female hES cells
with a preference for one of the two X chromosomes to be inactivated [360, 380]. I an
imprinted form of XCI would exist in humans, favoring inactivation of one of the parental
X chromosomes, a lack of reactivation could explain these findings. Unfortunately, the
paternat origin of the inactivated X chromosome was not determined in these studies.

Next to the above-described variations in the XCI timing between mouse and
human, the observed differences in XCI between undifferentiated human and mouse ES
cells could reflect more fundamental differences [381-382). Human and mouse ES cells
differ significantly in morphology, clonogenicity, molecular profile and culture
requirements. For example, hES cells need bFGF and activin / Nedal signalling for their
self renewal, whereas mouse ES cells depend on LIF / Stat3 signalling [383-384], and both
cell types are characterized by a genome wide difference in occupancy of gene promoters
by pluripotency factors [385]. Although both cell types have the potential to differentiate in
vitro into cell types of all germ layers, and to form teratomas in vivo, only for mouse ES
cells the capability to contribute to the germ fine and to generate an entire animal has been
tested. For obvious ethical reasons, this will not be studied for hES ceils, so that this piece
of evidence whether hES cells are indeed the human equivalent of mouse ES cells will
never be obtained. In mice, an additional pluripotent cell population has been isolated from
the post-implantation mouse epiblast using culture conditions including bFGF and activin,
in the absence of LIF {386-387]. These so-called EpiSCs (post-implantation epiblast
derived stem cells) express the pluripotency factors OCT4, SOX2 and NANOGG, but differ
in morphology and in the expression of ceriain transcripts from mouse ES cells, making
them more comparable to hES cells [388]. Although these cells can differentiate in vitro
into cells of all germ layers and extra-embryonic trophectoderm, they are extremely
inefficient in contributing to chimaeras, and germ line transinission has not been reported.
Female EpiSCs have undergone XCI, leaving one X chromosome active. Therefore, it is
possible that XCI observed in hES cells is a reflection of the diiference between human and
mouse ES cells, with hES cells being in fact the human counterpart of mouse EpiSCs [389].
In agreement with this, mouse EpiSCs and hES cells share the ability to differentiate in
vitro into exira-embryonic tissues [390], whereas mouse ES cells car only differentiate into
cells of the three germ layers. It has been shown that EpiSCs can be differentiated from
mouse ES cells in culture, which indicates that EpiSCs are a more restricted derivative from
ES cells [391]. Also reprogramming of EpiSCs to ES cells by over-expression of the
pluripotency factor Kif4 [391]) or Nanog [367], or by extended culture in LIF [392], is
accompanied by reactivation of the inactive X chromosome.

How can human ES cells be the human equivalent of a more differentiated cell
type, despite the fact that human ES celis are also derived from the ICM, like mouse ES
cells? [t is possible that the cuiture conditions used for the derivation of hES cells may
allow the differentiation of ground state hES cells to hES cells with EpiSCs characteristics,
and prevent in vitro stabilization of the pluripotent state of the human ICM [393]. Also,
there are clear differences in early development between rodents and humans, such as the
presence of an egg cylinder stage or a temporary arrest in embryonic development
{diapause), present in the mouse but absent in human. This might explain why for human
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cells a shorter time window may exist to derive ground state ES cells, comparable to mouse
cells [394]. As a result, during human ES cell derivation, in fact only more differentiated
cells might be derived, which would explain XCI in these cells.

The presence of an inactive X in undifferentiated hES cells could also be explained
by a selective pressure against two active X chromosomes. [n fact, only a short time
window exists in which cells in the early mammalian embryo have two active X
chromosomes. Since these cells are not programmed for an infinitive state in the ICM, the
human cells might adapt to culture conditions during ES cell derivation by initiating XCI,
which might confer XaXi cells with a growth or survival advantage. Selection against two
active X chromosomes is also seen in some mouse ES cell lines, and analysis of femate
mouse ES cells indicated genome wide hypomethylation [393], possibly resulting in
genome instability. This may explain why many inbred mouse ES cells loose one of the two
X chromosomes during expansion, and only ES cells from hybrid crosses stably propagate
two X chromosomes. Since hES cells are not characterized by a tendency of X chromosome
loss, cells which have successfully initiated XCI under culture conditions may be the cells
which are selectively mainfained. Could the recent emergence of human iPS cells provide
us with a better model io study XCi? For mouse iPS cells, reactivation of the silent X
chromosome of somatic cells during reprogramming has been shown [67-68], and these
ceils initiate XCI upon differentiation. At the start of this thesis research, no studies had
addressed the activity state of the X chromosome in female human iPS cells.

Taken together, the finding that XCT is initiated in undifferentiated hES cells,
before the onset of differentiation, could have many different reasons, Searching for an
explanation, we will most likely encounter a combination of mechanisms regarding
epigenetic variation observed for ES cells from different species. Future studies are needed
to determine the mechanistic origin of this finding, since uncertainties about the epigenetic
stability of hES cells and the differentiation potential of these cells should be addressed
before the introduction of hES cells for any clinical application can be considered [361,
396-398).
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and its implications for human disease
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Differences between females and males in human disease

En human, the sex of an individuai is determined by the presence or absence of the Y
chromosome. Geneticaliy speaking, an embryo has an equal chance of obtaining the X or
the ¥ from the father, resulting in a female or a male, respectively. Indeed, although earlier
studies have hypothesized that sperm cells containing a Y chromosome might have an
advantage in swimming velocity due to the smaller size of this chromosome compared to
the X, such a difference has not been found in more recent studies [399-400], and therefore
it seems likely that at the moment of fertilization there is indeed a 50% chance for the
zygole to become either XX or XY. However, if we look at the male to female ratio at birth,
it seerns that more males are born. Taking a look at the birth rates in The Netherlands
during the first decade of this century, the average male to female ratio is around 1.05
(Figure 11A). Paradoxically, however, amongst the stillborn children, there is a higher
percentage of males, indicating that gestation might be a critical period in particular for
male fetuses {Figure 11B). This would indicate that in fact, the male to female ratio
cbtained upon hirth i3 an underestimation of reality, with an even higher number of male
embryos compared to female embryos during the course of the pregnancy. But how does
this relate to an equal chance of becoming a male or a female at the moment of
fertilization? Are more females dying in ufero compared to males? Surprisingly, studies on
miscarriages of recognizable pregnancies during the first trimester seem to show the
opposite. In chromosomally normal fetuses, the rate of spontaneous abortion is 1.3 times
higher for male fetuses compared to female fetuses [401]. Also for the chromosomally
abnormali fetuses, with trisomies of chromosomes 13 or 18, (Patau and Edwards syndrome,
respectively) were the sex has no influence on the cause of these trisomy syndromes, it
seems that female embryos have a better chance to be maintained throughout pregnancy
[402-404]. Thus apparently, although at birth mere males are found, during the course of
pregnancy males are more prone to die? At least during the course of recognizable
pregnancies this seems to be the case. However, studies have shown that the majority of
spontaneous abortions occur prior to the recognition of the pregnancy [405-407], before or
duting implantation of the embryo [399, 406]. Since monosomies are not found in later
stage miscarriages (except the monosomy of the X chromosome resulting in Turner
syndrome), but should oceur as frequent as trisomies, it seems likely that many monosomy
embryos or embryos with even more detrimental chromosomal aneuploidies are lost at this
time of the pregnancy [408]. However, also here it seems unlikely that a sex difference in
occurrence of these anomalies would result in female specific lethality. How can the loss of
female embryos during pre-implantation development be explained? A possible and
intriguing hypothesis is that many female esmbryos are lost due to failure of the X
chromosome inactivation process.

it has been shown that among differentiating mouse ES and 1CM cells, cells can be
found with an aberrant number of inactivated X chromosomes [162, 179, 138]. Proposing
that initiation of X chromosome inactivation is explained by a stochastic mechanism [179]
implies that a percentage of female embryos might fail to proper establish one inactive X

46



Chapter 1: Introduction X chromosome, XCI and human disease

Male/Female
total males females  Ratio
194892 99707 95185 1,0473507
188281 95535 91746 1,052198
185568 95279 90289 1,055267
181700 92768 88932 1,043134
185017 95051 89966  1,056521
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Figure 11:
Birth and child death for males and females in the Nethetlands from 2004 to 2008
Source: Centraal Bureau voor de Statistiek (v ), refrieved 19 april 2012

A) Table showing the total number of birth, the number of females and males and the
relative ratio between both sexes born in the Netherlands during the period 2004-
2008

B) Number of siill born children, without any sign of life, after a pregnancy of 22 weeks
or longer, per 1000 live birth.

C) Perinatal mortality rate, defined as the number of still born children, without any sign
of kfe, or children who died in their first 7 days of life, after a pregnancy of 22 weeks
or langer, per 1000 live birth.

Neonatal mortality rate, defined as the number of children who died between day 1
and gay 28 after birth, after a pregnancy of 22 weeks or longer, per 1000 live birth,
infant moriality rate, defined as the number of children who died prior to their first 1
years birthday, after a pregnancy of 22 weeks or longer, per 1000 live birth.
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chromosome. If none of the X chromosomes is inactivated, cells can try again later but
might still fail to obtain an Xi and an Xa, and if two X chromosomes are inactivated, that
will lead to immediate cell death. In some female embryos, too many cells might be lost by
some failure in XCI initiation. We suggest that this might explain female- biased |ethality
prior to and around the time of implantation, resulting in a sex bias towards the birth of
males, despite an equal chance of becoming a male or female at the moment of fertilization
and a higher loss of male fetuses at later steps of gestation.

In the year 2010, 8 391 956 females lived in The Netherlands, compared to 8 223
344 males [409], and in most Western civilizations females are overrepresented in the
elderly. This longevity advantage of females could be related not only to genetic and
hormonal differences, but also to differences in occupation and lifestyle. However, it might
be relevant to note that in all age categories, also at very young age, males have a higher
mortality rate compared to females, as illustrated by the mortality rate during the first 7
days (Figure 11C), the first 28 days (Figure 11D) or the first year of life (Figure 11E) of
children born in The Netherlands. From the moment of birth on, males seems to encounter
more serious diseases more often, including birth defects, infectious diseases, intellectual
disability and delayed development, and even malignancies [410-416]. Apparently, males
are more vulnerable to lethal disease compared to females. Although many of the
differences in disease susceptibility between males and females will most likely be
explained by hormonal differences, and the other factors mentioned above, the presence of
only one X chromosome in males might play an additional and not unimportant role. Since
males have only one X chromosome, every mutation in a gene located on this chromosome
may result in the presence of a noa-functional or absent protein produced by the mutated
gene, possibly resulting in a disease phenotype. In contrast, females will have the chance of
compensating an X-linked mutation due to the presence of their two X chromosomes and
the random XCI process, resulting in protection from so-called male-only diseases. Hence,
although the presence of two X chromosomes and the obligatory dosage compensation
mechanism might result in a higher lethality during peri-implantation development, the
presence of both of these female specific characteristics seem to make females less
vulnerable to lethal disease compared to males.

Mendelian inheritance of X-linked traits

Many decades and even centuries ago, prior to the discovery of chromosomes and genes, it
was noticed that several diseases, including color-blindness and hemophilia, were occurring
almost only in males [417-419] (reviewed in [420]). [t was noticed that these diseases were
not transmitted from affected males to their sons, but that their heaithy daughters could give
birth to sons who were again affected. Although at that time no explanation existed for this
way of inheritance, it is now clear that this pattern of inheritance is typical for X-linked
traits. The first X-linked trait, the white-eye characteristic, was discovered more than a
century ago in Drosophila [421]. It was found that when a white-eye male fly was bred to a
red-eye female, all offspring had red eyes. When this offspring was inbred with each other,
a quarter of all offspring had again white eyes, and these white-eved flies were all males.
From this it was concluded that the trait for eve color in flies must be sex-linked, and that
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the red eyes trait in flies is dominant, whereas the white-eye characteristic is recessive
[421]. This and other work in flies was extended to the X and Y system in human, leading
to the first rules on X-linked inheritance [422-423}. These rules can still be found in
nowadays textbooks of genetics [424], and state the following: a character ts dominant
when it is expressed in a heterozygote, and recessive when not. X-linked recessive diseases
almost exclusively affect males (since they are hemizygous for the X chromosome), and
rarely affect homozygous recessive females. Affected males cannot transmit their trait to
their male sons, rendering male-to-male transmission impossible. Transmission however
can oceur through their daughters, since all daughters will be obligate carriers, but since
they are most likely heterozygous, they will not express the trait. These female carriers
however can fransmit the trait to their offspring, resulting in 50% of the daughters being a
carrier, and 50% of the sons being affected. Therefore, affected males can transmit an X-
linked recessive disease to 50% of their grandsons through their obligate carrier daughters.
In X-linked dominant diseases, an excess of affected females exists in pedigrees of the
disease, and again male-to-male iransmission is impossible. However, all daughters of an
affected male wili have the disease, since the dominant trait will be expressed in the
heterozygous females. Since both sexes in the offspring of these females have an equal
chance of obtaining the X chromosome carrying the mutant aliele, half off the offspring of
both sexes will be affected.

Although these rules seem strait, and are in concordance with the inheritance of
sex-linked traits in Drosophila, several important exceptions seem to apply in humans, As
discussed above, dosage compensation in Drosophila is achieved by up-regulation of gene
expression from the single X chremosome in males [46]. In human, however, one of the
two X chromosomes in females is silenced, and since this inactivation is basically random
in every cell, females are a mosaic of cells in which either the maternal or paternal X
chromosome is inactivated [30]. In Drosophila, a recessive trait on the X chromosome is
really behaving recessively, since both X chromosomes in a cell of the female fly are active
and thus being expressed. However, in women, this is not the case. [f both X chromosomes
have an equal chance of being inactivated, in half of the cells the recessive allele will be
inactivated and hence not expressed, whereas in the other half of the cells the recessive
allele will be present on the active X chromosome. Thus even a recessive trait will be
uniquely expressed in half of the cells of women, therefore making it dominant at the
cellular level, and should thus result in a phenotype similar to that in hemizygous males.
Indeed, far more female carriers of an X-linked disease present with clinical symptoms
[425-427], which cannot be explained by the simplified rules of dominant and recessive X-
linked inheritance as obtained in the Drosophila model, deduced in a time that knowledge
on differences between human and Drosophila dosage compensation was lacking [428]. In
agreement with this, a systematic review of 32 X-linked diseases has shown that, as
expected based on the X-linked pattern of inheritance, the severity and penetrance, which is
the frequency with which a genotype manifest itself in a given phenotvpe, are higher in
males then in females carrving an X-linked disease mutation, whereas the severity and
penetrance are highly variable in heterozygous females, varying from high, to intermediate
and low between different disorders, but also in females being affected with the same
disease [428]. Thus apparently, {or X-linked diseases, classifications as recessive and
dominant are misteading, and can better be described as X-linked [428].
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X chromosome inactivation mosaicism and skewing as
modifiers of X-linked human disease in females

In complex organisms like humans, many different cell types have to work together to
obtain a normal physiology. As a consequence of XCI, and the clonal propagation of the
inactivated state of the inactive X chromosome, women are a mosaic of two cell
populations, with either the maternaily or the paternally inherited X chromosome being
inactivated {33]. Both populations of cells make up all organs, and despite the mixing of
both different cell populations, a proper interaction is required for development and
physiology. Different forms of communication are present between cells, whether it is
through direct cell-cefl contacts or secreted factors, which most of the time result in a
metabolic cooperation between cells [4271. In the light of X-linked disease, these
interactions can have crucial consequences for the outcome of the disease severity for a
female carrier of a heterozygous mutation [429]. If an X-linked mutation results in the
absence of a certain protein, a cell which has inactivated the wild type, non mutated, X
chromosome will experience probiems from the absence of the protein, possibly resulting in
a growth disadvantage of that cell, or even cell death, which will result in selection against
the mutant cells. However, if the protein or signal can be acquired from cells in the
surrounding of the mutant cells, for example by uptake through endocytosis or gap
Junctions, the deficiency of the mutant cell can be hidden, and function might be restored.
This form of metabolic cooperation between cells seems to be true for a variety of X-linked
metabolic diseases, including Lesch-Nyhan syndrome, Fabry disease and Hunter syndrome
which manifest themselves with a severe phenotype in affected males, but only present
mild symptoms in heterozygous females, [n iduronate sulfatase deficiency (Hunter
syndrome, OMIM: 309900), large amounis of mucopolysaccharides accumulate in mutant
cells, resulting in bone abnormalities, deafness and enlarged organs in affected males. {n
female heterozygote carriers of the same mutation, iduronate sulfatase is transferred from
wild type ceils to the mutant ones, and hence the accumulation of harmful products does
not occur in these women, resulting in a minimal presentation or absence of disease
symptoms [430]. In Fabry disease (OMIM: 301500), another lysosomal storage disease
which results in accumulation of glycosphingolipids in blood and lysosomes of most cells,
causing clotting of blood vessels and tissue damage, females also have milder symptoms,
since the a-galactosidase A enzyme can transfer from unaffected cells to the mutant cells,
although at a lower efficiency compared to iduronate sulfatase. In Lesch-Nyhan syndrome
{OMIM: 300322), males have hypoxanthine phosphoribosyltransferase (HPRT) deficiency,
causing a defect in recycling of purine bases, resulting in mental retardation, cerebral palsy,
self-destructive biting behavior and accumulation of uric acid in joints. Heterozygous
fernale carriers of the disease are not affected, because inosinate, a product of the HPRT
metabolic reaction, is transferred through gap junctions. This transport is possible ia
fibroblasts, resulting in a fibroblast population of both wild tvpe ceils and surviving mutant
cells, but in circulating blood ceils, where gap- junctions are not present, this form of rescue
cannot occur, resulting in the selection against cells which do express the mutant allele
[425). Most likely, these cells are gradually outcompeted by the wild type cells, which will
have a proliferative advantage over the mutant cells [429, 431-432].
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Most of the time, the presence of an X-linked mutation results in a growth
disadvantage of cells expressing the mutated allteie [433], but this is not always the case. In
adrenoleukodystrophy (OMIM: 300100), were mutations in the ABCD/ gene result in a
non-functional ALDP protein, cells expressing the mutated form of the protein proliferate
faster [434-435]. ALDP is involved in the transport of fatty acids into the peroxisomes,
were fatty acids are being oxidized in the beta-oxidation pathway, as a means of energy
production. When the function of ALDP is ablated in males, fatty acid accumulation in
cells cause a loss of function of the adrenal glands, and progressive destruction of myelin in
the central nervous system. Several variations of the disease exist, which affect only the
adrenal glands, or show a phenotype also in the central nervous system or even the spinal
cord (adrenomyeloneuropathy). Heterozygous females are ofien symptom free at the
beginning of their life, but during aging they can develop spinal cord symptoms, which
indicates that the mutant cells gradually take over, due to a growth advantage which is
currently not explained.

Interestingly, not always does cefl communication result in an amelioration of an
X-linked disease, and in some cases it might even worsen the phenotype in heterozygous
females. This is the case for mutations in the £FNB/ gene which cause craniofrontonasal
syndrome (OMIM: 304110} [436-437]. The absence of functional ephrin Bl protein, a
signaling molecule involved in many developmental processes, results in premature ciosure
of the coronal suture (craniosynostosis), and thus aberrant skull development, only in
females. Males with mutations in EFNBI1 do not develop these skull deformations, because
other redundant signaling molecules are able to replace the function of ephrin B1. In the
case of heterozygous females, where XCI has resulted in a mixture of ceils which are either
positive or negative for ephrin B1, such a redundant signaling pathway is disrupted by a
mechanism called cellular interference [438-439].

Although XCI in principal results in two different populations of celis, and this can
have a profound effect on the manifestation of X-linked diseases in heterozygous females,
another layer of complexity s added by the fact that the ratio of the two cell lines, with
either the maternal or paternal X chromosome being inactivated, is not always 50:530. In
fact, studies have shown that in large populations of healthy women, the ratig between both
cell types follows a bell-shaped distribution, with a mean of 50:50 and extremes
approaching 100:0 or 0:100 [440-44!]. Just by chance, a proportion of women will have a
deviation from the 50:50 ratio and this deviation is called skewing of XCI (Figure 12).
How can this skewing be explained? Several factors might contribute, and most likely one
of the most important faciors will be the presence of a limited amount of cells at the
moment that XCI is initiated. Even when every cell has a 50% chance of inactivating the
one or the other X chromosome, when the starting pool of cells is small, just by chance the
majority of cells might choose to inactivate for example the X derived from father.
Although it is not exactly known how many cells are present at the moment that XCI is
initiated in the human embryo, it is estimated that there are most likely between 10-20 cells
which commence to initiate X1 [442-444]. Hence, with such a small pool of progenitor
cells, it seems likety that the stochastic nature of the process plays an important role in
determining the XCI fate of the X chromosomes present.

Skewing of XCI likely is also genetically determined. In mice, distortions from
random XC1 are observed when several inbred mouse strains are intercrossed, and since
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HUMARA assay

mate non-skewad  Skewed

female female
_UDQ_X UDD UDD

igure 12: XCl skewing analysis in females using the HUMARA assay

o determine the degree of XCl skewing, a frequently used method is the Human Androgen
Receptor assay, which makes use of the presence of a polymoerphic repeat in the androgen
eceptor and methylation of the inactive X chromosome. Prior to digestion with a methylation-
ensitive enzyme {undigested, U} PCR analysis will show a single allele in males (left panel),
nd two alleles in females (when polymerphism is present). Upon digestion with g
methylation sensitive enzyme (digestion, D), only the ailele which is inactivated, and hence
methylated, will be amplified. Therefore in males upon digestion, no band is detectable.
When XCI is random in females, 50% of ceils will methylate the one allele, whereas 50% of
ells will methylate the second aliele. Therefore, in a non-skewed female, the same bands
will be seen upon digestion as in the undigested sample {middle panel). Upon compiete
kewing (right panel), only a single aliele will be detected

these deviations are not caused by cell selection, they are referred to as primary non-
random XCI. This has resulted in the classification of mouse strains according to
differences in the strength of the X controliing element (Xce), a geneticaily defined locus
which affects skewing [445-447]. Aithough the identity of this locus is still unknown,
genetic mapping studies have indicated that it lies downstream of Xis¢ [448-450].
Alternatively the amount of skewing might correlate with the presence of SNPs in Xl
regulatory elements, including the Xist promoter or the gene itself, or other regulators, like
XCl-activators and -inhibitors, or their binding places. In agreement with this, SNPs have
been found in the human X757 promoter, which seem to correlate with skewing [451-453].
In both cases, a CTCF binding site seems to be affected, by a nucleotide change located at -
43 bp of the transcriptional start site of X/S7. Whether an XCE exists in human is unclear at
the moment [454-455]. Several families have been identified in which extreme skewing of
XCl is inherited, but this extreme skewing could also be caused by the presence of an
unidentified X-linked disease allele which is being selected against [456-461] when
affected cells have a proliferative disadvantage, or die, as discussed above. Therefore,
skewing could also be caused by X-linked mutations affecting the viability of the cell,
followed by negative selection, or sometimes even positive selection, as in the case of
adrenoleukodystrophy. An even more extreme form of this secondary non-random XClI, is
found in so-called trisomic zygote rescue, and might also be causative in the development
of skewing. Some cases have been described, in which the placental tissues consist of a
high proportion of trisomic cells, whereas the resulting fetus consist of diploid cells, which
have a severely skewed XCl phenotype [462]. It has been hypothesized that such fetuses
may survive, since the initial zygote, which must have been trisomic as well, lost the
supernumerary chromosomes. Since such a lucky event will only occur in a minority of
celis in such an otherwise lethal embryo, even more cells might have been lost from the
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already small pool of celis which initiate XCl, resulting in the extreme skewing observed in
the girl born. Such a reduction in progenitor pool size might also underlay the observed
more extreme skewing in monozygotic twins compared to singlets [373, 463-475], although
not all studies agree on this [443, 476-479].

The selection pressure for or against a cell carrying an X-linked mutation does not
seem to be the same in all tissues or at all developmental time points. For example, it has
been found that several X-linked diseases only result in skewing in particular tissues. In X-
linked agammaglobulinemia (Bruton’s agammaglobulinemia, OMIM: 300300), caused by
mutations in the BTK gene, mutant B cells are unable to mature, and mutant B cells are thus
absent in the peripheral blood system of heterozygous females, where wild type B cells are
selected for [480-483]. The mutant B cell progenitors however can be found in the bone
marrow, indicating that different stringencies of selective pressure are maintained in
different tissues. Also other cell tvpes, where BTK is not expressed, will most likely be
confronied with an absence of a selection pressure against mutant cells, The same tissue-
specific skewing can be found in other hematological X-linked diseases, including X-linked
severe combined immunedeficiency (X-SCID, OMIM: 300400) [442, 481, 484-485] and
Wiskott-Aldrich syndrome (OMIM: 301000) [486-490], and extreme skewing has even
been used to identify carriers of the disease mutations prior to genetic testing of the disease
genes [491-495].

Skewing is not only influenced by tissue specificity, bui also by aging.
Interestingly, a large number of studies have found that skewing is more prevalent in
elderly women [441, 454, 461, 479, 496-501]. Certain X-linked diseases only develop in
elderly women due to age-related skewing. Examples include sideroblastic anemia (OMIM:
300751y [502-503] and X-linked hemolyiic anemia (OMIM: 305900} caused by G6PD
deficiency [304-506). The reason for this is not clear, but might involve stochastic clonal
loss [507], or genetic selection, maybe due to subtle, hidden mutations or SNPs affecting
gene function or expression of X-linked genes, which manifest themselves gradually in a
growth advantage or disadvantage [497, 308-510].

What is clear from the issues discussed above is that the variability of symptoms in
heterozygous female carriers of an X-linked disease can be influenced by many factors.
Genetic and stochastic factors will determine in the first place the mosaic distribution of
cells in embryonic tissues having inactivated the X derived from father or from mother.
This immediately results in a mosaic distribution of mutant and wild type cells, through the
growing tissues. The effect of the mutation itself on the cell viability and growth of the
mutant cells will further result in a complicated interplay between wild type and mutant
cells, either favoring wild type cells when the mutation results in a negative outcome for the
affected cells, or favoring the mutant cells when the mutation is advantageous. When
mutations affect cell-autonomous proteins and pathways, a different outcome can be
expected compared to the situation in which mutant cells can be rescued by wild type
proteins obtained from neighboring cells. Thus not only does skewing influence the
outcome of genetic disease, also the opposite is true; namely, due to X-linked disease the
ratios between cells having inactivated the wild type or the mutant X chromosome will
differ, dependent on the effect of the mutation. However, since females have two X
chromosomes, favorable skewing of XCI, either primary or secondary due to selection, can
thus ofien resuit in a better outcome of X-linked diseases compared to males, which suffer
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from their higher vulnerability for X-linked diseases due to the presence of ithe hemizygous
X chromosome, lacking a backup allele for X-linked loci. Table 2 summarizes several
diseases i1 which favorable skewing has been found in heterozygous carriers of X-linked
disease, presenting themselves with minimum symptoms compared to males.

When mosaicism causes a disadvantage: emergence of
manifesting heterozygotes

Not always does the mosaic expression or a totally skewed XCI result in a benefit for a
woman, This can occur when extreme skewing results in inactivation of one X
chromosome, maybe because of selection against a mutant allele, but unfortunately also the
active X chromosome harbors a genetic defect. This disease allele, which would otherwise
maybe be selected against, or the disease outcome would benefit from a mosaicism, will
now be active in all cells, causing disease which is otherwise not seen in heterozygous
female carriers. Such g case has been described in which a female inherited a mutation in
the incontinentia pigmenti gene NEMO (OMIM: 308300) from her mother, and a mutation
in the /8 gene causing haemophilia A (OMIM: 3067000} from her father [511]. The NEAMO
mutation is detrimental for cells, and thus strongly selected against, rendering all cells with
the wild type incontinentia pigmenti gene active. Unfortunately for this patient, the X
chromosome containing the wild type NEMO gene also contains the mutant 78 gene,
therefore resulting in a bleeding disorder in the affected female.

Many cases of these so-called manifesting heterozygotes have been described in
the literature [513, 520-5221, and some of these have even been crucial for the discovery of
the disease alleles involved, The reason for the extreme skewing which results in the
manifestation of the X-linked disease can be variable, ranging from chance to genetic
causes, as discussed above. In the case of a girl preseniing with Wiskott-Aldrich syndrome
(OMIEM: 301000} [523-524], the affected girl, and her mother and grandmother showed
extreme skewing, pointing to a genetic cause. The mutant Wiskott-Aldrich syndrome was
located on the active X chromosome, causing the disease, which is normally not seen in
females due to XCI of the X carrying the disease allele. Other women with Wiskott-Aldrich
syndrome have been described, where skewing of XCI resulted in 100% of cells with the
mutated alflele on Xa [525-526], or absence of skewing against the mutant allele was
observed [527-529]. Other similar examples includes affected females with haemophilia B
{OMIM: 306900 [530-531], myotubular myopathy (GMIM: 310400) [332-534], X-tinked
hemolyvtic anemia {OMIM: 305900) [535], ATRX syndrome {(OMIM: 301040) [536} and
Fabry disease (OMIM: 301500) [337], where also extreme skewing of XCI towards
inactivation of the wild type X chromosome was found.

Another frequent cause of rmanifesting beterozygotes are chromosome
translocations involving the X chromosome [538]. In translocations, two breaks occur, one
in the X chromoseme, and another one on an autosome, after which the broken parts can be
rejoined together. Generally, two types of X-to-autosome translocations can be
distinguished, a balanced or an unbalanced translecation. In unbalanced X translocations,
an additional part of the X chromosome is present, linked to a piece of autosome,
representing a partial trisomy of that autosome. In general trisomies of autosomes are not at
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Table 2: X-linked disorders associated with favorable skewing and minimal disease in females

eczema, recurrent mfcctions

Disease Gene Gene OMIM  [Phenotype in males Reference skewing in
location females
Agammaglobulinemia BTR XKg2l.33-q22 300300 Decreased number of peripheral B-cells, Allen et al 1994 [480]
decreased antibody levels and recurrent Lietal 1998 [481]
infections Moschese et al 2000482
Alpha-thalassemia / mental {TRY X211 301040 Dvsmorphic features, mental retardation, (Gibbons et al 1992 [312]
rctardation syndrome hemoglobin H disease, epilepsy Wada et al 2003 |313]
Batth syndrome Iv4 xq28 302060 Cardiomyopathy, neutropenia, skeletal Orstavik et al 1998 {514]
mvopathy and growlh delay
Dhvskeratosis congenita DRCI K28 305000 Premature aging, abnormal skin pigmentation, [Ferraris etal 1997 [315})
nail dvsiroply, leukoplakia, progressive bone  Devrlendt et al 1997 [316]
marrow failure Vulliamy et at 1997 [317]
Dyvstenia-deafhess-optic \DDP Xq22.1 304700 Progressive form of deafness, visual disabilitv [Orstavik et al 1996 |460]
neuronopathy syvodrome fcading to cortical blindness, dystonia,
tractures, mental deficiency
tvpohidrotic ectodermal dysplasia  [VEWO Kq28 300291 11y pomorphic mutations resulting in skin Orstavik et al 2006 [518]
hwith immunodeficiency lesions and recurrent infections
MECP2 duplication syndrome WECP2 Xg28 300260 Intellectual deficits, autism, muscular 'Van Esch et al 2005 {519}
hipotonia, frequent recurrent infections and
mild dismorphic features
Severe combined immunodeficiency ([L2RG Xqi3 300400 increased susceptibility o infections, low L lendriks et al 1992 [485]
syvidrome antibody levels, thymus atrophy Hendriks et al 1993 [484]
Puck et al 1992 {442]
Lietal 1998 [481]
Wiskott-Aldrich svndrome HWASP Xpll1.23-p11.22 301000 Thrombocytopenia with small-sized platelets, |Gealy et al 1980 {487]

Vichat et al 1980 [488]
Feavon ¢t al 1988 [490]

Gioodship et al 1691 [489]

ASBSIP UDWNY PUD [DX DUOSTUCIYD X UOLIPOLU] || 42)doy)
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all tolerated, except for partly viable trisomies of chromosome 13, 18, 21 (Patau, Edwards,
and Down syndromes, respectively) or 22, which nevertheless result in severe health
problems. An unbalanced X-autosome transiocation will only be viable if the translocated
piece of X chromosome is able to underge inactivation and to silence the attached piece of
autosome by the spreading of XCI. Therefore the translocated piece of X chromosome must
at least contain the XIC, located at Xql3. If this is not the case, this will most likely result
in a non-viable situation, since the cells will be confronted with a higher dosage of
autosomal genes. If, in the case of an unbalanced translocation, there is no duplicated, extra
part of an autosome present, silencing of the translocated X chromosome might result also
in silencing of the attached autosomal segment, resulting in a monosomy of autosomal
genes, which is also likely to be lethal. {n case of balanced translocations, the situation is
different [539]. In a balanced translocation, the total amount of chromosome parts is the
same as in a normal genome, but now a piece of X chromosome is translocated to a piece of
autosome, and also the other two broken parts are joined together. Since these celis stili
have together two X chromosomes, one of them has to undergo XCI. However, if the X
containing the autosomal part would start inactivation, it would alse silence autosomal
genes, leading to a monesomy of the autosomal part of the attached chromosome. Since
autosomal monosomies are not compatible with life, cells having inactivated the
translocation chromosome will be selected against. Therefore, in a balanced translocation,
the wild type X chromosome is always inactivated, leaving the translocation products
active, and resulting in the best genetic balance. Hence, most of the carriers of balanced
translocations have a normal phenotype, although they might be sterile [339]. However, in
the process of translocation break and repair, parts of the X chromosome might get lost, or
the breakage can disrupt a gene coding sequence. Since the wild type X chromosome in
these balanced X-to-autoseme translocations is always inactivated, the disrupted gene will
be on the active (parts of the) X chromoesome(s), and therefore can result in a manifesting
disease in a female. Examples of this include girls with hypohidrotic ectodermal dysplasia
(OMIM: 305100) [540], Lowe oculocerebrorenal syndrome (OMIM: 309000) [541],
Simpson-Golabi-Behmel  syndrome  (OMIM: 312870} [342] and hyper IgM
immunadeficiency syndrome {OMIM: 308230) [343]. Such X-to-autosome translocations
have also been helpful in the mapping of several X-linked disease genes, including genes
underfying Duchenne miuscular dystrophy (OMIM: 310200) [544-548], oligophrenin-]
syndrome {OMIM: 300486) [548-550], Aarskog-Scott syndrome (OMIM: 305400) [551],
incontinentia pigmenti {OMIM: 308300} [552] and chronic granulomatous disease (OMIM:
306400) [553-554].
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Diseases where females likely benefit from their
mosaicism: male lethal diseases and diseases with
reduced viability of males

A severely detrimental mutation on the single X chromosome will result in male lethality,
so that no males are born carrying such a disease allele. Indeed, several X-linked disorders
have been described which result in male lethality, or highly reduced male viability, and
therefore these diseases are only found in females (Table 3) [555-557]. This group of
diseases is characterized by symptoms in heterozygous females, and they were originally
classified as being X-iinked dominant. However, symptoms amongst affected females are
variable, with some patients presenting full blown disease phenotypes, whereas others
present as asymptomatic carriers. In most instances, XCI skewing and mosaicism are
responsible for the different phenotypes observed, and explain that many affected females
are alive despite carrying a disease allel which is fethal in males. Indeed, in the majority of
these discases, favorable skewing is associated with reduced symptoms [5358-569]. In case
of Rett syndrome (OMIM: 312750), where mutations in the MECP2 gene cause autism,
ataxia, tremors, loss of purposeful hand use and dementia [570], XCI is often random
amongst affected females [571]. However, some sporadic, unaffected female carriers of the
mutation, show preferential inactivation of the disease allele [572}, and favorable skewing
has been observed also amongst milder affected females [573]. Also in another male lethal
neurcdevelopmenial disorder, called microphthalmia with linear skin defects syndrome
(OMIM: 309801) caused by mutations in the HCCS gene, skewed XCI has been observed
in the majority of cases [5374-576]. Here it seems that the presence of severe skewing is the
only reason that female patients are alive, as skewing has been reported in all heterozygous
females [556]. Apparently, HCCS mutant cells have such a pronounced growth
disadvantage that in the majority of tissues massive selection has occurred against cells
with the mutant allele on the active X chromosome. The efficiency with which this process
occurrs in different tissues might explain the variable phenotypes observed between
different affected females harboring the same mutations. Besides favorable skewing,
another advantage for females might be the possibility of genes escaping XCI. For both
incontinentia pigmenti {OMIM: 308300) and oral-facial-digital syndrome type | (OMIM:
311200} it has been found that these genes escape XCI in humans [240, 577-578]. For the
latter syndrome, this might explain why human females carrying an OFD/ mutation are
alive, whereas mice with a heterozygous Ofd/ knockout allele die, because Ofd! is not
escaping XCI in mouse {557, 579-580]. Escape most often is not complete and might be
tissue specific, and this might expiain why skewing of XCl is still observed in some cases
of these syndromes {559, 564].
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X-linked disease in females not related to X chromosome
inactivation or skewing

As is clear from the discussion above, X chromosome inactivation can have a great
influence on the phenotype and severity of X-linked diseases in females, However, not all
female diseases due to X-linked mutations are necessarily influenced by X chromosome
inactivation. Besides what is seen in manifesting heterozygotes due to unfavorable skewing,
fernales might also experience symptoms of an X-linked disease just due to the fact that
they inherited two murtant alieles for the same disease. Examples of homozygotes for X-
linked diseases include females with hemophilia [581-384], congenital X-linked nystagmus
(OMIM: 310700) [585], X-linked recessive ichthyosis (OMIM: 308100) [386],
hypophosphatemic rickets (OMIM: 3G7800) [587] and Becker muscular dystrophy (OMIM:
300376) [588], amongst others. The chance of inheriting two X-linked recessive alleles is
low, except for genetically homogenous families or families where X-linked diseases are
known to occur on both parental sides [589-590]. [n addition, homozygous mutations for X-
linked genes can also be caused by de novo mutations [382], or in rare causes of uniparental
disomy, where both X chromosomes present are derived from the same parent {591]. Also,
manifestations of X-linked diseases in females sometimes discover a hidden, or not yet
diagnosed form of Turner syndrome, in which a female has only one X chromosome, thus
rendering a Turner female prone to the same risk of developing an X-linked disease as a
hemizygous male [592-598]. Even more rarely, the presence of an X-linked disease has
discovered cases of dysregulated sex-determination, where affecied females turned out to
have a male karyotype [599-603].

The benefits or disadvantages of mosaicism related to X-linked gene expression
may not always be related to X chromosome inactivation. For example, rare cases of
mosaicism may be caused by fusion of two distinct zygotes, or due to placental transport of
cells between twins [604-605]. Such chimaeras might display mosaicism, in which one
population of cells harbors an X-linked mutation, whereas the other carries a wild type
allele. Also mutations occurring in the postzygotic stages of an embryo will result in the
fact that not all cells of the body will harbor a mutation. The later in embryonic
development the mutation occurs, the fewer cells will be affected [614]. In such cases, it is
also possible that the mutation does not affect the germ line, which is important for
counseling issues and the risk of transmitting the disorder to the offspring [615-617].
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Table 3: X-linked Disorders with reduced viability in males

syvindrome

septal defects

Disease Gene Gene [OMIM |Clinical phenotype XCI Reference
location
Aicardi syndrome Not found  [Xp22 304030 Abnormal brain development, mental Random  [Wieacker et al 1985 [606]
relardation, rib and vertebral defects Skewed  Neidich et al 1990 [607]

Hoag ct al 1997 [608]
Eble et ai 2009 [5609]

Angloma serpiginesum PORCN  Xpil3- 300632 MNonpurpuric red punetate lesions, Skewed  |Blinkenberg el al 2008

qi2 hyperkeratosis, dvsplastic nails |569]

Chrondodysplasia \EBP Xpil23 B02960 Skin, skelet and craniofacial defects, cataracts [Random  Shirahama et ai 2003 [362]

punctata type 2 Skewed  [Canucto et al 2011 [610]

Congenital hemidysplasia (NSDHL Xq28 308030 ichthyosiform nevi; limb, kidney and cardiac [Random  [IK8nig et al 2002 [611]

vith ichthvosiform fefects; brain malformations

erythroderma and limb

defects (CHIT.ID)

Focal dermal hypoplasia  {PORCA Xpil23 303600 Skin atrophy and other abnormaiities, mental  Random  [Lecvklang et al 2008 {568]

(Goltz svndrome) retardation, digital, oeular and oral anomalics

Frontometaphy seal LN Xq28 305620 Generalized skelelal dysplasia, deafness, Skewed  Robertson et al 2006 {567]

dysplasia (OPD spectrum urogenital defects

disorder)

Incontinentia pigmenti  [VEMO X 28 308300 Malfomations of brain, heart, eyves, teeth and  [Skewed  Parrish et al 1996 [361]

skelelon, abnormal skin pigmentation Fusco et al 2004 {364

Melnick-Needies FLN] Ky28 309350 Skeletal dyvsplasia, Ureteral obstruction Skewed  [Kristiansen et al 2002 [365]

syndrome (OPD spectrum

disorder)

Microphthalmia with HCCS Xp22 309801 Microphthialmia and dermal aplasia, brain and [Skewed  [LLindsav et al 1994 [373]

lincar skin defects eve abnormalities, mental retardation, Ogata et al 1998

(MIDAS} syndrome congenital heart defects Franco et al 2006 {336}
Schluth et al 2007 {612}

Oculo-facio-cardie-dental [BCOR Xpild (30066 Facial, cy¢ and teeth abnormalities, cardiac Skewed  [Hedera et al 2003 [363]
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Table 3: Continued

Oral facial digital OF Xp22 311200 Facial and limb abnormatlities, brain Random  [Thauvin-Robinet et al 20006
svidrome type | malformations, mental retardation and Skewed  [539]
polveystic kidnev disease
Otepalatedigital svindromelFLN7 Xq28 311300 [Palate and mild skeletal anomalies, conductive [Skewed  [Robertson et al 2003 [360]
(OPD spectrum disorder) deafness caused by ossicular anomalies
Rett syndrome WECP2 Xq28 312750 Autisme, dementia, ataxia and loss of Random  [Huppke et al 2006 [573]
purposeful hand use Skewed  {Chahrour et al 2007 [571]
Daser et al 2007 {5372]
Rett-like syndrome CDKLS Xp22.13  {300203 Develepmental delay, autistic features, tactile  [Random  Bahi-Buisson ct al 2008
hvpersensilivity, Rett-like leatures [538]
Terminal osseous FLNA Xq27.3- (300244 Bone and limb abnormalities, skin lesions and  [Skewed  |Baroncint ct al [613]
dyvsplasia and pigmentary q28 dyvsmophic features

defects syndrome

DSVISIY UDWILY PUD [DYY DMOSOUOIYD Y HONINPOLIU] | | 421y’
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Overview of X-linked diseases

The following discussion summarizes a selection of the most important X-linked diseases
organized by organ syslems, which are being discussed, where possible, in the context of
their relationship to X chromosome inactivation. A more detailed discussion on the clinical
symptoms, characteristics and treatments of these diseases is beyond the scope of this
thesis, and the interested reader is referred to a selection of reviews as indicated in the text,
or to onling resources {Online Mendelian Inheritance in Man (OMIM) database,
http://www.nebi.nlmnih.gov/omim) for further information. Since several diseases
manifest their selves with symptoms in different organ systems, they might be discussed at
multiple places.

A-linked disorders of the hematopoietic system

One of the most classical examples of an X-linked disease is certainly the bleeding disorder
hemophilia, with one of its most prominent patients being the Russian Tsar crown prince
Alexei [618] amongst other European Royals [619]1. Two different X-linked genes, F§
(hemaphilia A) and F¢ {(hemophitia B), encode blood clotting factors, which are essential
for hemostasis after injury. When these proteins are deficient, affected patients, mainly
males, will suffer from hemorrhages upon mild trauma, which can result in Jethal
conditions. Women are most often not affected, with the exception of manifesting
heterozygotes, discussed above. Interestingly, female asymptomatic carriers do not show
signs of XCI skewing [620], indicating that 50% of the cells retaining normal levels of
cletting factor are sufficient to prevent major bleedings. Only when skewing adversely
affects the percentage of cells carrying a wild type clotting factor allele, manifestation of
the disease may cccur [530, 621].

Several X-linked disorders affect the red blood cell fraction, which can resuit in
lethal anemias. X-linked hemolytic anemia (OMIM: 305900} is caused by mutations in the
GHPD gene, which ig essential for the pentose phosphate pathway (generation of NADPH)
of red blood cells. Males suffer from chronic anemia, as well as drug induced acute
anemias, whereas females are only mildly affected, due to favorable skewing caused by cell
selection [433, 622]. Certain G6PD mutations are more common in areas which are
endemic for malaria, as G6PD deficiency protects against this intracellular parasite [623-
624].

Other anemias include Fanconi anemia [625], X-linked sideroblastic anemia [626]
and GATA]-related anemia [627]. Fanconi anemia (complementation group B, OMIM:
300514) is a heterogenous disorder affecting multiple organ systems due to genomic
instability caused by mutations in the FAAPY5 gene affecting DNA repair. Clinical
characteristics include multiple congenital abnormalities in different organs, a
predisposition to develop cancer, and early onset bone marrow failure. Females are in
seneral less affected, and in the majority of female carriers of the disease gene favorable
skewing has been found [628-629]. The same is obseyved in X-linked sideroblastic anemia
(OMIM: 300751), where mutations in the 42452 gene result in hypochromic microcytic
anemia and iron overload due to chronic ineffective erythropoiesis. Interestingly, for this
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disease a clear correlation between the amount of skewing and the symptoms has been
observed in several cases [630-632]. Also in GATAI related macrothrombocytopenia and

anemia {OMIM: 300367) extreme skewing has been found in female carriers of the gene
mutation {633],

Influence of the X chromosome and X chromosome
inactivation on the immune system

Complex erganisms continuously face the threat of pathogens, toxic substances and other
environmental hazards. To survive, a complex immune system has evolved in mammals,
which consists of different layers of defense, including physical barriers, the complement
system, different celi populations, and a complex antibedy system, which is able to conquer
most of the envisioned challenges. Many of the genes directly or indirectly involved in
these processes are located on the X chromosome, including genes involved in the Toll-like
receptor-nuclear factor kB signaling machinery (/RAK/, NEMO and BTK), genes involved
in the apoptosis cascade (X/4P and PDCDS), and genes functioning in the oxidative burst
of phagocytes (CYBB and G6PD), amongst approximately 50 others [634]. Interestingly,
many sex-specific differences in the immune response exist, and women, in general, seem
to have evolved a better immune system. This is illustrated by the fact that males are more
susceptible to infectious diseases [633-636], and females have better antibody
responsiveness to stimuli [637-638], which might contribute to the fact that in many
species, inciuding human, females have a higher life expectancy compared to males [639].
This better equipped immune system in females is likely the consequence of the presence of
two cell populations with different parental active X chromosomes, thereby resulting in
more diversity when facing immunological challenges, and also preventing the risks of
deleterious gene mutations in a heterozygous genetic background [640-642]. Indeed,
several X-linked primary immune deficiencies exist, which mainly affect males, and result
in skewed XCl in female carriers, with minimal disease symptoms {Table 4).

A pitfall of this better female adaptive immune response is the higher incidence of
autoimmune diseases in females. Almost 80% of all patients with autoimmune diseases,
including rheumnatotd arthritis, systemic lupus erythematosus, autoimmune thyroid diseases,
amongst many others, are women [643-644} Many factors have been proposed to explain
this sex bias, including differences in sex hormones, pregnancy related risk factors, sex-
specific environmental factors, fetal microchimerism, sex chromosome defects and
extremely skewed XCi or failure of XCI [643]. The so-called loss of mosaicism hypothesis
for the onset of autoimmune diseases states that in a female with random XCI, two



Table 4: X-linked primary immunodeficiencies

Disease Gene [locationfOMIM  Clinical phenotype XCl Reference
Agammaglobulinemia BIK (Xq2i.3- 300300 Decreased number of peripheral B-cells, Skewed  |Allen et al 1994 [480]
122 decreased antibody levels and recurrent Lictal 1998 [481]
infections Moschese et al 2000 482}
Clironic granulomatous CyBE  [Xp2l.l 306400 Severe bacterial and [ungal infections. colitis, [Skewed  [Koker el al 2006 [645]
diseasc oranalomala
Hyper-Igh svodrome type 1 [COHOL  (Xg26 30823G Recurrent infections, billary ract disease, Slcewed  Notarangelo et al 1991
castro-intestinal tumors Random  i[646]
Hendriks ot al 1990 1647]
Hy pohidrotic ectodermal INEMWO  {Xq28 360291 Hyvpomorphic mutalions resulting in skin Skewed  Orstavik et al 2006 [318]
dvspliasia with lesions and recurrent infections; elevated TgM
immunodeliciency levels
linmune dysregulation- FOVPY Xpli23 304790 Severe cnteropathy, diabetes mellitus, Random  [Tommasini et al 2002 [648]
nolvendoarinopathy - dermatitis, nephropathy, recurrent infections
enteropathy-X-linked (IPEX)
Properdin deficiency \PrC Xpll4- 312060 Fulminant Meningococcal infections Random  [Van den Bogaard et al 2000
nl1.23 6491
Severe combined HL2RG  [Xql3 300400 increased susceptibility to infections, low Skewed  Hendriks et al 1992 [483]
immunodeficiency syndrome lantibody fevels, thymus atophy Hendriks et al 1993 {484
Puck et al 1992 [442]
Lietal 1998 [481]
Wiskott-Aldrich svandrome  [HHSP [Xpi1.23- 301000 Thrombocytopenia with small-sized platelets, Skewed  |Gealy etal 1980 [487]
pli.22 eczema, recurrent infections Prchal et al 1980 [488)
Fearon et al 1988 {490
Goodship et al 1991 [489]
X-linked lvmphoproliferative [SH2DJ4 Xq23 308240 Severe EBV inlections, fulminant infectious  jRandom  [Woon et al 2008 [630]
discase type | mononucleosis
X-linked bmphoproliferative VAP Xg23 300635 Splenomegaly, bone marrow lailure, hepatic  [Skewed  [Marsh et al 2000 [651]
dliscase tvpe 2 necrosis, lymphoproliferation. Ivmphomas,
hypo-agammagiobulenemia
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populations of dentritic cells will exist, which will express either the X-chromosomal
maternal or paternal self-antigens for negative selection in the thymus, thereby preventing
that potentially autoreactive lymphocytes will be released in the immune system. When a
female displays an extreme form of skewed XClI, in which for example the maternal X is
always inactivated, only paternal self-antigens located on the X chromosome will be
expressed. Therefore, autoreactive T cells against the maternal self-antigens will escape the
negative selection, making it possible that B cells will become activated and produce
antibodies against the maternal self-antigens, thereby causing an autoimmune disease [652-
634]. In line with this, extreme skewing 1s found in many patients with an autoimmune
disease, including juvenile idiopathic arthritis [655], autoimmune thyroiditis, and systemic
sclerosis [656-660]. Males with Klinefelter’s syndrome (47, XXY), which also display more
often severe skewing, have an increased risk of developing systemic lupus erythematosus
compared to 46, XY males [661]. In contrast, exireme skewing is not seen in other
autoimmune diseases, like Sjdgren’s syndrome, primary biliary cirrhosis, multiple sclerosis,
and rheumatoid arthritis [662-663]. Another hypothesis states that reactivation of the
inactive X chromosome might contribute to an increased risk of developing autoimmune
disease in females [664-665]. Indeed, reactivation of the silenced X-linked gene CD40L has
been observed in T ceils, and has been implicated to play a role in the pathogenesis of
systemic [upus erythematosus female patients [664, 666]. However, whether this
mechanism is playing a more general role in the emergence of autoimmune diseases needs
to be addressed in future studies. Interestingly, loss of dosage compensation has also been
proposed to explain the high levels of expression of polyamines in autoimmune diseases.
Two X-linked genes involved in polyamine synthesis and recycling, SMS and SA77, might
be responsible for such a high polyamine level, and have also been implicated in
disturbance of intracellular methylation [667]. Finally, it has been hypothesized that
haploinsufficiency plays an important role in the development of autoimmune diseases.
Females with Turner’s syndrome (45,X) show a higher prevalence of autoimmune diseases
[668-670], which has been correlated to haploinsufficiency of genes located in the
pseudoautosomal region of the X chromosome. A high rate of X chromosome monesomy
has also been observed in lymphocytes of patients with primary biliary cirrhosis,
autoimmune thyroiditis and systemic sclerosis, arguing for an important role of
haploinsufficiency in the development of these diseases [671-672]. In contrast, systemic
{upus erythematosus patients are not characterized by a higher incidence of X chromosome
monosomy [673]. However, the precise mechanisim of a potential role for X chromosome

monosomy and genes involved in the pathogenesis of autoimmune diseases needs to be
identified.

X-linked mental retardation

The human X chromosome is enriched in particular in genes expressed in brain [[4]. It is
therefore not surprising that many genes involved in the pathogenesis of mental retardation
and mental disability are found on the X chromosome. Mental retardation, defined as
suboptimal functioning of the central nervous system resulting in significant limitations
both in intellectual performance and adaptive behavior as expressed in conceptual, social
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and practical adaptive skills, affects | to 3% of the general population [674]. Around 50%
of these cases are caused by genetic causes, amongst which X-linked mental retardation is
the most common cause of monogenic intellectual disability [674]. More than 215 X-linked
mental retardation disorders and syndromes have been described, and more than 80 genes
have been mapped to the X chromosome causing these disorders [674], with more genes
still being identified [675-676]. X-linked mental retardation genes are found along the
whole X chromosome, but two areas of higher enrichment are found in Xp11.2 and Xg28
1674]. In the majority of cases, males are affected, whereas females show no or only mild
symptoms. Indeed, a study investigating the X inactivation pattern in [55 female subjects
from 24 families in which males were affected by X-linked mental retardation showed that
50% of the X-linked mental retardation female carriers showed extreme skewed
inactivation of the mutated allele in blood cells [677]. Of note, in several of the disorders
studied, including X-linked mental retardation with short stature and tremor syndrome
(OMIM: 300334), all female carriers showed extreme skewing, which argues for a selection
mechanism against ceils expressing the mutant proteins involved [677]. In ether syndromes
more variable skewing has been found. The latter category includes Allan-Herndon Dudley
syndrome {OMIM: 300523}, caused by mutations in the thyreid hormone transporter
SLCI642 (also known as XPCT or MCTS) gene, where only several female carriers were
found with extreme skewing [677]. This might be caused by tissue specific skewing, which
might be different between the brain and the blood cells [678]. In our own studies on
manifesting heterozygotes of SLC7642 mutations, we detected preferential X chromosome
inactivation of the mutated allele in blood samples of affected females (Barakat T.S. and
Friezema E., unpublished observations, Figure 13), which also argues that the skewing
ratios might differ in between tissues. The same is observed in patients with mutations in
the creatine transporter SLCOAS, causing mental retardation and consiipation, where also
different skewing ratios in different tissues have been found [679].

The most frequent X-linked mental retardation syndrome is fragile X syndrome
(OMIM: 300624), affecting | in 4000 males and 1 in 6000 females. Fragile X syndrome is
characterized by mental retardation, autistic behavior, macroorchidism, a characteristic
facial appearance and hyperextensible joints, and is caused by expansion of a CGG repeat
in the 5’untranslated region of the FA/R/ gene, which causes the transcriptional silencing of
the gene and thus the absence of the FMRP protein {680]. In normal individuals, the repeat
size of the CGG repeat consists of 5-50 repeats, whereas the repeat size is expanded io
more than 200 repeats in case of a full mutation. This repeat expansion results in
methylation of the FMR/ promoter and the transcriptional shut-down of the gene. The
FMRI gene is subject to X chromosome inactivation [681], and skewed X inactivation has
explained the variable symptoms in affected females [682-686]. Interestingly, some males
harboring the full mutation have a better phenotype, which correlates with the presence of
cells with non-methylated FAIR/ alleles [687-688]. Therefore in females carrying the full
mutation, the presence of unmethylated alleles and favorable X chromosome inactivation
skewing will result in a milder phenotype [689]. A repeat size between 50 and 200, the so-
called premutation allele, is not only associated with the risk of expansion towards the full
mutation when transmitted through the female germ line, but does also cause the fragile X
associated tremor/ataxia syndrome (OMIM: 300623), which is characterized by adult-onset
progressive intention tremor and ataxia in up to a third of all premutation carriers. In
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DXS6673E assay XPCT Patients

Affected Carrier Affected Carrier
male 1 female 1 maie 2 female 2
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Figure 13: Female carriers for a XPCT mutation show preferential inactivation
of the X chromosome harboring the mutation

Skewing of XCl was analysed using the methylation status of the X-linked DX568673E locus,
for a family of two males affected for Allan-Herndon Dudley syndrome and their respective
mothers. Upon PCR on undigested DNA (U), a single allele is detected in the male patient (X
chromosome harboring the mutation), whereas two alleles are detecfed in the female
carriers. Upon digestion (D) with a methylation sensitive enzyme followed by PCR, only the
methylated allele can be ampiified, which is derived from the inactivated X chromosome. For

the carrier females, this is always the smaller allele, which is the same allele present in the
affected males.

confrast to the full mutation, the premutation results in a higher expression of FAR RNA,
compared to a wild type level, which resulis in cytotoxicity. Also here, X inactivation
skewing is related to phenotypic differences in the disease onset and severity [690].

Mutations in the MECP2 gene cause Rett syndrome (OMIM: 312750), which is
cne of the most severe X-linked disease, resulting in autism, ataxia, loss of purposeful hand
use and dementia in affected females, and are not compatible with male viability [570].
XCl is often random among affected females [571], but some sporadic, unaffected female
carriers of the mutation show preferential inactivation of the disease allele [572], and also
among milder affected woman {avorable skewing has been observed {573]. Not only the
absence of a functional MECP2 allele results in a neurodevelopmental disorder, but also its
dupiication. The MECP2 duplication syndrome is characterized by intellectual deficits,
absence of speech, muscular hypetonia, frequent recurrent infections and mild dismorphic
features {519, 691-694]. Furthermore, an association between aufism and MECP2
duplication exist. MECP2 seems to interact with ATRX in vitro, and both proteins work
together with cohesin to silence a set of imprinted genes in the postnatal mouse brain [695].
This might explain why male patients having both a duplication of MECP2 and ATRX have
an even more severe phenotype with cerebellar atrophy [696], which is normally not a
feature of the MECP2 duplication syndrome. Mutations in the 4TRY gene result in a
neurodevelopmental condition with various degrees of gonadal dysgenesis [697].
Unaffected fernale carriers of both the MECP2 duplication syndrome and ATRX mutations,
and also women in the family of the concomitant duplication of MECP2 and ATRX, show
complete XCI skewing, resuiting in preferential inactivation of the duplicated or mutated
allele [519, 696]. In contrast, random X inactivation is observed in manifesting
heterozygotes [698-699].
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K-linked myopathies

Several disorders affecting the muscle compartment are caused by gene mutations on the X
chromosome. Among the most well-known genes on the X chromosome is the dystrophin
locus (Duchenne muscular dystrophy gene, DMD), the longest gene locus in the human
genome spanning more than 2 Mb of Xp21. Mutations at different locations in the DAMD
gene lead to a spectrum of muscle diseases called the dystrophinopathies, which consist of
Duchenne muscular dystrophy (OMIM: 310200) and Becker muscular dystrophy (OMIM:
300376). Duchenne muscular dystrophy is more common (affecting 1 in 3500 boys), and
results in a severe phenotype, due to complete absence of dystrophin protein, causing early
onset muscle weakness, wheelchair dependence and early death due to cardiac and
respiratory failure [700]. Becker muscular dystrophy is less commeon and leads to a milder
form of the disease, in which patients remain ambulant and can have a normal life span. In
both cases, most often males are affected, whereas female carriers are often asymptomatic,
with the exception of manifesting heterozygotes which can have full blown disease due to
X-to-autosome translocations [543, 547] or extreme skewing of inactivation of the wild
type X chromosome [521-522, 701]. Female carriers are typically symptom free, but if they
present symptoms these are most often correlated to unfavorable skewing, and a later
disease onset, with an increased risk for cardiomyopathy [702-703]. A recent study also
indicated that many unspecifted myopathies in young females might be caused by DMD
mutations, which manifest themselves aspecifically, probably due to X inactivation
skewing [706].

Also for several other X-linked muscle diseases, the relation between disease
phenotype and X chromosome inactivation has been explored. The majority of carriers of
Barth syndrome (OMIM: 302060), a rare X-linked disorder characterized by a short stature,
cardiac and skeletal myopathy and neutropenia [707], show skewed X inactivation, thereby
rendering the mutant X chromosome inactive [514]. [n X-linked myotubufar myopathy
(OMIM: 310400), mutations in the MTMI gene cause severe myopathy in males, which
most often die in the postnatal period. Most female carriers are asymptomatic, but can
manifest symptoms of unilateral muscle weakness and progressive myopathy later during
life. The severity of these symptoms seems to be often, but not aiways, correlated to the
degree of X chromosome inactivation skewing [708-7117]. In spinal and bulbar muscular
atrophy {Kennedy’s disease, OMIM: 313200}, an expansion of a transcribed and translated
CAG repeat (encoding a stretch of glutamine residues) in the arndrogen receptor sene
causes an X-linked adult-onset neuromuscular disease, which is characterized by proximal
muscle weakness, contraction fasciculation, bulbar palsy, postural tremor and gynecomastia
[712]. Females are usually unaffected, but several carriers manifesting the disease have
been described [713-716]. The variation in disease symptoms is often explained by
different levels of X chromosome inactivation skewing. Of note, one study observed no
symptoms in carriers which show a totally skewed X inactivation pattern inactivating the
wild type X chromosome, suggesting that other factors might contribute as weli to the
phenotypical variations observed in female carriers [717]. However, since skewing was
only analyzed in peripheral blood cells, a more likely explanation might be that the skewing
ratio was different in the affected spinal motor neurons. The same may held true for X-
linked Danon disease (OMIM: 300257) {718-719], caused by mutations in the LAMP2 gene
and characterized by hypertrophic cardiomyopathy, skeletal myopathy and mental
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retardation, where also random X chromosome inactivation has been found in bjood cells
[720]. A direct investigation of affected heart tissue ebtained after heart transplantation has
indeed shown an unfavorable skewing of XCI in an affected femaie patient [719]. A similar
mechanism might apply in X-linked Charcot-Marie-Tooth disease (OMIM: 302800}, which
is a neuromuscular disorder in which mutations in the GJB/ gene result in aberrant
Schwann cell function, leading to neuropathy with difficulty of walking, distal muscle
weakness and sensory loss [721]. Whereas some studies show preferential inactivation of
the mutated allele explaining the asymptomatic or variable phenotype in females {722],
others did not observe a correlation between X Inactivation pattern in blood and the
phenotype of the affected females [723-724]. Since affected females show a more variable
phenotype compared to males, it seems likely that the skewing of XCl does affect the
phenotype, and that skewing found in peripheral blood is not always representative for
Schwann cells. Indeed, several studies have shown that skewing ratios between different
tissues do not always correlate weli, thereby adding another layer of complexity to

investigations aiming to unravel mechanisms of X-finked diseases in females [678, 725-
726].

X-linked metabolic disorders

Many metabolic disorders are caused by mutations on the X chromosome. [n many of these
disorders, cells are able to share metabolic products, which often results in a less severe
phenotype in the females. Among others, these include Lesch-Nyhan syndrome (OMIM:
300322) and a group of lysosomal storage diseases. The latter group consists of Hunter
syndrome {mucopolysaccharidosis type I, OMIM: 309900), Danon disease (OMIM;
300257) and Fabry disease. Whereas in case of Hunter disease, symptoms in affected
femaies are minimal, due to the fact that iduronate sulfatase can be efficiently transferred
between wild type and mutant cells [430], symptoms in Fabry disease are more severe
[727-728]. This is likely caused by the fact that alpha~galactosidase A, encoded by the X-
linked GLA gene, can only be inefficiently transferred between cells. The accumulatien of
glycosphingolipids in blood and lysosomes of most cells due to the absence of functional
alpha-galactosidase A, results in clotting of blood vessels and tissue damage, which leads to
progressive renal disease, cardiac hypertrophy, vascular abnormalities, and early stroke due
to ischemia. Whereas in males diagnesis of Fabry disease can be facilitated with a reliable
enzyme test, this is more difficult in heterozygous females due to random XCI [729], which
results in cells expressing the functional protein. Affected females can have significant
symptoms [730], and it has been speculated that several female cases are caused by a non-
random XCI in females favoring inactivation of the wild type allele {456, 731]. Studies on
XCI skewing in woman with Fabry disease have given different outcemes, in which cne
study showed a clear correlation betveen the degree of skewing favoring inactivation of the
wild type allele and disease symptoms [732], whereas two other studies did not show such a
correlation [733-734].

A rare X-linked disorder of copper metabolism is Menkes disease (OCMIM:
309400} [735]. Mutations in the 4TP74 gene lead to a disturbed intracellular transport of
copper, and as a consequence a diminished activity of copper-dependent enzymes [736-
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738]. This results in neurological degeneration and mental retardation, arterial and bone
fesions and a characteristic hair depigmentation. Affected males usually die around the age
of 5 years, whereas female carriers are unaffected thanks to favorable skewing [739]. A
female patient has been described which suffered from Menkes disease due t0 a balanced
translocation between chromosome 16 and the X chromosome, which disrupted the ATP74
lecus. Since the wild type X chromosome was being inactivated, the active X chromosome
harbored the genetic defect causing the disease [740]. A milder form of the disease, which
is most likely also influenced by skewing, has been described as occipital horn syndrome
(OMIM: 304150) [7411, which is caused by splicing mutations of the 47P74 gene [742].

Another example of an X-linked metabolic disorder is ornithine franscarbamylase
(OTC) deficiency (OMIM: 311250) [743]. The OTC gene is located on the short arm of the
X-chromosome and encedes a mitochondrial-matrix enzyme that catalyzes conversion of
ornithine and carbamy| phesphate to citrulline during the second step in the urea cycle. The
urea cycle is the most important pathway for detoxification of ammonia in humans, and
deficiency of OTC results in an X-linked disorder that can cause fatal hyperammeonemia in
male newborns. Heterczygous girls may be asymptomatic or may have episodes of
hyperammonemic encephalepathy and hence present with a decline in cognitive function.
These episodes can be evoked even later during life, and might be caused by events as
infections, pregnancy or other situations which compromises normal physiclogy [744-748].
The variation of symptoms observed in females has been linked to variation in XCI
skewing, and a study has shown that skewing levels in liver tissues correlate well with the
measured enzyme activity [725]. In contrast, XCI skewing analysis in peripheral blood did
not find such a correlation [725].
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X-linked renal disorders

Renal function is crucial for the physiology of the body, by regulating the water and waste
homeostasis. The kidneys consist of a complicated architecture of nephrons and glomeruli,
which function to excrete waste products, and regulate the water balance. Although the
ctonal basis of kidney development has not been elucidated, and it is not clear what the
extent of mosaicism is in this organ, it also seems clear that the presence of mosaic
expression of X-linked genres in kidney result in a benefit for women, as in general men
have a worse prognosis regarding renal disease [749]. Several disorders affecting renal
function are caused by genes located on the X chromosome (Tabile 5). For most of the
diseases, males suffer from serious renal disease, often ending in end stage renal failure,
whereas females are generally less severe affected, varying from minimal symptoms in
carriers to more severe renal disease in manifesting heterozygotes.

A classical renal X-linked disorder is Alport syndrome (OMIM: 301050}, which is
caused by mutations in the COL4A43 gene, encoding a collagen protein. Besides affecting
the kidney, Alport syndrome causes hearing loss and ocular lesions. Due to mutations in
COLA4A3, defects in the basement membrane of the tubules and glomeruli of the kidney
arise, which result in hematuria and proteinuria, finally leading to end stage renal disease
(ESRID). Males almost always suffer from this end stage renal failure, whereas in females,
the symptoms are more viable, with oniy 25% of the carriers developing severe renal
disease. In mice, it has been shown that XCI skewing is able to modify the disease [750],
which is also likely to be the case in humans, although studies in human carriers have failed
to show a direct correlation [751]. However, severe renal disease has been observed in a
female patient where the witd type X chromosome was preferentially inactivated [752-753].
The same manifesting heterozygosity has been observed in a family suffering from Lowe
syndrome (Dent 2 disease, OMIM: 309000} [754], a renai tubular dysfunction with
involvement of multiple tissues and organs, caused by mutations in the OCRL/ gene.

Nephrogenic diabetes insipidus is a disorder in which the kidney is not able to
concentrate urine, leading to excessive water loss. Some 90% of the cases are caused by
mutations in the X-linked arginine vasopressin receptor 2 (4VPR2), whereas the remainder
is caused by mutations of the autosomally encoded aquaporin-2 water channel. Since
nephrogenic diabetes insipidus mainly affects males, female cases were in the past believed
to be caused by the autosomal mutations. However, it is now clear that also in women this
disease can be caused by the X-linked mutation, due to unfavorable skewing inactivating
the wild type X chromosome [755-757]. In addition, female heterozygous carriers without
symptoms seem to benefit from favorable skewing [758].

Also systemic metabolic disorders, like Fabry disease (OMIM: 301500), or Lesch-
Nyhan syndrome (OMIM: 300322} can affect the kidneys. Since in both these cases the
mutant proteins can be obtained from wild type neighboring cells, the phenotype in females
is mild, but can be more severe in case of unfavorable skewing [469, 764-765].
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Table 5: X-linked disorders affecting the kidney

Disease Gene |Gene [OMIM [Renal phenotype, mainly affecting XCI reference
focation males
iAlport syndrome COLLAS [Xq22.3  [BOLOSO Nephritis, glomerulitis, hematuria and ESRI}  [Likely skewed Rheault ¢l at 2010 {730]
Lciomyomatosis with COL445 Kg22.3 308940 MNephritis, glomerulitis, hematuria and ESRID  Skewed in leiomyoma, Oohashi et af 2011
nephropathology and not studied in somatic  [[739]
COL416 Hssues
Dent discase tipe | CLONS  Xplil22 300009 Progressive proximal ubular disease, ESRD,  Not studied In lemate |-
nvpercalciuria, nephrolithiasis, proteinuria, carriers
v pophosphatemic rickets
Dent disease type 2 QOCRL  Xg26.1 300333 Proteinuira, aminoaciduria, phospateuria Skewed in one tamily  [Cau et al 2006 [734]
Fabry disease GLA Xq22 301500 Cyloplasmic inclusions, proteinuria, ESRD Skewed Dobrovolny et al 2003
Random [732]
Maier et al 2006 [733]
Clstein et al 2012 [734]
Hy pophosphatemic PHEY  [Xp22.1-2 07300 Tyvpophosphatemia, nephrocaleinosis Random Orstavik et al 2006
rickets 7601
Chwen et al 2009 [761]
|.esch-Nvhan syndrome  IHPRT  [Xq26-27.2300322 Uric acid stones, nephropathy and renal Random or skewed,  [Migeon et al 1971 [432]
ohstruction dependent on cell type Marcus et al 1992 [438]
Nephrogenic diabetes PR 1Xg28 304800 Extensive diuresis Skewed in carriers with Nomura ¢t al 1997
insipidus manifesting disease [756]
Faerch ct al 2010 [762]
Satoh et al 2008 [758]
Syndrome of 1IPR2 [Xq28 300539 Hypoenatremia, systolic hypertension Skewed Decaux et al 2007 [763]
inappropriate antidiuresis Kgain of
function}
Oral facial digital OrD] Xp222 311200 I'etal death in males, polyeystic kidney discase, [Randem Thauvin-Rebinet et al
syndrome type | ESRD in temales Skewed 2006 {5391
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X-linked dermatological disorders

Close examination of properties of the skin and coat color of mice have been crucial for
Mary Lyon's hypothesis on dosage compensation by X chromosome inactivation in females
[30]. Likewise, also the human skin is characterized by a patchy mosaicism in females,
which can be seen in a large group of X-linked skin disorders (Table 6). Many skin
abnormalities in these disorders follow the lines of Blaschko [766], which represent the
patterns of embryonic cell migration during the development of the skin, and which are
distinct from the dermatomes that follow nervous innervation. Alfred Blaschke noted an
archetypal pattern with characteristic linear appearance on the extremities, a V-shaped
pattern on the back, and S-shaped curves on the trunk, in his studies on epidermal and
sebaceous nevi [766]. Since in females with X-linked dermatological disorders some lines
were affected, whereas other were not, he hypothesized that these variability between lines
correspend to early embryonic events. Only many years later, it became clear that this
embryonic event can be affected by XCI with lines being affected or unaffected
representing cells which have inactivated the wild type or muiant X chromosome in the
progenitor cells, respectively [767-768]. An example of a skin disorder in which the lines of
Blaschko are visible is X-linked anhidrotic ectodermal dysplasia (OMIM: 305100}, where
mutations in the X-linked ectodysplasin A (£D4) gene cause absence of sweat glands in
skin patches [769]. Analog to the lines of Blaschko, embryonic migration of cells might
also be visible in other organs, and might contribute to our understanding of the benefits of
mosaicism in females. For example, in X-linked amelogenesis imperfecta (OMIM: 30(200)
and focal dermal hypoplasia (OMIM: 305600}, teeth show a linear arrangement of enamel
dyplasia [770-771]. Likewise, in X-linked oculecutaneous albinism {OMIM: 300500), a
radial pattern of hypomelanosis is found on the retina of female carriers [772], and also
cataracts show a sectorial arrangement in chrondodysplasia punctata type 2 {OMiM:
302960). Similar migration patterns might apply to other organ systems, as it has been
found that intestinal vitli consist of a heterogenous mix of celis having inactivated the
maternal of paternal X chromosome, whereas intestinal crypts are monoclonal in origin
[678, 773]. Even in the brain, where extensive intermingle of cells is expected, a columnar
pattern of cell clones has been described [774].

Not all X-linked skin disorders follow the lines of Blaschko. Two other patterns
have been observed, the lateralization and the checkerboard pattern. The former is seen in
CHILD syndrome (OMIM: 308050), caused by mutations in NSDHL, which might interfere
with sonic hedgehog signaling involved in conferring a lefi-right asymmetry to the embryo
[775]. The checkerboard pattern is found in X-linked congenital generalized hypertrichosis
{(OMIM: 307150), were heterozygous carriers show a checkerboard-like pattern of
hypertrichosis. Some other skin disorders do not display a particular pattern in affected
females, or might even result in symptom free females. This can be the case when the gene
involved escapes X chromosome inactivation, and 1s thus being expressed in female cells,
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like for X-linked ichthyosis (OMIM: 308100} [782-783], or in diseases were the protein
involved can be shared among cells, as in Fabry disease (OMIM: 301500).

K-linked ocular diseases

A classical textbook example of an X-linked disease affecting the eyes is X-linked color
blindness, which usually affects only males {784]. Females are much less affected, because
a non-mutant allele resists on the second X chromosome. Most X-linked eye disorders are
characterized by the same sex distribution, in which males are affected and females have
either an absence of the disease, or minimal disease presentation, Examples include X-
finked ocular albinism (Nettleship-Falls) (OMIM: 300500) [785], and choroideremia
(OMIM: 303100). Also in Norrie disease (OMIM 310600), a rare X-linked disorder
characterized by congenital blindness, usually only males are affected. Approximately 40 to
50% of the affected males additionally develop deafness and mental retardation. In the few
described female cases, no clear skewing difference was reported between affected and
non-affected individuals [786].

Another disease which usually affects only males is X-linked retinoschisis
(OMIM: 312700), which is the leading cause of macular degeneration and is caused by
muiations in the RS/ gene. The visual deterioration in this disease is caused by splitting
within the inner retina! layers. Rare cases of affected females have been described, in which
females were found to have Tumer syndrome [787], or had homozygous mutations in the
RS/ gene [788-789].

Finally, idiopathic infantile nystagmus (OMIM: 310700) [790], caused by
mutations in the FRMD7 gene localed at Xq26-27, is characterized by the presence of early
onset abnormal eye movements. Although affected females report shightly better visual
acuity than affected males, the influence of XCI skewing is unclear at the moment, as some
studies reported skewed XCI in affected females [791-792] whereas another study did not
find a clear relationship [793].

Besides these typical eye disorders, many systemic X-linked disorders cause
ocular symptoms. Among others, these include Fabry disease (OMIM: 301500),
incontinentia pigmenti (OMIM: 3083003, Alport syndrome (OMIM: 301050} [794], chronic
granulomatous disease {OMIM: 306400), and chondredysplasia punctata type 2 (OMIM:
302960). Several diseases with mainly skin reiated symptoms are alse characterized by eye
involvement, and include X-linked hypohidrotic ectodermal dysplasia (OMIM: 305100}
[795], microphthalmia with linear skin defects syndrome (OMIM: 309801}, and keratosis
follicularis spinulosa decalvans (OMIM: 308800), among others. In these disorders,
influence of XCI skewing is variable, as already discussed before for several of the
disorders mentioned.
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Table 6: X-linked disorders affecting the skin

(Occipital Hom

syidrome)

biadder diverticuia, hyperextensibic

joints, multiple skeletal abnormalities,

Disease Gene location OMIM |Phenotype X Reference
Anhidrotic ectodermal EDI Xql2- 303100 [Variabic defects in morphogenesis of Random, skewed |[Lexner et al 2008
dysplasia G131 ectodermal structures, including hair, jin manifesting [769]
skin, nails, and teeth learriers
Angioma serpiginosum PORCY Xpll.3- 300652 onpurpuric red punclate lesions, Skewed Blinkenberg ot al
iz hyperkeratosis, dysplastic nails 2008 [569}
Bazex syndrome Not found  [Xq24-q27 301845 [Triad of congenital hypotrichosis, Nol studied -
follicular atrophoderma,development
of basal cell neoplasms
Congenital hemidvsplasia VSDHL Xq28 308030 dchthyosiform nevi; limb, kidney and  Random Kanig et al 2002
with ichthyosifonm cardiac defects; brain malformations 61 1]
ervthroderma and limb
defcets (CHYLLD)
Chrondedysplasia {RSE IXp22.3 3029350 |Skin, skelet and craniofacial defects,  Not studied =
punctata tvpe | cataracts
Chrondodysplasia EBI Xpl1.23 PB02960  {Skin, skelet and craniolacial defects, {Random Shirahaima et al 2003
punctata type 2 cataracts Skewed [5621
Cunueto et al 2012 [6160]
Chronie granulomatous  (CYBB Xp2l.l  B306400  [Severe bacterial and lungul infections, Skewed Koker et al 2006
discase colitis, granulomata [645]
Coflin-Lowry svndrome  JRPS6KAT  |Xp22.12 303600 X-linked mental retardation, skeletal Random, skewed jfurkiewicz et al 2010
malformations, growith retardation, towards normal [776]
ihcaring deficit, paroxysmal movementaliele in Wang et al 2006
disorders, cognitive impairment Imanifesting [777]
carriers Simensen et al 2002
(718
Craniofronto-nasal EFNBL Xql2 304110 |Frontonasal dysplasia, craniofacial [Random T'wigg et al 2004
sy ndrone asyvmmelry, craniosyiostosis; males: [437}
hypetlelarisin
Cutis faxa X-linked {TP74 Xqg21.1 304130  [Hyperelastic, bruisabie skin, hernias, Skewed esal et al 2011 [739]
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L.l"able 6: Continued

renal syndrome

vitamin D-resistant rickets, amino aciduria, and
reduced ammonia production by the kidney

family manifesting
discase

Dyvskeratosis DECT  Xq28 305000 |Ectodermal dyvsplasia chavacterized by dermalologic Skewed Ferratis et al 1997
congenital ranifestations and natl dystrophy, bone marrow (513]
failure Devriendt el al 1997
Fhlers-Dantos vartant, FLNd iXq28 300337 [Focal seizures, irregular collagen fibrils, and brain  Skewed Robertson ct al 2003
helerotopia, periventricular nalformations (560}
Epidermelysis buliosa, Not Xq27.3-  PB02000 |Atraumatic bullae , absence hair, Not studied --
macular ype found  |gter hsperpigmentation, depigmentation, acrocyanosis,
dwarfism, microcephaly, mental inferiority, short
tapering fingers
Fanconi FAAPYS [Xp22.31 300514 Developmental abnormalities in roajor organ Skewed Holden ct al 2006
pancytopaenia B systems, cariv-onset bone marrow fajlure, high [628]
predisposition o cancer
Focai dermal hypoplasiaiPORCYN (Xp11.23 303600 |Skin atrophy and other abnormalitics, mental Random [.eovklang et al 2008
{(Goltz syndrome) retardation, digital, ceutar and oral anomalies [368]
Hypohidretic IKBRG/ [Xq28 300291 {Congenital disorder of teeth, hair, and ecerine sweal [Skewed Orstavik et al 2006
cotodermal dysplasia [VEWO olands [318]
with immune deficiency
Tchthyvosis follicularis, [WBTES? [Xp22.12- 1308205 |lehthy osis follicularis, atrichia, and photophobia,  Skewed in Aten et al 2010 [779]
atrichia and photophobia p22.11 mental retardation manitesting
syndrome Carrics
[mmune dystegulation- [FOYP3 [Xp11.23- 304790 Severe enteropathy, diabetes mellitus, dermatitis,  Random Tommasini et ai 2002
nolyendocrinopaths - q13.3 neplopathy, recurrent infections [648)
enteropatiiy-X-linked
(IPLEX) svndrome
Incontinentia pigmentt (NEWO  Xq28 308300 Malfomations of brain, heant, eves, tecth and Skewed Parrish et al 1996
skcleton, abnormal skin pigmentation [361]
Keratosis follicularis  [MBTPS2 Kp22.12- BO8]00 {Hyperkeratotic follicular papules, scalp alopecia,  [Skewed Alen et al 2010|779}
spinulosa decalvans p22.11 photophobia, corneal dystrophy
[.owe oculocerebro- OCRL  [Xq23-926 30900¢ I lvdrophthalmia, cataract, mental retardation, Skewed in one Cau et al 2006 [754]
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Table 6: Continued

syndrome type |

mental relardation and polycystic kidney diseasc

Skewed

Menkes svndrome {TP74 [Xq21.1 308400 (Generalized copper deliciency Skewed Desai et al 2011 [739]
lficrophthalmia with  |HCCS  [Xp22,2 309801 [Microphthalmia and dermal aplasia, brain and eve  [Skewed L indsay et al 1994 [575]

linear skin defects abnormalitics, mental retardation, congenital heart Ogata clal 1998
MIDAS) syndrome defects 'ranco et al 2006 [536]

Schiuth et al 2007 [612]

Opitz-Kaveggia ORS Xql3 [303430 Mental retardation syndrome, dyvsmorphic features, [Skewed Graham et al 2008 [780]

syndrome sensorineural hearing loss, joint laxity

Orofaciodigital \OFDT IXp22 BH200 Wackal and limb ebnormalities, brain malformations, Random Thauvin-Robinet et a

2006 [539]

Simpson-Golabi-BehmellSGBS/
syndromie ype |

Xq26

312870

Pre-and postnatal overgrowth, developmental deiay,
macrocephaly, macroglossia, skin lesions, and
mulliple congenital anomalies

Random (mildly
Skewed)

Yano et al 2011 |781]

Simpson-Golabi-Behmel|QFD 7
syndrome vpe 2

h22.2

[Xp22. 34300209

Multiple congenital anomalies, hvpolonic and
neurological impairment

INot studied

cryptochidism and renal jfound
dysplasia

cligospermia

ferminal osseous FILNA [Xq28 300244 Bonc and limb abnormalities, skin lesions and Skewed Baroncini ¢t al {613]
dysplasia and dvsmophic features

igmentary defects
orticollis, keloids, Not Xq28 314300 [orticollis, crvptorchidism, varicose veins, Not studied -

iX-linked ichthyosis STS

32

Xpp22. 308100

Palmar hyperlincarity, keratosis pilaris, fine scale

Random
(escaping genc}

Shapiro et al 1979 [34]

Y -linked oculocutanecusFPR/ 43
albinism

Xp22.2 300500

INvstagmus, impaired visual acuity, iris
hypopigmentation , albinotic fundus, macular
vpoplasia, normally pigmented skin and hair

Not studicd

[X-linked congenital Not
weneralized found
hypertrichosis

q27.1

Xq24- 307150

i [vpertrichosis, dental anomalies, deafness

Not studied
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Chapter 1. Introduction X chromosame, XCI and human disease

influence of the X chromosome on recurrent pregnancy
loss and female fertility

Recurrent spontaneous abortion has been defined as two ore more consecutive pregnancy
losses before 20 weeks of gestation, and affects 1-3% of all couples [796]. Several studies
have shown that the incidence of extreme XCI skewing is higher amongst females suffering
from recurrent pregnancy loss, compared to controls [797-803]. Although several other
studies have not shown such an association [804-805], or only found a non-significant
correlation [806], the extreme skewing in these females might be caused by selection
against a mutated X-linked gene, in female carriers of undiagnosed X-linked lethal
disorders. Transmission of such a gene to the offspring could result in male lethality of the
fetuses, in particular, thereby explaining the higher incidence of sponianeous abortions.
Some studies also noticed a higher incidence of trisomic pregnancy losses amongst females
with extreme skewing, and this might be related to a decreased size of the foilicular pool
caused by X chromosomal abnermalities, hence explaining the skewing [807-808]. Such an
association is however disputed by others [809].

The X chromosome itself is also implicated in premature ovarian failure (OMIM:
311360), a condition characterized by hypergonadotropic ovarian faijure and thus infertility
before the age of 40 years [§10]. Monesomy of the X chromosome and hapleinsufficiency
of several regions of the X chromosome are associated with the disease, and based on the
breakpoints of truncated X chromosomes several candidate genes for this condition have
been identified [810-812]. Although the majority of these candidates need to be verified, at
least two X-linked genes seem to be implicated in the pathogenesis of premature ovarian
failure, namely BMPI5 [813-814] and the FMR/ premutation [815]. Initial reports found
evidence for a correlation between X chromosome inactivation skewing and the presence of
premature ovarian failure, which might be explained by selection against activity of X
chromosomes bearing large deletions or mutations, which are themselves causative for the
premature ovarian failure [816-817]. More recent studies however did not find such a
correlation [818-822].

influence of the X chromosome on cancer

Several mechanisms involve a functional and specific link between the X chromosome and
the development of cancer. First, several genes located on the X chromosome are involved
in tumor growth and progression [14], including for example the androgen receptor gene,
which plays an important role in prostate cancer in males. A special group of these X-
linked cancer genes consists of X-linked tumor suppressors {823-825], which include the
X-linked WTX gene involved in Wilms tumor [826] and the FOXF3 gene involved in breast
cancer [827-828]. Being present in only a single copy in males, these genes do not fit the
general rule stating that the inactivation of a tumor suppressor requires bi-allelic
inactivation, the so-called two-hit theory [829]. In females, due to X chromosome
inactivation, only one of the two copies of these genes will be active in every cell.
Therefore, also in females a single hit might be enough to result in a gene mutation on the
active X chromosome, which might then result in cancer initiation.
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Chapter 1: Introduction X chromosome, XCI and human disease

Secondly, amplification of the X chromosome has been found in several tumors
[830], including germ cell tumers [355, 831-832], breast cancer [223, §33], ovarian cancer
[834], cervical cancer [835] and malignani lymphomas [836]. The mechanisms behind this
supernumerary X chromosomes are not completely understood, but often involve a gain of
the active and a loss of the inactive X chromosome, which is likely to be a consequence of
the genomic nstability of cancer cells [837-838]. The gain of an active X chromosome
might provide the tumor cells with a growth advantage, and might therefore be selected for.
The loss of the Xi likely explains the reduced levels of X/ST expression which have been
often found in tumors, and which have even been used as a marker for disease progression
for some female tumors [834-835].

Finally, genes directly involved in the XCI process have also been implicated in
cancer. These include several genes encoding components of PcG complexes [839-840], the
nuclear proteins SatBl and SarB2 [274-275], genes involved in DNA methylation [841-
842] and the BRCAI] gene, although for the latter its precise role in X chromosome
inactivation is being debated [221-224, 843].

Numerical and structural abnormalities of the X
chromosome

Whereas aberrations of autosome number is almost always lethal, or results in severe health
problems, like seen in Down syndrome, a varying number of sex chromosomes is rather
well tolerated, with frequently reported karyotypes like 45X, 47 XXX, 48, X XXX, 47 XXY
or 48, XXYY. About 1 in [000 males has an additional X chromosome (47,XXY), a
condition known as Klinefelter syndrome, first described by Harry Klinefelter in 1942
[844] and later finked to the presence of an additional X chromosome in males [843].
Klinefelter males usually suffer from hypergonadotropic hypogenadism and infertility, and
are characterized by a tall stature, sparse body hair, gynecomastia, small testes and
sometimes a decreased verbal intelligence [846]. The prevalence of Klinefelter males seems
to rise in recent years [847], aithough many males are only diagnosed because of their
infertility, due to a wide variation in presenting symptoms. Klinefelter patients have an
equal chance of obtaining the additional X chromosome from their mother or father, and
studies of severity of the syndrome have failed to find a correlation between symptoms and
parent of origin of the extra X chromosome [846]. The supernumerary X chromosome
seems to be faithfully inactivated, although several studies showed some evidence for
excessive skewing in Klinefelter patients [848-849f, and it has been implicated that the
length of the polymorphic androgen receptor CAG repeat might correlate with disease
severity [846, 849-850]. Most of the symptoms can be explained by a higher dosage of X-
linked genes from the pseudo-autosomal region (PAR), and other genes escaping X
chromosome inactivation, as these are present in a higher copy number compared to normal
46,XY males. Indeed, over-expression of SHOX, located at PARI, has been implicated in a
tall stature [851]. Since Klinefelter males undergo XCl, they benefit from the same mosaic
advantages like normal females regarding X-linked diseases. This mosaicism does also
explain why, sometimes, male-lethal X-linked disorders like incontinentia pigmenti
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(OMIM: 308300) can be found in Klinefelter individuals [852-856]. It also might explain
the higher incidence of antoimmune disorders among these men [661].

One of the most frequent numerical aberration of sex chromosomes in fernales is
Turner syndrome, which is found in I to 2500 females and is caused by a monosomy of the
X chromosome (45,X), the presence of an isochromoesome X in which the Xq is duplicated
and Xp missing, or by deletions of Xp. All of these abnormalities might be present in a
mosaic, with some cells still displaying a normal 46,XX karyotype. Henry Turner first
described this syndrome in 1938 [857], in females showing an infantile development of
genitalia and prepubertal appearance, streak gonads, a short stature and varying degrees of
dysmorphologies, including a webbed neck, cubitus valgus, lymphedema, amongst more
severe kidney and aorta malformations [668, 670]. In 1959, this syndrome was linked to the
presence of only one X chromosome in the absence of a Y chromosome [858]. As
discussed above, due to this X chromosome moncsomy Turner patients are at increased risk
to manifest X-linked diseases otherwise not seen in females [593-598], and might suffer
from an increased risk for autoimmune disease [669]. The latter might be caused by
haploinsutficiency of genes located in the PAR, which has been hypothesized to be
involved in the pathogenesis of certain autoimmune diseases. Although the majority of
Turner embryos die during gestation, the presence of a single X chromosome itself does
thus only lead to a mild range of symptoms in survivors, which are likely caused by the
lower dosage of gene products of genes either escaping XCI, or located on the PAR (the
PAR from a second X, or the PAR from the Y is missing), as these genes are normally not
being inactivated, and hence expressed from two X chromosomes {or an X and a Y) [859)].
Indeed, the short stature again seems to be explained mainly by the SHOX gene, as
haploinsufficiency for SHOX results in a short stature [860] (also known as Leri-Weill
dyschondrosteosis, OMIM: 127300 [861]). The streak gonads are caused by the absence of
follicles, due to the fact that oocytes need two active X chromosomes. Although female
Turner foetuses have the same number of oocytes at three months of gestation, an
accelerated loss results in the premature absence of germ cells, and the subsequent fibrosis
resulting in the characteristic streak gonads [810, 862].

A subgroup of Turner patients has a mosaic karyotype, consisting of cells with a
45,X karyotype, and cells with an additional tiny ring X chromosome (46,X, r(X)). These
ring X chromosomes are remnants of an X chromosome that underwent two simultaneous
breaks distal to the centromere, resulting in rejoining of the ends, and formation of a ring
structure, which thus misses telomeric sequences, and can be visualized in standard
chromesome metaphase spreads as a small ring [863]. Peculiarly, this subgroup of patients
shows a more severe phenotype displaying severe mental retardation, developmental delay
and severe congenital anomalies. including facial dysmorphism, soft tissue syndactyly of
upper and lower limbs and cardiovascular defects [864-870]. It has been shown that the
severe phenotype correlates with the inability of the ring X chromosome to be inactivated,
resulting in a partial functional X chromosome disomy [871-873]. Indeed, the majority of
ring X chromosomes has been shown to miss the XIST locus, thereby explaining the
inability to mactivate [{873-877]. However, several ring X chromosomes have been
described in the literature in which the XIST locus is present, but in which still no
inactivation is observed. These ring X chromosomes may therefore miss the regulatory
sequences necessary for adequate expression of XIST, and thus for XCI to oceur, and might
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1 Figure 14: Two inactive X chromosomes in 47, XXX fibroblasts X
55 Fibroblasts from a patient with triple X syndrome were stained for MacroH2A1 (green) and 1
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therefore be relevant for investigations to determine the regulatory network of X
chromosome inactivation.

Besides Klinefelter and Turner syndromes, more X chromosome aneuplodies are
occurring. Among the most common ones is the triple X syndrome (47,XXX) in females
[158]. These females are diagnosed in chromosomal surveys, because they most often lack
any symptoms, since the additional X chromosome is properly silenced [878-879] (Figure
14). Only escaping genes and genes located in the PAR will be expressed at a higher level,
which might explain for example the average higher length of triple X females, due to
higher levels of SHOX [880], or their thicker tooth enamel due to higher expression of the
X-linked AMELX gene [881]. Besides three X chromosomes, even more sex chromosomes
might be present, resulting in rare karyotypes as 48 XXXX, 48 XXXY, 48 XXYY,
49 XXXXX or 49 XXXXY. Generally speaking, any of these sex chromosomal
aneuplodies will result in variants of Klinefelter syndrome, when the Y chromosome is
present. The presence of several additional X chromosomes is fairly well tolerated, but will
result in more symptoms, including mental retardation, the more additional chromosomes
are present, due to the higher dose of PAR genes and genes escaping X chromosome
inactivation [882]. In case of the pentasomy X (49, XXXXX), symptoms (as severe as
mental retardation, delayed speech development, facial dysmorphologies, skeletal and limb

80



Chapter 1. Introduction X chromosome, XCI and human disease

abnormalities [883-884]) might also be explained by a failure of XC} to inactivate four out
of five X chromosomes in all cells, hence leading to symptams due to the presence of more
than one active X chromosome [885-888]. Also karyotypes with additional Y chromosomes
have been described. Of note, it has been proposed that males with 47, XYY might have a
higher risk of violent behavior [889-890] or other behavioral difficuliies [891].
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Chapter 1: Scope of this thesis

Scope of this thesis

En this thesis work, we have investigated mechanisms involved in regulation of the
initiation of X chromosome inactivation {XCI). Starting point was our earlier hypothesis
that the initiation of XCl is a stochastic process, controlled in frans by autosomally-
encoded XCl-inhibitors and X-encoded XCl-activators. The XCl-inhibitors prevent
initiation of XCI in undifferentiated cells or early embryos. Upon differentiation of these
cells during deveiopment, XCI is iniliaied in females only, by the activity of X-linked XCI-
activators, which reach a higher concentration in female cells compared to male cells, due
to the location of the encoding genes on the X chromosome. As described in Chapter 2, we
found that the E3 ubiquitin ligase RNF12 acts as an important X-encoded activator of X
chromosoime inactivation. When extra copies of Rnfl2 are transgenically expressed in male
ES cells, the encoded higher level of RNFL2 is able to induce XCI on the single X
chromosome, whereas such over-expression in female ES cells leads to ectopic XCl on
both X chromosomes in a significant portion of the cells. Rrf/2 becomes up-regulated in
female ES cells during the developmental time window when XCl is normally cccurring,
and genetic ablation of one copy of Rafi2 in female ES cells results in a significant delay in
the XCI process. Chapter 4 discusses this discovery in the context of the stochastic model
for XCI initiation, controlled by XCl-activators and XCl-inhibitors, and further provides
evidence that all features of XCI initiation can indeed be explained by this model. A novel
BAC targeting strategy described in Chapter 3 enabled efficient, fast and reliable genetic
modifications of mouse ES cells, and this strategy was used throughout this thesis work.
Among others, it allowed us to generate the Rufl2 homozyvgous knockout ES celis,
described in Chapter 5. Using these cells, we provide evidence that RNF12 is essential for
XCI o occur, and mediates its effect mainly through activation of the Xist gene. In Chapter
6, we show that this is an indirect mechanism, in which RNF12 targets the XCl-inhibitor
REX| for proteasomal degradation. The Runf!2 gene is located in the vicinity of Xist, which
ensures rapid silencing of Rafl2 transcription in cis shortly after initiation of XCl. Chapter
7 addresses the question whether other genes located near Xist and Rnf/2 are also
functional in the regulation of the XCi process. We found that Jpx, Fix and the Xpr region
have a cis regulatory role, in which these regions likely create an open chromatin demain,
which is needed to enable activation of Xist by the trans action of RNF12. We also provide
data which suggest that direct interaction between the two X chromosomes in a female
nucleus, X-pairing, is not functionally required for XCI to occur. Rather, more evidence
was obtained supporting an indispensible role for the frans action of RNF12, during all
stages of XCI initiation. In Chapter 8, we describe an Reuf72 knockout mouse, which we
have generated from the Ref72 mutant ES cells studied in this thesis work. As expected
from the observations showing loss of XCI in Rrfl2 homozygous knockout ES cells,
homozygous Rufl2 knockout females are not born, suggesting that RNF12 has an important
role in XCJ initiation alse during in vive development. The ongoing analysis of these mice
indicated that females heterozygous for the Rufl2 muiztion also have an XCI phenotype,
with transcriptional activity from two X chromosomes in some cells from adult tissues
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representing loss of XCi. This surprising and remarkable phenotype awaits detailed
investigation. Finaily, in Chapter 9, we proceeded to translate the newly obtained
knowledge on the regulation of XCl initiation from mouse to human. We studied XCl in
female human induced pluripotent stem cells, and provide evidence that the one X
chromosome that is inactivated in a founder human fibroblast becomes reactivated upon
somatic reprogramming. The General Discussion, Chapter 10, aims io integrate our current
views on the initiation of XCl with previously published observations, and provides an
outtook for future investigations.
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Chapter 2

Rnf12 is an X-encoded dose dependent activator of X
chromosome inactivation

This chapter has been published in

Iris Jonkers®, Tahsin Stefan Barakat®, Eskeatnaf Mulugeta Achame, Kim
Monkhorst, Annegien Kenter, Eveline Rentmeester, Frank Grosveld, J. Anton
Grootegoed and Joost Gribnau (2009)

“RNF12 is an X-Encoded dose-dependent activator of X chromosome
inactivation”

Cell 139:999-1011

* both authors contributed equally
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Abstract

in somatic cells of female placental mammals, one X chromosome Js inactivated to
minimize sex-related dosage differences of X-encoded genes. Random X chromosome
inactivation (XCI) in the embryo is a stochasfic process, in which each X has an
independent probability to initiate XCI, triggered by the nuclear concentration of one or
more X-encoded XCl-activators. Here, we identify the E3 ubiquitin ligase RNFI2 as an
important XCl-activator. Additional copies of mouse Ruf72 or human RNF/2 result in
initiation of XCI in male mouse ES cells and on both X chromosomes in a substantial
percentage of female mouse ES cells. This activity is dependent on an intact open reading
frame of Rnfi2 and correlates with the transgenic expression level of RNF12. Initiation of
XCI is markedly reduced in differentiating female heterozygous Ruf72+/- ES cells. These
findings provide evidence for a dose-dependent role of RNFI12 in the XCI counting and
initiation process.

Introduction

In the mouse embrye proper, XCI is random with respect to the parental origin of the
inactivated X chromosome, and is initiated around 5 days post coituwm, or upon ES cell
differentiation in vitro [892]. Initiation of XCl is marked by transcriptional up-regulation of
the X-encoded Xisr gene on the future inactive X chromosome (Xi). Xist is a non-coding,
spliced and poly-adenylated RNA, which spreads over the Xi while attracting protein
complexes required for the silencing process {86-87, 99]. Tsix and JXife gene sequences
overlap with the Xist gene, but are transcribed in anti-sense direction and play an important
role in suppression of Xist transcription during the XCI process [119, 136].

XCI starts with counting of the number of X chromosomes and selection of the
future active X (Xa) and Xi. This process is stochastic, and every X chromosome has an
independent probability to initiate XCI [179]. The probability for any X chromosome to be
inactivated increases with an increased X to autosome ratio, suggesting involvement of an
X-encoded activator in the XCI counting process [179, 189]. Studies with cell lines and
mice carrying Xist and Tsix over-expression and knockout alleles have indicated that these
genes play a crucial role in determining the probability to initiate XCI [104, 119, 123, 177].
Tsix takes part in setting up a threshold that has to be overcome by Xist in order to initiate
XCl. In counteracting Txix, X-encoded XCl-activators are responsible for dose-dependent
activation of Xist expression, and autosomally-encoded XCl-inhibitors act as dose-
dependent suppressors of Xist. XCl-activators might act either through activation of Xist
directly, or by suppression of Tsix, thereby lowering the threshold for initiation of XCI.
Similariy, XCl-inhibitors can be involved in direct suppression of Xis# activation, or exert
their activity through an indirect mechanism such as activation of Tsix expression.

During early embryonic development, or upon ES cell differentiation, the
concentration of the XCl-activators will be sufficient, in female cells but not in male cells,
to initiate XCI with a specific probability per time frame. In this working hypothesis,
inactivaiion of both X chromoesomes in female cells is prevented by cis inactivation of the
genes encoding the XCl-activators and the stochastic nature of XCI initiation. Nonetheless,
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the second X chromosome will keep a probability to initiate XCI until the XCl-activator
concentration has dropped beiow the threshold required to initiate XCI, after silencing of
the XCl-activator gene(s) in ¢is.

Recent findings indicate that CTCF, YY1, NANOG, SOX2, and OCT4 exert activities as
XCl-inhibitors, by taking part in suppression of Xist expression [186, 191, 193], and
appears to involve Tsix-dependent and -independent pathways. So far, X-linked genes
encoding XCI-activators have not been identified. Candidate regions on the X chromosome
invoived in activation of XCI are delineated by different transgenes, several of them
containing Xist and flanking sequences which have been shown to induce ectopic XCI in
male cells [166-167, 169]. However, this effect was only obtained with multi-copy
transgenes [175]. In addition, our finding that XCI is initiated in heterozygous AXTX
female cells [179] indicates that Xis#, Tsix and Xite play redundant or marginal roles in the
XCI counting and initiation process, and suggest that important sequences regulating X
chromosome counting and initiation of XCI are located outside the deleted region. To
identify genes encoding XCl-activators we have performed a screen with male and female
BAC transgenic ES cell lines. From this, we have obtained evidence that the X-encoded E3
ubiguitin ligase RNF12 is a dose-dependent factor invelved in counting the number of
active X chromosomes present per mammalian cell nucleus, which triggers initiation of
random X chromosome inactivation,
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Results

A screen to identify XCl-activator genes

Previous studies have indicated that genes encoding the putative XCl-activators are most
likely located within a region of 10 megabases (MDb) surrounding the Xist locus [72-733. To
identify the XCl-activator genes, we generated transgenic male and female ES cell lines
with stably integrated BAC transgenes covering part of this 10 Mb region. Our working
hypothesis predicts that initiation of XCI upon differentiation in transgenic male ES cells
on the single X, or initiation of XCI on both X chromosomes in a substantial percentage of
transgenic female ES cells, signifies the presence of additional copies of a gene encoding an
XClI-activator on the respective BAC.

Studies with mouse or human Xist/XIST transgenes in mouse ES cells indicated
that autosomal integration of these transgenes results in activation of the endogenous Xist
gene [167, 169, 171]. This suggests that these transgenes include sequences encoding an
XCl-activator. We therefore started our screen with a BAC covering mouse Xist, excluding
the transcription start sites of Tsix and Xire. BAC RP24-180B23 was stably transfected into
male ES cells. Clones were expanded under neomycin selection and differentiated for 3
days before analysis. Besides wild type ES cells, we also made use of a male ES cell line
1.3 which contains 16 copies of an ms2 repeat integraied in exon 7 of Xisz (Figure 1A).
This ms2 tag does not interfere with XCI, and allows discrimination between endogenous
Xist-ms2 and transgenic Xist [92]. BAC integration and copy number were determined by
DNA-FISH and/or gPCR. The percentage of cells with accumulated Xist covering the Xi
(Xist cloud) was determined by RNA-FISH using an Xist cDNA probe, which detects Xist
and Tsix (in all FISH panels DNA is stained with DAPI). The pinpeint signal detected with
this Xisr cDNA probe is similar to the pinpoint signal obtained with a Tsix specific probe,
and represents basal Tsix/Xist transcription which is clearly distinguishable from an Xist-
covered Xi (Figure 1B). In most cell lines with an autosomal integration of the transgene,
we found male cells with single Xist clouds (Figure 1C, Supplemental Table 2ZA). RNA-
FISH using Xist (FITC) and ms2 (rhodamine red) probes performed on five different BAC
transgenic 1.3 ES cell lines which were differentiated for 3 days revealed no ms2 positive
clouds (Figure 1D), indicating that the endogenous Xist gene was never up-regulated
(which would lead to conversion of the pinpoint signal to a cloud). This result was
confirmed using a RP23-338B22 BAC sequence covering all of Xisf, Tsix, and Xire
{Supplemental Table 2A). Autosomal Xist spreading in differentiating male ES cells can
be attributed to the absence of autosomal Tsix sequences (RP24-180B23), or loss of
autosomal Tsix expression in cis due to truncation of one of the transgene copies or position
effects (RP23-338B22, Supplemental Figure 1A). As a consequence of the absence of
Tsix expression in cis, a relatively low XCl-activator concentration will be sufficient to
mduce avtosomal Xist expression and spreading in male cells, similar to findings with male
Tsix knockout ES cells [123, 127, 178]. Male and female mouse ES cell lines transgenic for
BAC sequences CTD-2200N19 and CTD-2183M22 covering both human X/ST' and 757X,
or XIST alone (Figure 1F) also did not show significant induction of endogenous Xist in
male cells (Figure 1E, and Supplemental Table 2A) or endogenous Xist accumulation on
both X chromosomes in female celis {(Figure 1G, and Supplemental FigurelB and C).
These results indicate that the tested regions do not induce ectopic XCI in transgenic male
and female cells under the conditions that we used. Cur findings contrast previous claims
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Figure 1: BAC contig covering the X inactivation center

A) Map showing part of the mouse X chromosome, the location of the BAC sequences used in this
study, and the position of ms2 repeats within Xist. RNA-FISH probes are indicated in green and red,
and non-annotated genes in grey. B) RNA-FISH with Xist (FITC) and Tsix probes (thodamine red) on
day 3 differentiated wild type ES cells, showing cells with Xist clouds only detected with the Xist probe
(one marked with an arrow), and pinpoint signals detected with both Xist and Tsix probes (one marked
with a star). C) RNA-FISH with an Xist probe (FITC) on day 3 differentiated male ES cells with an
integration of BAC RP24-180B23, showing cells with Xist clouds (some marked with arrows), and
pinpoint signals (some marked with a star). D) RNA-FISH with Xist (FITC) and ms2 (rhodamine red)
probes on day 3 differentiated 1.3 male ES cells with an integration of BAC RP24-180B23, showing that
Xist clouds are associated with autosomes, at a different location then the ms2 positive Tsix/Xist
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that the Xist and Tsix regions are involved in the XCI counting process [166-167, 169, 171],
but may be explained by a difference in transgene copy number or the number of clones
that we analyzed.

We continued our search for an XCl-activator gene by generating transgenic male
ES lines with BACs covering 7Tsix including a region 100 kb centromeric to Tsix (RP23-
447010), and BACs covering a region 300 kb telomeric to Xist (CT7-474E4, RP24-
224E13, and RP23-100E1), including two BACs (CT7-474E4 and RP23-224E13) covering
the Xpr region, which was recently implicated in pairing and activation of Xist [187]. RNA-
FISH analysis only revealed pinpoint Tsix/Xist signals at day 3 of differentiation, indicating
the absence of XCI initiation on the wild type X chromosome (Figure 1G, and
Supplemental Table 2B). We also found no significant induction of XCI on both X
chromosomes in female BAC RP23-100E1, CT7-474E4 and RP23-224E13 transgenic ES
cells analyzed at day 3 of differentiation (Supplemental Table 2C). These results show
that, despiie involvement of the Xpr region in X chromosome pairing [187], additional

transgenic copies of the Xpr region do not interfere with the XCI counting and initiation
process.

A region on the X chromosome involved in activation of XCl

We continued our search for an XCl-activator gene and analyzed transgenic cells with an
integration of BAC RP24-240J16, which covers an area from 410 kb to 370 kb telomeric to
Xist (Figure 1A). Transgenic male ES cell lines were established using three independent
ES cell lines (F1 2-3, 11, and 1.3), and the BAC integration was confirmed by qPCR and/or
DNA-FISH (Figure 2B, 2C, and Supplemental Figure 2A, 2B). Interestingly, RNA-FISH
analysis of day 3 differentiated BAC transgenic ES cell lines showed several lines with a
significant number of cells with Xisr clouds, which we never observed in control male cell
lines (95% confidence interval, Figure 2A, 2B, Supplemental Table 1 and Supplemental
Figure 2A). DNA/RNA-FISH analysis detecting both the X chromosome and Xist RNA
confirmed that these male ES cells initiated XCI on the single X chromosome {Figure 2I2).
In transgenic female cell lines we also obtained an increased percentage of cells with two
Xist clouds (Figure 2A and 2C). RNA-FISH analysis on two independent day-3-
differentiated RP24-240J16 transgenic fernale lines, heterozygous for the ms? tag, showed
that female cells with two Xist clouds only had one ms2 positive cloud (Figure 2E).
Because ancuploidy would have resulted in a significant proportion of cells with either two
ms?2 positive or two negative clouds, this finding confirms that the transgenic female cells
contained two X chromosomes. Our results therefore suggest that BAC RP24-240516
harbors a gene encoding an XClI-activator.

Figure 1: continued

pinpoint signals (star). E} RNA-FISH detecting mouse Xist (rhodamine red) and human XIST (FITC) on
day 3 differentiated male cells transgenic for human CTD-2183M22 (Figure 1F). F) Map of human XIST
and the location of the BAC sequences used to generate transgenic ES cell lines. G) RNA-FISH
detecting murine Xist {rhodamine red) and human XIST (FITC) on day 3 differentiated transgenic female
ES cells. H) Similar to C), but with BACs RP23-447010, CT7-474E4, and RP24-224E13. 1} Percentage
of CT7-474E4 male transgenic cell lines (8-24) with Xist clouds (green, BAC copies in grey,
endogenous copies in black, n=100 per cell line).
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Figure 2: Ectopic XCl in transgenic male and female ES cells

A) RNA-FISH with an Xist probe (FITC) on day 3 differentiated ES cells with an integration of BAC
RP24-240J16, showing male cells with Xisi clouds (arrows) or pinpoint signals (star), and female cells
with two Xist clouds (arrows). B,C) Percentage of male cells with single Xist clouds B) and female cells
with two Xist clouds at day 3 of differentiation C), and BAC copy nr determined by gPCR (BAC copies in
grey, endogenous copies of Anf12in black, + indicates integration confirmed by DNA-FISH only, n>100
per cell line). Female line 1-3 has no BAC integration. ES cell lines that show a significant percentage
of cells with Xist clouds compared to wild type control lines are indicated with an asterisk (non-
overlapping 95% confidence interval, p<0.05). D) RNA/DNA-FISH detecting Xist (FITC) and an X
chromosome specific probe {rhcdamine red), on day 3 differentiated 1.3 male ES cells. E) RNA-FISH
detecting Xist (FITC) and ms2 (rhodamine red) on day 3 differentiated female ES cells heterozygous for
the Xist-ms2 tag, showing cells with two Xist clouds, one marked by ms2. Cells with two Xist clouds only
showed cne Xist and one Xist-ms2 cloud (Line 8 n=46, line 9 n=55).

Rnf12 is an XCl-activator
BAC RP24-240J16 encompasses Rnfl2 which is ubiquitously expressed in early mouse
development, and two predicted genes for which no expression data is available (Figure
1A). To identify the sequences required for induction of XCI in male cells, we fine-mapped
the area using mouse BAC sequences covering part of BAC RP24-240]16, thereby
reducing the minimal region required for ectopic XCI to 10 kb (Figure 3A, and
Supplemental Table 3). Expression analysis using total RNA of day 3 differentiated
female ES cells hybridized to a tiling array covering BAC RP24-240J16 provided
unequivocal data that Rnfl2, which encodes an E3 ubiquitin ligase, is the only transcribed
sequence within this region, and that the 10 kb region overlaps with the promoter and exon
1 and 2 of Rnfi2 (Figure 3B).

To establish a direct role of RNF12 in XCI, we disrupted the open reading frame
of Rnfl2 by insertion of a neomycin/kanamycin resistance cassette in two orientations into
exon 5 of Rnfl2. This mutation disrupts most of the open reading frame, but leaves the [0
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Figure 3: Anf12 encodes an XCl-activator

A) Position of BACs used for the fine-mapping, and their potential to stimulate XCl. BAC RP23-25P18,
covering part of BAC RP24-240J16, was truncated (the part shown as a solid line was found to be
present using PCR analysis; not shown). The minimal region required for ectopic XCl is marked in blue.
B) Tiling array expression analysis with total RNA of day 3 differentiated female ES cells (top panel,
moving average in red, raw data in blue, y-axis expression in log2). C) Map of part of the X
chromosome covered by BAC RP24-240J16, and the modified BAC RP24-240J16ARnf12 with a
neomycin resistance cassette inserted in two orientations (cnly the sense orientation is shown). Right
panel shows confirmation of homolcgous recombination by PCR using the primer combination as
indicated. D) RNA-FISH detecting Xist (FITC) on day 3 differentiated BAC RP24-240J16 (left panels)
and RP24-240J16ARNf12 (right panels). E) Summary of the results obtained with all RP24-240J16 and
RP24-240J16ARNf12 cell lines. Avg copy nr. is average of copynumber determined by qPCR of all
clones with extra BAC integrations. Pos. clones indicates the number of clones with extra BAC
integrations versus all picked clones. A 95% non-overlapping confidence interval was used for scoring
ES cell lines with a significant percentage of Xist clouds (p<0.05), as determined by RNA-FISH of Xist.
Not all positive clones with BAC integrations could be analyzed. F) RT-PCR analysis with RNA isolated
from day 3 differentiated male (129/Sv) and female (Cast/Ei 129/Sv) control cells and male cells
transiently transfected with an Rnf12 expression construct (exp.). Analysis of Nhel digested PCR
products after gel electrophoresis indicates expression of transgenic Anf12 (CastEi). G) RT-gPCR
analysis of Rnf12 and Xist expression in day 3 differentiated male cells transiently transfected with an
Rnf12 expression construct (exp. 1 and 2). Expression was compared to the expression level set at 1 in
control cells (ctrl, T-test: * p<0.05, ** p<0.01).

kb minimal region required for ectopic XCI intact. This allowed us to test whether the
induction of XCI is evoked by either Rnfl/2-encoded protein or by a DNA element within
the 10 kb region (Figure 3C). Analysis of day-3-differentiated male ES cell lines with
randomly integrated BAC RP24-240J16ARnfl2 (sense and anti-sense) transgenes
containing the mutated RnfI2 gene, revealed no significant induction of XCI, in contrast to
control transgenic male ES lines which showed significant induction of XCI in most cell
lines (Figure 3D, 3E, and Supplemental Table 4A). This result was confirmed with
transgenic 30A1 female ES cells, where only random integration of the unmodified BAC
RP24-240J16 resulted in an increased percentage of cells with two Xi's (Supplemental
Table 4B),

Transient expression of the Rnfl2 cDNA might be sufficient to induce XCI in
male cells. To investigate this, we transiently transfected male 1.3 ES cells with a Rnfi2
expression vector at day one of differentiation, and Rnfi2 and Xist expression was
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determined after two more days of differentiation. Xistr RNA-FISH experiments to test
whether this transient expression of Rufl2 resulted in activation of XCI were inconclusive,
most likely due to a low transfection efficiency (<10%; measured by co-transfection of a
GFP expression vector), Using RT-PCR amplification of Rufl2 mRNA, followed by
digestion with Nhel, which digests an RFLP present in the endogenous RafI2 (129/Sv
origin) PCR product but not in the transgenic Rrf72 (Cast/Ei origin) PCR product, we could
show that the transgenic Knf12 gene is transcribed (Figure 3F). In agreement with this, RT-
qPCR analysis indicated an increase in transgenic Rnfi2 expression, and this correlated
with increased Xist expression, which was up-regulated more than two-fold in Rafi2
transfected samples (Figure 3G). These results support the view that Rnf/2 is involved in
Xist up-regulation. The observed up-regulation of Xisr was less pronounced than what
would be expected from the studies with BACs containing RnfI2, but this is most likely due
to the low transfection efficiency and cell death of male 1.3 ES cells after initiation of XCI.
In addition, in the cells that have been transfected, the increased concentration of RNF12
may be lethal due to other functions of RNF12 which may be compromised when there is
an overdose of the protein. Interestingly, Rnfl2 BAC transgenic ES cells did not survive
freeze thawing. We think that extensive cell death may be initiated through activation of
RNF12 by the thawing procedure, possibly resulting in ectopic XCI or mis-regulation of
other processes.

In summary, fine mapping and expression studies revealed a 10 kb region on BAC
RP24-240J16 to be required for ectopic XCL This region overlaps with exon 1 and 2 of
RufiZ, which is the only transcriptionally active gene covered by BAC RP24-240716, In
addition, transgenes with a disrupted Rnfl2 open reading frame do not induce ectopic XCIL,
whereas over-expression of Rnfl2 results in mduction of Xist expression. These results
provide strong evidence that Rnf{2 encodes an XCl-activator.

Conservation of RNF12 and dose-dependent activation of XCI by
RNF12

Xist-mediated XCI is present in all eutherians, and previous studies have indicated that
Rafi2 is highly conserved among mamimals and other species [893]. We wanted to test
whether human RNF12 can induce XCT in transgenic male and female mouse ES cells. To
this end, transgenic mouse ES cells were generated containing human BAC CTD-2530H13
(Figare 4A), which covers an area that is homologous to the region covered by mouse
RP24-240116 (Figure 1A) and shows high sequence homology in the promoter and coding
regions of Rufi2/RNFI2 (Figure 4B). Upon differentiation of several of these CTD-
2530H13 transgenic cells, XCI is induced in a significant proportion of the male cells, and
on both X chromosomes in an increased percentage of the female cells, suggesting that the
function of RNF12 in XCI in mouse and human is conserved (Figure 4C, 4D and 4E).

To further test whether RNF12 acts as a dose-dependent activator of XCI, we EB-
differentiated transgenic BAC CTD-2530H13 ES cell lines for 3 days, and determined the
expression of mouse endogenous Rnfl2 and Xist, and human transgenic RNFI2 by RT-
qPCR. Comparison of Xist RNA-FISH and RT-qPCR expression analysis showed a
correlation between transgenic RNFI2 expression, Xist up-regulation, and activation of XCI
on the single X in male cells (Pearsen 0.77, p<0.001 and Pearson 0.67, p<0.01,
respectively, Figure SA and 5B). The ctfect of transgenic RNFI2 on Xist expression,
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Figure 4: The action of human RNF12 is conserved in mouse

A) Schematic map of part of the human X chromosome and location of the BACs used for the analysis.
B) Alignment of mouse (RP24-240J16) and human (CTD-2530H13) BAC sequences (bottom panel).
Shown is the region containing the Rnf12/ RANF12 gene. C) RNA-FISH detecting Xist (FITC) on day 3
differentiated CTD-2530H13 transgenic male ES cells (left panels) and female ES cells (right panels).

D, E) Quantification of RNA-FISH presented in C), for BAC transgenic male D) and female E) cell lines,
and BAC copy number determined by qPCR (grey, n>100 per cell line). Day 3 differentiated ES cell
lines with a significant percentage of cells with Xist clouds compared to wild type control lines are
indicated with an asterisk (non-overlapping 95% confidence interval, p<0.05).

determined by RT-qPCR, is more pronounced in male than female cell lines, because Xist is
normalized to the level present in male and female control cell lines, respectively
(Supplemental Figure 4A and 4B). Some lines did not show ectopic XCI despite
expression of transgenic RNFI2 (clone nrs: & 2-6, 2-21 (Figure 5B) and § 2-22
(Supplemental Figure 4B)), which may be attributed to truncated transgenes giving rise to
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Figure 5: RNF12 is a dose-dependent activator of XClI

A) Expression analysis of male 1.3 cell lines targeted with the human CTD-2530H13 BAC containing
RANF12. RT-q-PCR was performed with primer sets for Xist (green), Rnf12 (grey), and RNF12 (orange).
All samples were normalized to beta-actin, and expression was compared to the average of wild type
cell lines 1.3 H13 1/13/20/24. Expression of human RNF12 was compared to expression of mouse
Rnf12 of the control cell lines. B) Table of male 1.3 cell lines targeted with the human CTD-2530H13
BAC containing ANF12. The relative copy number of the BAC integration, ranging from - (no
integration) to +++ (several copies). The RNA-FISH column represents percentage of cells with one Xist
cloud (1xXist, * p<0.05 based on a 95% confidence interval, n is number of cells counted). C) RT-PCR
analysis detecting a length polymorphism distinguishing Anf12 and RNF12. The relative expression of
RNF12 compared to endogenous Anf12 is depicted below each lane. D) Xist-ANF712 RNA-FISH with
day 3 differentiated BAC CTD-2530H13 transgenic male and female ES cell lines, detecting Xist clouds
(rhodamine red) and ANF12 transcription foci (FITC). E) Quantification of ANF12 transcription foci
(RNF12), single (1x Xist) or double (2x Xist) Xist clouds, and the percentage of cells with a single Xist
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a non-functional RNA, or to variegated expression through pasition effects resulting in only
a few cells expressing the transgene at a relative high level. To compare the expression
level of RNF12 versus Rufi2, we amplified a length polymorphism distinguishing RNFT2
from Rnfl2 by RT-PCR (Figure 5C). Quantification of the relative intensity of RVFI2 and
Rnfl2 confirmed a correlation between expression of transgenic RNF 12, Xist up-regulation,
and XCl (Pearson 0.67, p<0.01 and Pearson 0.58, p<0.05 respectively). Our results also
indicate that transgenic expression is moderate, not reaching the endogenous level,
suggesting selection against cells that express RNF/2/Rnfl12 at higher levels. We further
investigated whether expression of RNFIZ correlated with JXisr cloud formation, by
combined RNA-FISH detecting Xist and RNFJ2. Analysis of two transgenic male and
female ceil lines indicated that a single Xist cloud in male cells and two Xist clouds in
female cells were almost exclusively present in cells which showed an ANVFI2 RNA-FISH
signal (P<0.0001, Z-test for proportion, Figure 5D and 5E).

Although the function in XCI appears to be conserved, we do not know whether
the specific activities of mouse and human RNF12 are equal. We therefore repeated the
experiment shown in Figure 5, but generated 1.3 male transgenic ES cells harboring a BAC
sequence covering the Mus. musculus mollosinus Rnfi2 gene, which allowed us to use a
RFLP (Nhel) that discriminates between endogenous and transgenic Raf/2 cDNA. Xist
RNA-FISH with day 3 differentiated transgenic ES cell lines containing at least one
transgene copy showed induction of XCI in a significant proportion of cells for most ES
cell lines (Supplemental Figure 4D and 4E). RT-PCR expresston analysis confirmed that
Mus. musculus mollosinus Rnfl2 is expressed in the undifferentiated transgenic male cell
lines that induce XCL, at 0.4- to 2.0-fold levels compared to the expression level of one
endogenous Rufi2 copy (Supplemental Fisure 4E). In addition, Western blot analysis
with anti-RNF12, and anti-ACTIN as a control, confirmed elevated expression of RNFI12 in
day one differentiated transgenic male ES cell lines compared to a wild type control cells
(not all cell lines were analyzed, Supplemental Figure 4F). Expression of Rnf72 correlated
with cells that initiated XCI at day 3 of differentiation (Pearsen 0.67, p<0.01). Similar to
our findings with CTD-2530H13 transgenic ES cell lines, we only observed ES cell lines
that showed moderate expression of transgenic Ruf/ 2.

The results obtained with transgenic ES celi lines harboring human RNF/Z and
Mus. musculus mollosinus Rafl2 transgenes indicate that the function of RNFI12 is maost
likely conserved from human to mouse. Furthermore, expression of ectopic RNF/2
positively correlates with expression of Xist and subsequent initiation of XCI.

Figure 5: continued

cloud together with an RNF12 signal in BAC CTD-2530H13 transgenic male ES cell lines (1xist and
RNF12), or two Xist clouds together with an RNF12 signal in BAC CTD-2530H13 transgenic female ES
cell lines (2xXist and RNF12), at day 3 of differentiation (n=number of celis analyzed).
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Endogenous RNF12 expression correlates with XCI

Rnfi2 encodes an E3 ubiquitin ligase involved in the regulation of LiM-homeodomain
containing factors, by targeting LIM interacting proteing LDB1 and LDR2 for degradation
[893]. In addition, RNF12 also appears io be involved in gene activation, and telomere
length homeostasis, indicating that this multifaceted protein is involved in many important
processes besides XCI1 [894-895]. To play a dose-dependent role in XCl, it is to be expected
that, prior to XCI, the RNFI[2 concentration is two-fold higher in female cells compared to
male cells, and that expression of RNF12 is correlated with the developmental time period
were XCl is initiated. In addition, to properly regulate XCI Ruf/2 expression should be
subject to XCl to ensure down-regulation of RNF 12 preventing initiation of XCI on the
second X chromosome.

The endogenous RNF 12 expression was estimated in nuglear extracts of male and
female ES cells at different time points of differentiation, using Western blot analysis with
an antibody detecting RNF12, and anti-ACTIN as a loading control. This analysis revealed
that RNF12 is up-regulated in female and male cells around the time XClI is initiated in
female cells, after which expression decreases in time (Figure 6A, and data not shown).
Comparison of RNF12 expression in nuclear and cytoplasmic extracts indicated that
RNFI12 is almost exclusively present in the nucleus (data not shown). lhmmuno-
cytochemistry also revealed nuclear localization of RNFI12 at day 3 of differeatiation
{Figure 6C), and indicated that RNF12 did not localize to the Xi. Comparison of RNF12
expression in Cast/E1/[29/Sv male and female ES cell lines prior to XCI, and around the
time XCI is initiated, confirms that RNF12 is higher expressed in female compared to male
celis (Figure 6B). This difference in RNFI2 expression was absent in male and female
mouse embryonic fibroblasts {MEF), suggesting that one copy of Rnfl2 is inactivated in
female MEFs. Allele specific RT-PCR analysis with RNA of undifferentiated and day-7-
differentiated heterozygous Tsix mutant ES cells, which exclusively inactivate the mutant
129/8v X [123], indeed confirmed that Rufl2 expression is subject to XCI (Figure 6D).
The above Western blot analysis indicated that RNF12 is already expressed prior to XCI,
from which it can be suggested that additional copies of Ruff2 may lead to XCI in
undifferentiated ES ceils. We targeted Fl 2-1 female ceils with BAC RP24-240J16 and
picked and expanded neomycin positive clones. Undifferentiated ES cell lines with
additional transgenic copies of Raf12, determined by qPCR, appeared indistinguishable
from wild type undifferentiated ES cells. Undifferentiated and day three differentiated ES
cells were fixed and subjected to JXist RNA-FISH analysis. We found that all the
undifferentiated cell lines with transgenic copies of Rufl2 showed Xisf clouds, which were
not present in undifferentiated female control celis (Figure 6FE and 6F). Interestingly,
several of the cell lines with the highest percentages of Xi’s in undifferentiated ES cells,
showed extensive cell loss upon differentiation, with no or a few ceils left to analyze at day
3 of differentiation. The relative expression of Rnf/2 was estimated by RT-PCR amplifying
an RELP (Nhel). This analysis indicated increased expression of transgenic Ra/72 in almost
all undifferentiated transgenic ES cell lines tested (Figare 6F), which correlated with Xiss
cloud formation (Pearson 0.86, p<(.01). Also the RNF12 protein levels in nuclear extracts
from cells at day 3 of differentiation were increased in most transgenic ES cell lines
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Figure 6: Expression analysis of RNF12

A) Western blot analysis detecting RNF12 (top panel) and ACTIN (bottom panel) in female ES cells at
different time points in differentiation. B) Western blot analysis detecting RNF12 (top panel) and ACTIN
(bottom panel), comparing RNF12 expression in male and female undifferentiated (left panel), day 2
differentiated ES cells (middle panel), and in MEFs (right panel). C) Immunocytochemistry on day 3
differentiated female ES cells using an antibody detecting RNF12 {rhodamine red). D) RT-PCR
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compared to wild type female cells (Figure 6G), although lines 3-15 and 3-22 did not

show an increase in RNF12 expression, possibly due to cell loss of cells over-expressing
RNF12.

Taken together, these findings indicate that RNF12 is expressed in the time
window of ES cell differentiation were XCI is initiated, with a nuclear concentration of
RNF12 that is higher in female compared to male cells. Our results suggest that the RNF12
concentration is well titrated to ensure a dose-dependent role for RNF12 in activation of
XCI. In agreement with this, additional copies of Rnf12 can induce XCI in undifferentiated

female ES cells, indicating that an increase in the RNF12 concentration is sufficient to
trigger XCL

Figure 6: continued

expression anzlysis of ANF12 with BNA isolated from undifferentiated and day 7 differentiated 129/Sv
Cast/Ei Tsix-stop ES celis, which exhibit non-random XCI of the mutated 129/Sv X chromcsome, using
& Nhel cleavage of the PCR product at an RFLP present in the 129/8v allele. The left two lanes show
control 129/8v and CasVEi samples. E} RNA-FISH detecting Xist (FITC) on undifferentiated BAC RP24-
240416 {left panels) transgenic female ES cells. F) Table of female F1 2-1 call lines targeted with BAC
RP24-240J16. The copy number of the BAC integration, and the percentage of undifferentiated cells
containing one Xist cloud (1xXisf) and day 3 differentiated cells with two Xist clouds (2xXisf) are
depictad. The column on the right shows the level of transgene expression, determined by RFLP RT-
PCR, refative to one endogenaus copy of Anf12 in undifferentiated ES cell lines. ES cell lines that show
a significant percentage of cells with Xist clouds compared to wild type control lines are indicated with
an asterisk (confidence interval 95%, p<0.05). G) Western blot analysis detecting RNF12 (top panel)
and ACTIN (bottcm panel} with nuclear extracts of day 3 differentiated ES cell lines described in F),
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Figure 7: Generation and analysis of Rnf12+/- female ES cells

A) A map of part of the X chromosome and the BAC RP24-240J16ARNf12 targeting construct with a
neomycin resistance cassette inserted in two orientations (only sense arientation is shown), and the
targeted 129/Sv allele, and location of PCR primers used for genotyping. B) Left panel, RT-PCR with
primers amplifying a RFLP (Nhel) in the 129/Sv Anf12 allele. Right panel, RT-PCR with a primer set
amplifying a RFLP (Brgl) in the 129/Sv Xist allele. C) Western blot analysis detecting RNF12 (top panel)
and ACTIN (bottom panel) in nuclear extracts from a wild type female and ARnf12+/- ES cell line. D) Bar
graph showing the percentage of wild type and ARnf12+/- (sense and anti sense) ES cells that initiated
XCl, detected by Xist RNA-FISH, at different time points of EB differentiation. Significant differences are
marked with an asterisk (T-test, * p<0.05) E) RT-PCR expression analysis of Xist originating from the
129/Sv allele (top band) and the CasVEi allele (bottom band) with RNA isolated from day 2, 3, 4 and
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XCl is reduced in Rnf12+/- female cells

RNF12 appears to be an important activator of X chromosome counting and initlation of
X1, but it may not act as a single factor, and the existence of one or more additional XCl-
activators or cofactors with some RNF12-independent activity cannot be excluded. To
study this, we deleted Rnfl2 from one X chromosome (129/8v) by targeting BAC RP24-
240J16ARnf12 (sense and antisense) to a polymorphic F1 2-1 female (Cast/E1-129/SV) ES
cell line (Figure 7A). Correct targeting was confirmed by PCR amplification of a sequence
containing a RFLP (Nhel) which was removed from the targeted allele (Figure 7B). Some
125/Sv product is still detectable due to feeder cell (129/Sv) contamination. X chromosome
copy number and origin were confirmed by DNA-FISH (Supplemental Figure 5), gPCR
{not shown) and PCR amplification of a sequence containing a RFLP (Brgl) in Xist (Figure
7B). Western blot analysis with nuclear extracts from undifferentiated wild type and
ARnfI2+/- (sense) ES cells confirms that RNF12 expression is reduced in the heterozygous
knockout ES cells (Figure 7C). Two heterozygous ARnfl2+/- (sense and anti-sense) ES
cell lines were EB-differentiated, fixed at different time points, and subjected to Xist RNA-
FISH. We found that initiation of XCI in both AR»fI2+/- ES cell Tines was severely
reduced, by more than 80%, at the start of differentiation (day 1-3) but recovered later in
the differentiation process (Figure 7D). EBs generated with ARnfI2+/- ES cells appeared
smaller {data not shown), indicating cell selection against cells that retain two active X
chromosomes and selection against cells that inactivated the wild type endogenous Rnfl2,
which would result in a RNF12 null cell. Analysis of Xist expression using a length
polymorphism to distinguish ¢cDNA ocriginating from the 129/Sv or Cast/Ei allele revealed
that Xist is expressed from both alleles in the beginning of the XCI process (Figure 7E),
indicating that the probability to initiate XCI is reduced for both X chromosomes in
ARnfI2+/- cells and is not caused by a cis effect of the Rnfl2 mutation. The FI 2-1 ES cells
used in our studies show skewed XCI, with a preference for Xist expression from, and
inactivation of, the 129/Sv X chromosome, caused by the presence of two different Xce’s
with different allelic properties. In ARnfI2+/- cells, from day 3 of differentiation onwards,
Xist is almost exclusively expressed from the 129/Sv allele, suggesting cell selection in
favor of cells that inactivated the mutant Rafi2 allele. The presence of female ARnfI2+/-
cells that do initiate XCT indicates that one or more additional X-encoded XCl-activators
are involved in initiation of XCI. Nonetheless, the severe reduction in cells that initiate XCI
in the ARnfi2+/- cells, and our studies with Rufi2/RNFI2 transgenic ES cells, both
emphasize an important role for RNF12 in XCI counting and initiation.

Figure 7: continued

7 differentiated wild type and ARnf12+/- (sense) ES cells. F) Upon differentiation of the ES cells, the
concentration of RNF12 and/or an unknown target or modifier of RNF12 increases, which potentiates
the action of RNF12. This leads to stochastic up-regulation of Xist transcription {grey arrows, up-
regulation iow, black arrows, up-regulation high), resulting in & probability to initiate XCI, and
accumulate along the X (+). Spreading of Xist RNA leads to silencing of Anf12 transcription in cis,
resuiting in a drop of the nuclear RNF12 concentration, prohibiting inactivation of the second X. in male
cells, the RNF12 concentration does not reach the threshold required to start this sequence of events.
G) Anfi2 mediated activation of XCI, could involve activaticn of Xisf, or suppression of Tsix through
direct or indirect mechanisms (RNF12 in yellow). The action of other putative XCl-activators (blue} could
Involve a similar mechanism as hypothesized for RNF12 {left panel), or could invelve silencing of Tsix
by Xist RNA mediated recruitment {right panei).
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Discussion

Herein, we have identified RNF12 as an X-encoded activator of X chromosome
inactivation {XCI) in mouse embryonic stem (ES) celis. Additional copies of mouse or
kuman Rafi2/RNFI2 result in an increased probability to initiate XCI, resulting in XCI on
the single X chromosome in male celis and on both X chromosomes in {emale cells. The
action of RNFI12 is dose-dependent, and analysis of heterozygous ARn/12+/- ES cells
confirms a role for Raf72 in XCI. At the same fime, our findings indicate that one or more
additional XCl-activators are involved in counting and initiation of XCI. Still, it is evident
that RNF12 plays a key role in control of X-chromosomal gene dosage between male and
female cells, and is therefore the first X-linked dose-dependent activator of XCI.

RNF12 is a potent activator of XCi
Previous studies have indicated that ectopic XCI is initiated in transgenic male cells
containing additional copies of Xist/X75T and {lanking sequences [166-167, 169, 171]. In
the present analysis, these same regions did not evoke ectopic XCl in transgenic male and
female cells. To try to explain this discrepancy, one could argue that transgene copy
number was different in the various studies, and that the integration site and variegated
transgene expression might be implicated. In addition, analysis of XCI at later time points
of the differentiation process might reveal induction of XCI. The absence of initiation of
ectopic XCI in our Xis#/Tsix transgenic cell lines indicates that additional sequences are
required for proper Xic function, which is supported by our previous finding that AXTX
heterozygous ES cells stil} initiate XCI1 [179], and the finding that single copy Xist/Tsix
transgenes do not induce XCI on the endogenous X chromoseme [175]. The Xpr region
located ~200 kb telomeric to Xist has been implicated in proposed pairing of two X
chromosomes [187], and activation of Xist. However, our findings indicate that extra
transgenic copies of the Xpr region are not sufficient for initiation of ectopic XCI, although
this does not preclude a role for this region in the XCI process. Regarding the present
studies it should be noted that almost all the male and female cell lines that we generated
with a BAC transgene containing Rnf72 resulted in XCI on the single X chromosome in
male cells (32 out of 38 cell lines), and on both X chromosomes in female cells {17 out of
20 cell lines). For most cell lines activation of XCI also correlated with expression of
transgenic RNF12. From this, we feel that we can safely conclude that RNF12 is a very
potent activator of XCI.

The observation that the RP24-2490J16 transgenic celis did not initiate XCI on all
X chromosomes, can be explained by our finding that RNF12 is not the only XCl-activator.
Also, cells that inactivate too many X chromosomes will be counter-selected, possibly
masking the effect of Ruf72 on XCI, and expression of the transgenes may have been
variegated. More importantly, extra copies of RufI2/RNF12 will lead to an increased
probability to initiate XCl in transgenic cells, which may never reach 100% in the time
interval required for one cell division, so that always some cells can retain at least one Xa.
Our expression analysis also indicates that the expression level of transgenic Rufl2 is
modest. This suggests that higher expression levels are not tolerated, because this most
likely results in extensive induction of XCI already in undifferentiated ES cells, and
subsequent ioss of the transgenic cells. Higher RNF12 concentrations may also compromise
cell viability due to mis-regulation of other pathways in which RNFI2 takes part. We think
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this may also explain why the effect of transient expression of RNF12 on Xist induction is
smaller than what is obtained in low copy transgenic ES cell lines, because the effect of
transient expression of RNF12 on XCI may be masked through extensive counter-selection
against transfected cells.

We found that XCI can be induced in undifferentiated female transgenic ES cells
expressing exogenous RNFI12. This finding could suggest that RNFI2 over-expression
induces ES ceil differentiation. However, undifferentiated wild type and transgenic ES cells
appeared morphologically similar, and female ES cells with two copies of Rufi2 have not
been reported to be more differentiated than male cells with one copy of Rafi2 [38]. Also,
activation of XCl in Rnfl2 transgenic male ES cells cannot be explained by an effect of
RNFI12 on differentiation. It is therefore more likely that Rrf72 transgenic ES cells remain
undifferentiated, which implies that all other factors required for initiation of XCI are
already present in undifferentiated ES cells, aithough the level of these other factors may
increase upon differentiation. Our results also suggest that repression of Xist can be
overcome by increased expression of RNFI12, even in undifferentiated ES cells.

Stochastic initiation of XCi

A stochastic model for XCI predicts that every X chromosome has an independent
probability to be inactivated [179]. This contrasis with all other models that explain
counting and initiation of XCI through mutuaily exclusive mechanisms [892]. Cur preset
findings support a stochastic model for XCI and indicate that the probabiiity to initiate XCI
is directed by a chance process which is dependent on the nuclear concentration of different
factors that promote or suppress XCI.

As described and referenced in the introduction, Xist and Tsix knockout and over-
expression studies have indicated that the probability to initiate XCl is deterrnined by the
balance between Xist and Tsix transcription, which is regulated by X-encoded XCi-
activators and autosomally encoded XCl-inhibitors. XCl-activators are involved in dose-
dependent up-regulation of Xisr expression, whereas XCl-inhibitors are involved in
suppression of Xist. Protein expression analysis of differentiating female ES cells indicates
that RNFI12 is expressed and up-regulated arcund the time XCI is initiated. The nuclear
concentration of RNFI12 will reach a threshold, in female and not in male cells, that is
sufficient to up-regulate Xist expression, either directly or indirectly, to a point where it
initiates XCI (Figure 7F). Other XCI activators may be present at a constant concentration
or reach a threshold in a similar fashion. The observed initiation of XCl in undifferentiated
female ES cells upon transgenic RNF12 expression indicates that up-regulation of RNF12
may be required and sufficient to trigger XCI in female cells. However, the predicted E3
ubiquitin ligase activity of RNF12 suggests that expression or activity of additional factors,
acting as substrate or modifier of RNF12 action, are likely to be involved in XCI.

RNF12 or its downstream target(s) may act through activation of Xist directly, or
indirectly by suppression of Tsix (Figure 7G). Another possibility is that RNF12 is
recruited by Xisf RNA in order to silence Tsix, but RNF12 immuno-staining did not show
specific accumulation of RNF12 anywhere in the nucleus suggesting that this is the least
likely option. The evolutionary conservation of RNFI12 and activation of XCl in mouse ES
cells by human RNF12, taken together with the absence of an established role for 757X in
human X lnactivation, makes it likely that RNFI12 is involved in activation of Xist/XIST
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transcription. This is also supported by siudies with Xist promoter iransgenes, which
showed higher expression in female cells compared to male cells [89].

After initiation of XCI, the XCl-activator genes will be sitenced in eis, providing a
simple mechanism to decrease the concentration of the XCl-activators. Such a feedback
mechanism will prevent inactivation of the second X chromosome in female cells, although
the other X chromosome(s) stiil have a probability to initiate XClI, in the time window in
between initiation of XCI and down-regulation of the XCl-activator concentration at the
protein level. Previous studies have indicated that genes which are in close proximity to
Xist are more likely to be inactivated at an earlier time point of development or ES celt
differentiation than genes located fusther away. Close proximity of Rafi2 to Xist may
therefore facilitate a quick down-regulation of RNF12 [38]. Re-evaluation of the data used
for this study indicates that Rnf7.2 indeed belongs to the category of genes that is sijenced
early during ES cell differentiation (Supplemental Figure 6). Interestingly, Rufi2 is also
among the first genes to be down-regulated in imprinted XCI, which commences around
the four- to eight-cell stage of embryonic development [311], and silencing of Ruf72 is
strictly dependent on Xisf [894]. Also, the stability of RNF12 has been reported to be much
lower than other nuclear proteins [897], which would facilitate a rapid feed-back
mechanism to prevent inactivation of the second X chromosome.

Whether RNF12 is required for Xist expression after the Xi is established, remains
to be determined. The observation that Xist remains expressed on the Xi can be explained
by silencing of its negative regulator Tsix. Cn the Xi a lower XCl-activator concentration
would then be sufficient for sustained expression of Xist. Following XCl, the reduced
conceniration of XCl-activators will be too low to induce XCI of the Xa, and its Xisr gene
is silenced in a Tsix dependent process involving Xist promoter specific DNA methylation
and repressive histone modifications [89, 112, 898].

More XCl-activators involved

Rnf12 is ubiquitously expressed in embryos around the onset of XCI [893]. One known
target of RNFI12 is LDBI. which interacts with LIM-homeodomain transcripiion factors.
RNFI2 is also involved in activation of estrogen receptor ¢ [895] and degradation of a
telomere associating protein TRF1 with an effect on telomere length homeostasis [894}.
Hence, RNFI12 likely acts as a regulator, activator or repressor, also outside the context of
X1, but none of the known RNF12 partners from other pathways have been implicated in
XCI.

Analysis of ARnfI2+/- cell lines indicates that Rrf72 is not the only X-encoded
XCl-activator regulating initiation of XCI. Similar to Rnpfl2. these activators may be
involved in activation of Xist transcription or repression of 7six through a direct mechanism
or by Xist RNA mediated recruitment (Figure 7G). Studies on other organisms provide
clear examples of how dosage compensation processes can be triggered by single master
switch genes: Sx/ in Drosophila and Xol-1 in C. elegans. In both species, these master
switch genes are regulated by several X-encoded numerator genes and autosomally encoded
deneminator genes, suggesting that more than one numerator and denominator gene is
required to suppress the noise in the system [899]. For eutherians, a similar mechanism may
apply, with the Xis#/Tsix locus representing the master switch locus that is regulated by
several XCl-activators and inhibitors to count the number of X chromosomes and activate
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initiation of XCI. Previous studies suggest that NANOG, SOX2, OCT4, CTCF and YY|I
act as XCl-inhibitors. Depletion of these factors results in increased Xist transcription
indicating an involvement in determining the threshold that has to be overcome for
initiation of XClI, either by direct repression of Xist or activation of Tsix [186, 191, 193].
However, the genes encoding the three pluripotency factors factors NANOG, SOX2, and
OCT4, and also the genes encoding CTCF and YY1, are all located on autosomes, and are
most likely not differentially expressed between male and female cells. Therefore, despite a
clear involvement in XCI, these genes are not likely candidates to direct the XCI counting
process. In contrast, the X-chromosomal Rnf72 gene can be readily envisaged to encode a
protein that acts as a numerator, to discriminate between chromosomally male and female
cells in relation to XCL. RNF12 represents the first identified XCl-activator, involved in
determining the probability to initiate XCI. Identification and characterization of the direct
target or modifier of RNF12, and other genes encoding XCl-activators, will be the next step
to further elucidate the control of counting and initiation in X chromosome inactivation.
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Methods

Cell lines

Transgenic ES cell lines were generated using wild type male J1 (129/Sv), F1 2-3 (129/Sv-
Cast/Ei) ES lines or a wild type female line F1 2-1 (129/8v-Cast/E1). For determination of
the origin of Xist a male line 1.3 and female line 30Al were used, which both contain one
Xist allele with 16 ms2 repeats integrated in exon 7 [92]. ES cells were grown and
differentiated as described [179]. Rnfi2 transgenic ES cells did not survive freeze thawing
and were made fresh prior to analysis. All wild type cell lines and modified BACs will be
made available on request.

Transient expression of Rnf12

Cast/Ei RnfI2 ¢cDNA was PCR amplified and cloned into pEGFP-N1 {Clontech), replacing
the EGFP coding sequence. Male 1.3 ES cells were EB differentiated for one day, and then
transfected with or without the Rnf12 expression construct using lipofectamine (Invitrogen).
The cells were co-transfected with a GFP expression construct for determining the
transtection efficiency. The cells were harvested at day three of differentiation.

RNA and RNA/DNA-FISH

RNA-FISH and RNA/DNA-FISH were performed as described {92, 179]. For detection of
the region surrounding Xist (Xic probe) a cocktail of biotin labeled BAC sequences was
used (CT7-474E4, CT7-45N16, CT7-15512 and CT7-211B4). The Tsix RNA-FISH probe
was a 5 kb Sacll-Sall fragment {134071-139156 in AJ421479)
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Supplemental Figure 1: XCl in ES cell lines with a mouse and human Xist/XIST transgenes

A) RNA-FISH with Xist (FITC) and Tsix probes (rhodamine red) on two day three differentiated ES cell
lines with different integrations of a single copy BAC RP23-338B22 transgene. In line 1.3 RP23-
338B22-7 that harbors one copy of the transgene and shows autosomal Xist accumulation, combined
Xist-Tsix RNA-FISH revealed that a substantial proportion of cells displayed two Xist pinpoint signals, at
day 1 of differentiation, of which only one colocalized with a Tsix specific pinpoint signal. We never
observed that RP23-338B22-7 cells contained two Tsix pinpoint signals, in contrast to line 1.3 RP23-
338B22-4 that did not show autosomal Xist accumulation. This indicates that, in the RP23-338B22-7
cells that showed autosomal spreading of Xist, the autosomal Tsix gene was already silent. B,C)
Percentage of CTD-2200N19 (B) and CTD-2183M22 (C) female transgenic cells with two murine Xist
clouds (orange) and a single human XIST cloud (green), and BAC copy number as determined by
gPCR (BAC copies in grey, n>100 per cell line, * p<0.05, confidence interval 95%).
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Supplemental Figure 2: XCl in RP24-240J16 transgenic male ES cell lines

A) Copy number determination and quantification of the percentage of cells that initiated XCI at day 3 of
differentiation in 1.3 male ES cell lines transgenic for RP24-240J16 (* P<0.05, confidence interval 95%).
B) DNA-FISH analysis with a RP24-240J16 BAC probe (FITC) and an X chromoscme paint probe
(Cy3), showing the autosomal integration of the BAC in J1 transgenic lines 6 and 8. Note that the
intensity of the FITC signal correlates with the copy number determined by gPCR (Figure 2B).

rmale ES, RP24-240)16 || male ES,RP23-7K14 | male ES,RP23-13804 || male ES,RP23-25F18_||_male ES,RP23-288K24 || male ES,AP23-463H23 || male ES, RP23-36C20

Supplemental Figure 3: A 10 kb region from BAC contig RP24-240J16 activates XCl in male cells
RNA-FISH detecting Xist (FITC) on day 3 differentiated male ES cells with different BAC transgenes

(Figure 3A), showing that the 10 kb region depicted in Figure 3A is required for initiation of XCI in male
cells.
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Supplemental Figure 4: Expression of transgenic RNF12 and Bnf12 correlates with XClI

A) Expression analysis of female F1 2-1 cell lines targeted with the human CTD-2530H13 BAC
containing ANF12. RT-gPCR was performed as in Figure 5A. Expression was compared to the average
of wild type cell lines F1 2-1 H13 4/14/15, which did not display ectopic expression of RNF12. B) Table
of female F1 2-1 cell lines targeted with the human CTD-2530H13 BAC containing ANF12 as in Figure
5B (* P<0.05, confidence interval 95%). C) RT-PCR analysis detecting a length polymorphism
distinguishing Anf12 from RANF12 expression. The relative expression ANF12/Rnf12 is depicted below
each lane. D) RNA-FISH with an Xist probe (FITC) on day 3 differentiated BAC MSM-306M13
transgenic 1.3 male ES cell lines. E) Copy number determination and quantification of the percentage of
cells that initiated XCl at day 3 of differentiation in 1.3 male ES cell lines transgenic for BAC MSM-
306M13. The right two columns show the level of transgene expression of Bnf12 relative to the
endogenous copy of Anf12, determined by RT-PCR followed by RFLP digestion, and the number of
cells analyzed for determining the percentage of Xist clouds (* P<0.05, confidence interval 95%). F)
Western blot analysis detecting RNF12 ({top panel) and ACTIN (bottom panel) with nuclear extracts of
wild type male cells and MSM-306M13 transgenic ES cell lines at day 1 of differentiation.

| Rnfi2KO F121 sense |[ Rnfi2KOF121 antis. |

|
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|
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Supplemental Figure 5: Establishment of ARnf12+/-ES
cell lines

DNA-FISH on two different Rnf12 knockout cell lines (sense
and antisense) with a BAC RP24-240J16 probe (FITC) and
a probe detecting the Xic (rhodamine red), confirming the
correct integration of the targeting construct.
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Supplemental Figure 6: RNA expression analysis of Rnf12, Manog and Oct4 in differentiating
female ES cells

Expression data for Rnf12, Nanog and Oct4 in differentiating female ES cells by Lin et al. [38], were
retrieved and the log2 expression ratio was piotted in time.
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Supplemental Table 1; XCI in control celi lines
XCi was determined by Xisf RNA-FISH in undifferentiated (left table} and day 3 differentiated {right
table) male and female control cell lines.
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Supplemental Table 2; XCl in BAC transgenic male and female ES celi lines

A) Copy number determination by gPCR and quantification of the percentage of cells that show
accumulated XIST and/or Xist at day 3 of differentiation in male ES cell lines transgenic for RP24-
180823, RP23-338B22 and CTD-2183M22. (+), Integrafion confimed by DNA-FISH only. For BAC
RP23-338B22 and CTD-2183M22 transgenic ES cell lines the 95% confidence interval of endogenous
mouse Xist accumulation is shown. B} Copy number determination by qPCR and quantification of the
percentage of cells that initiated XCI at day 3 of differentiation in male ES cell lines transgenic for RP23-
447010, RP23-100E1, CT7-474E4, and RP24-224E13 as determined by presence of an Xist cloud. C})
Copy number determination by gPCR and quantification of the percentage of celis that initiated XCl on
wo X chromosomes at day 3 of differentiation in female ES cell lines transgenic for RP23-447010,
CT7-474E4, and RP24-224E13 as determined by presence of two Xisi clouds. (+), Integration confirmed
by DNA-FISH only. The 95% confidence interval of endogenous mouse Xist accumulation is shown in
the right column.
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Supplemental Tabie 3: XCl in BAC transgenic male ES cell lines covering part of BAC RP24-
240416

Copy number determination by gPCR and quantification of the percentage of celis that initiated XCl at
day 3 of differentiation as determined by presence of an Xist cloud in J1 male transgenic RP23-7K14,
RP23-13804, RP23-25P18, RP23-288K24, RP23-463H23 and RP23-36C20 ES cell nes. For BAC
RP23-7TK14 and RP23-13804 transgenic ES cell lings the 95% confidence interval of endogenous
mouse Xist accumulation is shown (* P<0.05).
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Supplemental Table 4: XCI in BAC transgenic RP24-240J16 and RP24-240J16ARNF12 male ES
celi lines

A} Copy number determination and quantification by gPCR of the percentage of celis that initiated XCi
at day 3 of differentiation in 1.3 male itransgenic RP24-240J16, RP24-240J16ARNnf12(sense), and
RP24-240J16ARNf12{anti-sense) ES cell lines as determined by presence of an Xist cloud. The 95%
confidence intervai of endogenous mouse Xist accumulation is shown in the right column (* p<0.05).

Bj Copy number determinaticn by gPCR and quantification of the percentage of ceils that initiated XCI
on both X chromosomes at day 3 of differentiation in 30A1 female transgenic RP24-240J16, RP24-
240J16ARNf12(sense), and RP24-240J16ARNf12(anti-sense) ES cell fines as determined by presence
of two Xisf cloudgs. The 95% confidence interval of endogenous mouse Xist accumulation is shown in
the right column (* P<(.05).
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Suppiemental Methods

Modification of BACs

BACs were acquired from BACPAC (C57/B6 libraries), Resgen (129/Sv library)} or Riken
(Mus musculus mollosinus), and a kanamycin/neomycin resistance cassette was introduced
by i vitro lox recombination. This cassette was generated by introduction of a lox
sequence and Scel site Bglll-Not! into pEGFP-N1 (Clontech). RP24-243J16ARNf12 was
generated by homologous recombination in bacteria [900}. The targeting cassette was PCR
amplified using primers (GCCTTCGAACATCTCTGAGC,
GAGCCGGACTAATCCAAACA), cloned into pCR-Bluntll-TOPO (Invitrogen), and
linearized with Nhel o introduce a kanamycin/neomycin cassette AflIl-EcoQ1091 excised
ftom EGFP-N1. Homologous recombination in bacteria was confirmed by PCR with
primers 1, GGCAGAGAGCCACTTTCATC, 2, CTGGCACTCTGTCGATACCC, 3,
TTCCACAGCTGUTTCTTTCC, and gel electrophoresis. BACs were Scel linearized and
electroporated inte female Fi 2-1 ES cells. Homologous recombination in ES cells was
confirmed with primers GCCTTCGAACATCTCTGAGC,
GAGCCGGACTAATCCAAACA, amplifying a Nhel polymorphism present in the wild
type 129/Sv allele. The presence of two polymorphic X chromosomes was confirmed by
amplification  of a  sequence Jocated Iin  Xisr, with the  primers
CAGTGGTAGCTCGAGCCTTT and CCAGAAGAGGGAGTCAGACG, and subsequent
digestion with Brgl which digests a RFLP present in the 1298V allele.

Expression analysis

For allele specific Ruf72 RT-PCR analysis, RNA was reverse transcribed (Invitrogen
Superseript 1D and amplified with primers TAAAGAGGGTCCACCACCAC and
GGCAGAGAGCCACTTTCATC. PCR products were purified and digested with Nhel,
which digests the 129/Sv but not the Cast/Ei PCR product. For RT-qPCR expression
studies,  Xisr  was  amplified with GCCTCAAGAAGAAGGATTGC  and
GGOATTGTTTGTCCCTTTGG; Rafl2 with CCCCAGGTGAAAGTACTGAGG and
CTCTCCAGCTCTATTITCATCG; RNFIZ with TGAGAGATAACAATTTGCTAGGC
and GTGGGCCTTCTTTAATTTGC; and Actin with ACTATTGGCAACGAGCGGTTC
and AGAGGTCTTTACGGATGTCAACG. Co-amplifycation of Rafl2/RNFIZ was
performed with AAGAAGAGTTCOTCCTGGAGAATA and
CGAAGTTTGTTGCCTTCTGT.

RNFI2 protein was detected with a mouse anti RNF12 antibody (Abnova), ACTIN was
detected with a mouse anti ACTIN antibody (Sigma). For expression analysis of the region
covered by RP24-240J16 total RNA was isclated from two day 3 differentiated wild type
female ES lines, labeled and hybridized to Niblegene tiling arrays, covering the X
chromosome with 30 bp intervals, excluding repetitive and non annotated sequences.
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BAC copy number determination

BAC copy number was determined with gPCR using primers;
GTTCTTACCACCAATTGAAAACG, CAAAACAGACTCCAAATTCATCC, for RP24-
180B23 and RP23-338B22,

ACCATGACCAAAGCAACTCC, CTCCTCCAGTACCATGTCTGL, for RP23-447010
CCGCTGAAGATAGCTCTTGG, GCCACAACCAAACAGAATCC for RP24-224E13
and CT7-474E4,

ATCTCACCGTACCCATGAGC, CCTCTGGTACGACCTCTTGC, for RP23-100EL,
AGCCCCGATGAAAATAGAGG, GGCATTTCTGGATAATCTTTGG for RP24-240116,
RP23-7K 14, RP23-13804, RP23-288K24, RP23-463H23 and RP23-36C20,
AGTCATTGGCTGGTCACTCC, ATCAACCCAGACACCAAACC, for RP23-25P18,
GATAGCAGGTCAGGCAGAGG, ACGCAAAGCTCCTAACAAGC, for CTD-2183M22
and CTD-2200N19,

CTCATTTTGAGCCCTTCTGC, ACCACATTTGCCTCAGATCC, for CTD-2530H13 and
GCACCCATATCCGCATCCAC, GCATTTCTTCCCGGCCTTTG, for Zfp-42 as an
autosomal normalization control.

Statistics
The 95% confidence intervals for the proportion were caiculated by:

JZ ~—(:l.96>< M} 10 p+!:l.96>< M:(, with n for the number of cells
i n

analyzed, and p representing the percentage of Xis7 clouds measured. Non overlapping

intervals between transgenic and non transgenic control cells were scored as significant
(p=<0.05).

The Z-test for proportion was calculated by:

. with nn for the number of cells analyzed, and p and x representing the

proportion and average propoértion.

The correlation coefficient, Pearsons r was determined by:

D (xi—x)yi— )

= = = where xi and yi are the values of X and Y for the i
D xi= ) Y (yi- )’

n—2 _ .
measurement, followed by r -, to determine the p value, with n representing the
1—r"

degrees of freedom.
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Abstract

he use of bacterial artificial chromosomes (BACs) provides a consistent and high

targeting efficiency of homologous recombination in ES cells, facilitated by long
siretches of sequence homology. Here, we introduce a BAC targeting method which
employs restriction fragment length polymorphisms (RFLP) in targeted polymorphic
C57Bl/6 / Cast/Ei F1 mouse ES cell lines to identify properly targeted ES cell clones. We
demonstrate that knockout alleles can be generated either by targeting of an RFLP located
in the open reading frame thereby disrupting the RFLP and ablating gene function, ot by
introduction of a transcription stop cassette that prematurely stops transcription of an RFLP
focated downstream of the stop cassette. With both methods we have generated RufiZ
heterozygous knockout ES cells, which were identified by allele specific PCR using
genomic DNA or ¢DNA as a template. Our results indicate that this novel strategy is
efficient and precise, by combining a high targeting efficiency with a convenient PCR
based readout and reliable detection of correct targeting events,

Introduction

The discovery of mouse embryonic stem (ES} cells and the possibility to manipulate the ES
cell genome through homolegous recombination has provided a powerful methodology to
study gene function in vitro and in vive [55-56, 901]. Initial studies indicated that key
factors important for efficient gene targeting include the length of the targeting arms, which
positively correlates with the targeting efficiency [902-903], and the use of isogenic DNA
for the generation of targeting constructs, as the presence of SNPs in a targeting vector
would reduce the targeting efficiency [902, 904]. Increased rtargeting efficiency was
obtained by targeting of mouse ES cells with a BAC (bacterial artificial chromosomes)
strategy. Several annotated BAC libraries are now available for different mouse laboratory
strains, to target a variety of different ES cell lines with isogenic targeting vectors
(http://www.nebinlm.nih.gov/clone/). Correct targeting with BAC targeting vectors is
generally verified by quantitative real time PCR (qPCR) amplifying a fragment spanning
the projected deletion/insertion, together with a qPCR amplifying a fragment located in one
of the arms {905]. Afso DNA-FISH has been applied to determine a correct genetic
modification [906]. However, because conventional Southern blotting techniques cannot be
applied, these techniques are prone to detect false positive and negative clones. To avoid
this problem, BAC targeting vectors are used that have both short and long targeting arms,
allowing detection and/or confirmation of positive clenes by Southern bloiting using an
external probe [907]. This requires a BAC that is properiy positioned around the insertion
site, or is modified by trimming one of the arms through homologous recombination in
bacteria. Together, the current strategy still is associated with several problems. In view of
this, we have developed a new BAC rargeting strategy which makes use of RFLPs present
in genetically polymorphic ES hybrid cell lines, generated by crossing C57Bl/6 female
mice with Cast/Ei male mice, providing a convenient readout for proper gene targzeting. In
ithe present study, the proof of principle target gene was Rrnf72, which encodes a nuclear
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factor involved in X chromosome inactivation (XCI}y [174]. For this gene, our resulis
indicate that the new strategy can be used to efficiently introduce genetic modifications in

ES cells using BAC targeting cassettes combined with a reliable readout based on allele
specific PCR.

Methods

ES cell derivation and ceill culture

Female C37BI/6 mice were crossed to male Cast/Ei mice, and blastocysts were seeded onto
irradiated mouse embryonic fibroblasts (MEFs) in DMEM, 15% v/v knockout serum
replacement (Invitrogen), 100 U ml™”' penicillin, 100 mg mI" streptomycin, non-essential
amino acids, 0.1mM B-mercaptoethanol, 5000 U ml™' feukaemia inhibitory factor (LIF} and
50 pM MEK] inhibitor (New England Biolabs). The dissociated inner cell mass outgrowth
was seeded on new feeders and afier one passage grown in standard ES medium containing
DMEM, 15% v/v foetal calf serum, 100 U m!” penicillin, 100 mg mi™ streptomycin, non-
essential amine acids, 0.1mM B-mercaptoethanol, and 1000 U ml”" LIF. Toe induce
differentiation, ES cells were split, and pre-plated on non-gelatinised cell culture dishes for
60 minutes. ES cells were then seeded in non-gelatinised bacterial culture dishes containing
differentiation medium to induce embryoid body (EB) formation. EB-medium consisted of
IMDM-glutamax, 15% v/v foetal calf serum, (00 U ml' penicillin, 100 mg ml”
streptomycin, non-essential amino acids, 37.8 uf 1" monothioglycerol and 50 weg/ml
ascorbic acid. To generate chimaeras, C37BI/6 mice where superovulated and rnated, and
day 3,5 blastocysts were isolated. ES cells were injected, and the embryos were transtered
to pseudopregnant foster mothers. Chimeras were crossed to C57BI/6 mice, and germ line
transmission was judged by coat celor. Ali animal experiments were in accordance with the
regulations of the Erasmus MC Animal Experimental commission.

RFLP analysis and genotyping

To confirm the parental origin of the derived C537Bi/6 / Cast/Ei hybrid mouse ES cells,
RFLP analysis on genomic BNA was performed by PCR Tollowed by restriction digestion
using the following primers and enzymes: Xist CAGTGGTAGCTCGAGCCTTT and
CCAGAAGAGGGAGTCAGACG, BsrGl Cavl: ACAGGCAGAAGGAGCTGTGT, and
CCCAGCTGTAAAGGCTTCAG, Zral. Sry was amplified using
ATTTATGGTGTGGTCCCGTGGT and TATGTGATGGCATGTGGGTTCC.

Karyotyping, RNA-FISH and DNA-FISH

For karyotyping, cells were blocked in metaphase using colcemid, and metaphase spreads
were prepared by hypotonic treatment, followed by fixation in methanol acetic acid (3:1
viv}, according to standard procedures. Xist RNA-FISH and DNA-FISH were performed as
described [174]. For DNA-FISH, a mouse BAC probe (RP24-240J16) containing the Rnf72
gene was digoxigenin-labelled and used to determine the number of integration sites of the
Rufl2 targeting constructs. A cocktail containing biotin-labelied BAC sequences containing
Xist {CT7-474E4, CT7-45NI16, CT7-1535J2 and CT7-211B4) was used as a probe to
determine the number of X chromosomes.
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RT-PCR

RNA was isolated from undifferentiated ES cells using Trizol reagent (lnvitrogen),
according to manufacturer’s instructions, and cDNA was prepared using the SuperScript
TM™ LI First-Strand Synthesis System (Invitrogen}. RT-PCR for pluripotency markers was

performed using the following gene specific primers: Oct4:
CCCCAATGCCGTGAAGTTG, TCAGCAGCTTGGCAAACTGTT; Nanog:
AGGATGAAGTGCAAGCGGTG, TGCTGAGCCCTTCTGAATCAG; SoxZ:
CACAGATGCAACCGATGCA, GGTGCCCTGCTGCGAGTA,; B-Actin:

CAACGAGCGGTTCCGATG, GCCACAGGATTCCATACCCA.

Construction of targeting constructs

The Rnfi2 targeting construct has been described [174]. To generate the SA-tpA stop
constructs, a cassette containing a floxed splice acceptor and polyadenylation sequence and
a Frt site fianked neomycin/kanamycin fusion gene was generated, starting with a pEGFP-
NI vector {Clontech). A linker containing a Lox66 and EcoRV, Bglll and BamHI sites
together with a linker containing a Lox71 and Frt sites flanking a Scal site were cloned
Bglll-Notl into pEGFP-NI, releasing EGEFP (complete sequence:
GATCTAATATAACTTCGTATAGCATACATTATACGAACGGTAGATATC
AGATCTOGOATCCTATTGAAGCATATTACATACGATATGCTTGCCATTTAATTCC
GGAGAATCCOGGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCAGTACTGA
AGTTCCTATTCTCTAGAAAGTATAGGAACTTCTAGG). The Scal site was used to
insert a Dralli-Asef kanamycin/neomycin fragment. The SA-tpA sequence was a BamHI
fragment from pSStpA [123], inserted in the BamHI site of the linker. Three unique
restriction sites in introns 2, 3 and 4 of Rrf72 were PCR amplified, with 500 bp of flanking
region, and cloned into pPCR-Topo-bluntll, using the following primers and unique

restriction sites: intren 2 Bglil GGUGCTACACAGAGAAAGAAACC,
AGCCATGCATGCTTGTGTTA; intron 3 Nhel
GAAACAGCTTGTTTTATAATGTTTCTT, TTGAACATGTGTTGCAAAATTAC;

intron 4 Avtll ACATTTTGTTTGGGGACGGTG, GAATTGTGCAACTCOGGAACA, The
SA-ipA kanamycin/neomycin cassette was Nhel-Aflll released and inserted into the unique
restriction sites of the intronic targeting constructs. The final constructs were used for
homotogous recombination in bacteria of a C57Bl/6 BAC RP24-240J16 [900]. Positive
clones were screened by PCR for the correct recombination event using primers spanning
the homologous recombination arms of the targeting constructs and insert specific primers:
Rufl12 intron 2 AAAGGTTTTGGCTGGATGGT, rev TGTGCCATAATGCTTGGCTA,
Rufl2 intron 3 CCCAGGTAAGCTOCATGTAA, rev
TOGTAGTCTTCTGAGCAACTCTTCC, Rufl2 intron 4 ACAGAGCCCCGATOGAAAAT,
rev ACACGATTAGGACACTCATGG.
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Targeting of ES ceils

Targeting constructs were linearized by Pi-Scel digestion. For each electroporation,
approximately 40 pg of DNA and 1.0 x 10° ES cells were used. Cells were seeded on drug
resistant male feeder celis {MEFs), and selection with neomycin (270 pg ml”, active} was
started 24 hours post-transfection and continued for 7-12 days. Drug resistant clones were
picked and expanded.

RFLP anaiysis of targeted ES ciones

Genomic DNA (gDNA) of ES clones was isolated, and RFLP analysis was performed using
the following primers and enzymes: Rufi2 GCCTTCGAACATCTCTGAGC,
GAGCCGGACTAATCCAAACA, Nhel; Xist CAGTGGTAGCTCGAGCCTTT and
CCAGAAGAGGGAGTCAGACG, BsrGl. For analysis of cell lines targeted with the stop
constructs, RNA was isolated, cDNA prepared and expression of Raf!2 was analyzed by
RFLP analysis using primers TAAAGAGGGTCCACCACCAC and
GUCAGAGAGCCACTTTCATC followed by Nhel restriction digestion,

QPCR copy number analysis

Copy number of genomic sequences was determined by real time qPCR with genomic
DNA using the following primers: Rnfl2 (Nhel site): GTTCGTCCTGGAGAATACCG,
GOAAAAGGTACGCCTAAAACG, RuflZ: AGCCCCGATGAAAATAGAGG,

GGCATTTCTGGATAATCTTTGG ; Zfp42: GCACCCATATCCGCATCCAL,
GCATTTCITCCCGGCCTTTG.

Southern biotting

Five to 10 ug of genomic DNA was digested overnight with Nhel, and separated on a 4,7%
agarose gel. DNA was blotted to Hybond membranes using standard procedures, and the
blot was hybridized with a PCR amplified probe (primers:
GGCAGAGAGCCACTTTCATC, GCCAAAGACCTCCAACCATA)

Resulls

Existing methodology for screening positive clones after homologous recombination with
BAC targeting cassettes involves qPCR or DNA-FISH. These methods are prone to detect
false positive and negative clones, and we therefore set out to develop a method to screen
targeting events by using RFLPs in Fi hybrid cell lines. In the first approach the BAC
targeting vector destroys the RFLP and inserts a kanamycin/neomycin resistance cassette in
the open reading frame of the gene of interest, thereby ablating gene function {(Figure 1A-
). Removal of the RFLP can be screened by PCR using genomic DNA as a template and
subsequent digestion of the PCR product with the restriction enzyme recognizing the
targeted RFLP. In another approach, we infroduce a splice acceptor poly-adenylation
transcription stop cassette (SA-tpA) in an intron of the gene of interest, prematureiy
abrogating gene transcription resulting in a non-functional protein. For ihis second
approach, positive clones are identified by RT-PCR amplification of a ¢DNA sequence,
which contains an RFLP that is located downstream of the transcription stop cassette
{Figure 1A-II).
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Generation and targeting of F1 ES hybrid celi lines

To obtain genetically polymorphic ES cell lines with a high number of RFLPs that could be
used for gene targeting, we generated F1 hybrid ES cell lines by crossing C57Bl/6 female
mice with Cast/Ei male mice. The C37BI/6 classical inbred Mus musculis mouse strain is
among the most widely used and best characterized mouse strains. The C57B1/6 mouse
genome has been sequenced, and several well-annotaied BAC libraries have been generated
[908]. The Cast/Ei inbred strain has been derived from a wild population of the subspecies
Mus musculus castaneus, is more difficult to breed, but offers advantages related to its
variant genetic background [909]. Intercrosses between Cast/Ei and other strains have been
extensively used for SNP based distinction of the maternal and paternal genome, for
instance to study genomic imprinting and XCI. The C37BI/6 and Cast/Ei mouse strains are
highly polymorphic, with an estimate of one SNP per 31| base pairs, providing a sufficient
number of RFLPs to allow targeting of aimost every gene [909]. The Cast/Ei Mus m.
subspecies is currently being sequenced, a BAC library is available, and a SNP database is
publically accessible (www.perlegen.com).

We generated five different F1 ES cell lines, with the proper karyotype and ES cell
morphology, which were successfully differentiated into embryoid bodies (EB) (Figure
1B). RT-PCR expression analysis confirmed expression of the pluripotency markers Oct4,
Sox2 and Nanog (Figure 1C). Karyotyping and PCR analysis of genomic DNA with a
primer set specific for Sry showed that three ES cell lines were male and two female
(Figure 11). We confirmed the C57BI/6 / Cast/Ei F1 genotype by PCR amplification of the
autosomal gene Cdy/ and the X-linked gene Xist, and digestion with restriction enzymes
specific for RFLPs thai discriminate between a C57Bl/6 or Cast/Ei PCR product (Zral for
Cdyl, and BsrGl for Xist). Digestion of the Xisf PCR products from genomic DNA (gDNA)
of the male ES cell lines revealed only a C57BI/6 product, as expected, because the single
X chromesome in male cells is inherited from the C37B1/6 mother. Two male ES cell lines,
E3 and E14, were ingjected in C57B1/6 blastocysis and several founders (5 for E3, 2 for E14)
were retrieved, all showing high coat color contribution (representative animals are shown
in Supplementary Figure I). Different founders were crossed with C57B1/6 females and
all tested animals showed germline transmission (Figure 1E). Taken together, we generated
three male and two female C57B1/6 / Cast/Ei F1 ES cell lines. Because of our interest in the
female specific X chromosome inactivation process female ES line EI5 was used for
further targeting studies.

Targeted disruption of the Rnf12 open reading frame
For BAC mediated targeting of an RFLP we selected the X-chromesomal Ruf/2 gene as a
target {Figure 2A). We have recently shown that the encoded RNFI12 acts as a dose-
dependent activator of X chromosome inactivation (XCI) in female ES cells [174, 910-
911). RNF12 is an E3 ubiquitin ligase that regulates XClI through activation of the X-linked
gene Xist [911]. The transcribed Xist RNA coats the inactive X chromosome in cis (Figure
1B}, thereby attracting chromatin modifying enzymes invelved in establishing inactive
chromatin [892].

Rnf12 consists of five exons, spanning 24 kb, In the SNP database we identified
Nhel as an RFLP located in exon 5 of the C37BI/6 Ruf!2 allele, and confirmed the RFLP
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Figure 1: Two approaches of a new strategy for manipuiation of hybrid mouse ES cell lines

A) Schematic overview of RFLP mediated BAC targeting of hybrid C57BIS / CastEi ES cells.
Chromosomes from C57BHE are indicated with BE and from Cast/Ei with Cast. Exons of the gena of
interest are indicated in green, the kanamycin/necmycin resistance casseite in white, and the
transcription stop cassette in black. B) C57BW6 / Cast/Ei hybrid ES cells show proper ES cell
morphology (left panel), are able fo differentiate in vitro in embryoid bodies {middle panel}, and femaie
lines can initiate X chromosome inactivation upon differentiation (right panel, showing Xist RNA labelled
in FITC, and DNA stained with DAP!). €} RT-PCR of pluripotency genes. The generated C57BI6 /
Cast/Ei ES cells {E3-E15) express the pluripotency factors Oct4, Sox2 and Nanog. J1 is a male control
ES cell line, MEFs were used as negative control, and Actin is a centrol mRNA. B} PCR amplification of
aDNA of different C57BI/6 / Cast/Ei £S cell lines {E3-E15) and control gDNA (Cas and B8), and
digestion with restricticn enzymes identifying allele specific preducts for Xist (X-encoded, BsrGl, top
panel), Cdyf (autosomal, Zral, middle panel) and PCR amplification of Sry (Y-encoded, bottom panel).
E} Table summarizing the characieristics of the C57BI/6 / CastEi ES cell lines analyzed in this study,
and two other polymorphic 128/Sv / CasVVEi cell lines (*) that have been used in other gene targeting
studies [174].



Chapter 3: Precise BAC targeting of genetically polvmorphic mouse ES cells

by sequencing analysis of gDNA isolated from C57BI/6 and Cast/Ei mice. Disruption of
RNFI12Z activity by insertion of a neomycin/kanamycin resistance cassette in this Nhel
RFLP would lead to a premature translation stop of RNF12, resulting in a 331 aa protein
lacking the RING finger that is crucial for RNFi2 activity. Based on this, we generated a
targeting construct to disrupt Kafi/ 2, by PCR amplification of the Nhel RFLP and 500 bp of
flanking sequence, and subsequent insertion of a kanamycin/neomycin resistance cassette in
the Nhel site. The C37Bl/6 BAC RP24-240116, covering the Rufi2 gene, was targeted
through homologous recombination in bacteria [900], and correct targeting was confirmed
by PCR amplification using primers inside the resistance cassette and outside the targeting
arms (data not shown). The targeting efficiency in bacteria was >80%. The modified BAC
sequence was linearized with Scel and targeted to female ES cell line E13, and subsequent
to neomycin selection clones were picked and expanded for further analysis. Genomic
DNA of these ciones was subjected to PCR using primers spanning the targeted Nhel site,
and the PCR product was digested with Nhel. Correctly targeted clones are expected to
have an undigested Cast/Ei product only, although contamination by feeder cells (C57Bi/6)
might result in the presence of some digested material (Figure 2B). We therefore also grew
the targeted clones without feeders, which indicated that 12% of the picked clones showed
a toss of the C57BY6 specific PCR product (Figure 2C, and Figure 3C).

Our results were confirmed by qPCR analysis with primers spanning the Nhel site,
which indicated a reduction in copy number from two to one, and primers amplifying a
region proximal to the Nhel site, indicating no change in the copy number (Figure 2E). The
loss of one Nhel site could be attributed to a correct targeting event, or loss of an X
chromosome. Although the gPCR resuits indicated that both X chremosemes were present,
we also performed a PCR amplification of a BsrGl polymerphism in the Xist gene.
Digestion of the PCR products with BsrGl, which only digests the C578l/6 PCR product,
indicated that both X chromosomes were present in all clones that showed a loss of the
C57Bl/6 Rnfi2 PCR product (Figure 2D). We confirmed this finding by DNA-FISH with
two different probes, one covering the BAC used for targeting the ES cells, and the other
covering Xist and flanking sequences. We found that clones that lost the RFLP had retained
the expected 40,XX karyotype, providing evidence for a correct targeting event, and
precluding the presence of randomly integrated BACs (Figure 2F). Finally, genomic DNA
of targeted clones was subjected to Southern bletting analysis, which indicated the correct
targeting event; toss of the CS7BV/6 specific 5.4 kb band in knockout clones that were
selected based on the RFLP PCR agsay and no loss in control clones (Figure 2G).

Analysis of all our targeted clones indicated that targeting with a C57Bl/6
construct, was specific for the C57Bl/6 allele. However, our previous studies also indicated
that the same construct can be used to target the 129/Sv allele in F1 2-1 129/8v / Cast/Ex
female ES cells [174]. The targeting efficiency for this experiment was lower, probably due
to the presence of SNPs in the targeting construct (Figure 3C). Using a Cast/Ei targeting
construct in which kanamycin/neomycin was replaced by a ampicillin/puromycin resistance
cassette, we were also able to target the Cast/Ei allele, resulting in a homozygous RnffZ-/-
ES cell line [911]. In this experiment the efficiency was lower (3%) than found for the
C57Bl/6 construct targeting the C57Bl/6 allele, possibly due to selection against cells
deficient for Rafl2 (Figure 3C).
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Figure 2: Generation of Rnf12 knockout ES cell lines by disruption of the Rnf12 open reading
frame

A) Targeting of Rnft2 by insertion of a kanamycin/neomycin resistance cassette into the exon
containing 2 Nhel RFLP destroys the RFLP (present in the C57BI/6 allele}. B} PCR analysis with
primers indicated in Figure 2A amplifying the Nhel RFLP located in Rnf12 using genomic DNA of
targeted clones 1-7. PCR fragments were digested with Nhel. C} Same as in Figure 2B, but with gDNA
isclated from clones 2, 6 and 10, grown without feeder cells. Cast/Ei (Cas), C57BI/6 (B6) and Cast/Ei /
C57BI/S (F1) DNA was used as a control (m=marker). D} Same as in Figure 2C, but PCR analysis
amplifying the BsrGl RFLP focated in Xist using gONA of the targeted clones. PCR fragments were
digesied with BsrGl. E) qPCR analysis with primers indicated using gBDNA of different targeted clones.
Values were normalized to values obtained with a primer set amplifying the autosomal Zfp42 gene. F}
DNA-FISH anaiysis with a BAC probe covering the targeting cassette (FITC), and a mix of BAC probes
detecting Xist and flanking regions (Rhodamine red) (DNA stained with DAPI). G} Southern blotting
analysis, using a probe that distinguishes between the Cast/Ei {8.1 kb) and C57BI/6 (5.4 kb) aileles. A
neo insertion event destroying the Nhel RFLP present on the C57Bi/6 allele resuts in a 10.3 kb
fragment (ciones 2, 6 and 10). H) Three different Bnf12+/- ES cell lines and a wild type female ES cell
line were differentiated, and subjected to Xisi RNA-FISH. The relative number of celis showing an Xist
cloud, indicative for initiation of XCl, is shown at different time points of differentiation (N>100 per time
point, error bars represent 95% confidence intervals),

To demenstrate the value of the strategy described herein for studying a specific
cellular process, we tested the effect of the heterozyvgous Rwuf/2 deletion on XCI. We
analyzed the percentage of cells that initiated XCI, by Xist RNA-FISH at different time
points of EB differentiation, for three Rnafl/2+/- clones. Previously, we found that a
heterozygous deletion of Rnf7Z in female celis results in a significant reduction of XCI, as
part of the evidence that RNF12 is an important activator of XCI [174]. In agreement with
this, analysis of the present C57BI/6 / Cast/Ei Rnfi2 +/- female ES lines also showed a
reduction in the number of cells that initiated XCl (Figure 2H). These results indicate that
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Figure 3: Generation of Rnf12 knockout ES cell lines by insertion of a transcription step cassette
A) Generation of Rrifi2 knockout ES cell lines by integration of a splice acceptor triple poly-adenylation
sequence (SA-tpA} together with a kanamycin/neomycin resisiance cassette. Different targeting
constructs were generated to target the stop cassette to one of the infrons 2, 3 or 4. B) RT-PCR
analysis with cONA form clones targeted with cassettes targeting different introns, using primers
amplifying the Nhel RFLP located in exon 5. RT-PCR products were digested with Nhe! {o reveal allele
specific PCR preducts. Correctly targeted clones are indicated (ko). €) Tabie summarizing the targeting
efficiency of the constructs described for targeting the C57BI/S allele (n=number of clones picked). (7)
Targeting efficiencies of previously described experiments involving C57BI/6, and Cast/Ei exon &
targeting constructs used to target the 129/Sv and Cast/Ei alieles in F1 2-1 128/Sv / Cast/Ei female ES
cells [174, €11]. (**) The Cast/Ei allele was fargeted in Rnfi2+/~ (129/Sv / Cast/Ei) ES cells creating a
Rrif12 null ES cell, which may affect the targeting efficiency.

homelogous recombination of RFLPs with BAC targeting construets provides an efficient
and precise method to generate knockout ES cell lines.

Premature abrogation of Rnf12 iranscription

Bven in the highly polymorphic ES cells used for the present study, a relatively small
percentage of all genes will not contain suitable RFLPs to allow targeting of a resistance
cassette abolishing expression of a functional transcript. For such genes, a splice acceptor
triple poly-adenylation (SA-tpA) cassette could be used to insert into an intronic RFLP,
thereby leading to a premature stop of transcription. Alternatively, a SA-tpA cassette could
be inserted into an intron of the gene of interest, using a transcribed RFLP located
downstream of the insertion site to screen for proper integration. Both modifications of the
present method provide many more possible targeting sequences. As proof of principle, we
generated targeting vectors aimed to prematurely stop transcription in one of the introns 2,
3 or 4 of Rufi2 (Figure 3A). BAC targeting cassettes were generated through homologous
recombination of a SA-tpA cassette flanked by a kanamycin/neomycin resistance casseite
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in different introns of Rufl2 in C57Bl/6 BAC RP24-240J16. Proper integration of the SA-
{pA cassette was verified by PCR (not shown), and the targeting vectors were
electroporated into female E15 C5781/6 / Cast/Ei ES cells. Neomycin resistant clones were
expanded without feeder cells for RNA isolation. To determine the clones with a proper
integration of the SA-tpA cassette abolishing Ruf/2 expression from the targeted C57Bl/6
allele, we generated cDNA and performed RT-PCR amptifying the exon 4-5 junction of
Rufl2 including the previously described Nhel RFLP. Allele specific expression was
determined by digestion of the RT-PCR product with Nhel, which only digests the C57B1/6
PCR product. For each targeting vector we obtained positive clones which showed
expression of the Cast/Ei allele enly, indicating proper integration of the transcription stop
cassette (Figure 3B). Loss of an X chromosome was ruled out by PCR amplification of a
BsrGl RFLP located in the JXist gene, using gDNA and subsequent digestion with BsrGl
(data not shown). The targeting efficiencies were 4%, 8%, and 12%, for targeting of introns
2,3, and 4, respectively, which is in the range of previously reported targeting efficiencies
of BAC targeting constructs [906]. These results indicate that different targeting methods,
either removing an RFLP or ablating expression of an RFLP combined with an ailefe
specific PCR to detect a correct targeting event, can be applied to introduce genetic
modifications in ES cells.

Discussion

Previous attempts to generate genetically modified ES cell lines by homologous
recombination of BAC targeting vectors have been challenging, mainly because a clear
readout for proper integration of the targeting cassette was missing. Here, we have
generated and targeted F1 C57Bl/6 / Cast/Ei hybrid ES cell lines, which are genetically
polymorphic, carrying a high density of RFLPs.

We have opted for two different approaches for BAC mediated gene targeting,
bath using RFLPs as a readout for properly targeted clones. In one strategy a resistance
casselte is integrated into the open reading frame of a gene, ablating gene function and
disrupting the RFLP. In another approach, a splice acceptor transcription stop cassette is
inserted in a transcribed RFLP, or in a genomic location upstream of an RFLP, and
subsequently the RFLP is used to detect loss of expression of the targeted allele, The last
strategy can even be used to generate conditional knockout or rescue alleles, by using
inverted asymunetric lox sites. The combination of these approaches provides an
opportunity to disrupt a wide selection of candidate target genes. Nonetheless, even in the
F1 C57Bl/6 / Cast/Ei ES cell lines for some genes no RFLPs will be available. Especially,
single exon genes or genes covering a relative small genomic region may net entail enough
SNPs for the design of a proper targeting approach. Alse, the targeting strategy based on
screening of expressed RLFPs requires the targeted gene to be expressed in ES cells.
Fortunately, this is true for many genes, and even genes which only play a role in
embryonic development and differentiation processes appear to be expressed at a base level
in ES cells, sufficient to allow application of the second approach.

The targeted F1 C57Bl/6 / Cast/Ei ES cell lines can directly be used to study the
effect of the mutation introduced in vifre, or can be used for the generation of mice, either
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through the generation of chimaeric mice by injection of ES cells in a diploid blastocyst or
by the tetraploid complementation technology [912]. For several studies, the analysis of
mutant mice generated with these hybrid ES ceil lines requires extensive back crossing.
However, mice generated by tetraploid complementation could avoid this problem. Also,
the effect of many mutations can be studied in hybrid mice, and for studies involving
genomic imprinting and X inactivation a hybrid back ground is even the preferred back
ground for studying the consequence of an introduced mutation.

Regarding efficiency of the new strategy, for targeting of the Rnf!2 locus, we find
that analysis of less than a hundred clones results in a sufficient number of properly
targeted cell lines {(Figure 3C), in agreement with previous findings using homologous
recombination with BAC targeting vectors [906]. Although there is neither a gain or loss in
efficiency, the use of RFLPs to perform an allele specific PCR profoundly facilitates the
detection of positive clones, and omits less reliable and more laborious techniques such as
DNA-FISH and gPCR. Therefore, our new strategy for gene targeting combines the high
efficiency of BAC targeting technology with a convenient readout to screen for positive
targeting events. The highly polymorphic C57B1/6 / Cast/Ei ES cell lines we generated, in
combination with the different approaches described here, for targeting a gene of interest,
provides many options for efficient and precise BAC targeting of almost every gene in the
MOUSE Zenorme.
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Supplementary Figure 1: Germ line transmission of C57BI1/8 / Cast/ki £ES cell lines
A) Founders generated by injection of E3 (top two panels), and E14 (bottom two panels), show high
coat color contribution. 8) Offspring of founders shown in A&, indicating germ line transmission.
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Absitract

he isolation of germ line competent mouse Embryonic Stem (ES} cells and the ability

to modify the genome by homologous recombination has revolutionized life science
research. Since its initial discovery, several appreaches have been introduced to increase
the efficiency of homologous recombination, including the use of isogenic DNA for the
peneration of targeting constructs, and the use of Bacterial Artificial Chromosomes
(BACs). BACs have the advantage of combining long stretches of homologous DNA,
thereby increasing targeting efficiencies, with the possibilities delivered by BAC
recombineering approaches, which provide the researcher with almost unlimited
possibilities to efficiently edit the genome in a controlled fashion. Despite these advantages
of BAC targeting approaches, a widespread use has been hamperaed, mainly because of the
difficulties in identifying BAC-targeted knockout alleles by conventional methods fike
Southern Blotting. Recently, we introduced a novel BAC targeting strategy, in which
Restriction Fragment Length Polymorphisms (RFLPs) are targeted in polymorphic mouse
ES cells, enabling an efficient and easy PCR-based readout to identify properly targeted
afleles. Here we provide a detailed protocol for the generation of targeting constructs,
targeting of ES cells and convenient PCR-based analysis of targeted clones, which enable
the user to generate knockout ES cells of almost every gene in the mouse genome within a
two month period.

Introduction

Mouse ES cells are characterized by their ability to self-renew and differentiate into all cel]
types of all the three germ layers, both ir vitro and in vivo [55-36, 913]. One crucial finding
was that mouse ES celis are permissive for homologous recombination, allowing gene
targeting approaches to alter the mouse genome, allowing the creation of loss-of-function
{knockout) and gain-of-function (knock-in) mouse models to study gene function {901,
914-918]. More than two decades after its initial description, gene targeting approaches
have resulted in thousands of knockout mouse models, and large scale, high-throughput
projects aiming to disrupt every single gene in the mouse are underway [919-923]. In
addition to generating knockout alleles, gene targeting approaches can alse be used to
generate fusions between the gene of interest and a reporter gene {e.g. EGFP, mCherry,
LacZ and others), to facilitate /# vive tracing of gene expression, or (o generate tagged
versions of genes (Flag-tag, His-tag, FTAB-tag and others), which can be used in affinity
purification and proteomic studies to characterize protein interaction partners [924-925].
Besides the advantages for generating animal models, ES cell and homologous
recombination techniques also provide valuable tools for i virro studies, in which modified
LS cells can be used to study the outcome of gene ablation or modification on a wide range
of processes, including DNA damage repair, signaling pathways, epigenetics and X
chromosome inactivation amongst many others,

Conventional studies on homologous recombination in ES cells make use of
plasmid constructs containing a positive selection cassette, rendering targeted cells resistant
to a particular antibiotic, flanked by homology arms, together with a negative selection
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cassette eliminating cells with a randomly integrated transgene. The size of the homologous
DNA sequence was found to be crucial for the efficiency of a successful targeting event,
with longer stretches of homologous arms facilitating more recombination events [902-
903]. The degree of homology between the targeting construct and the genome of the ES
cell is also important, as the presence of SNPs differing between the sequence of the
targeting vector and the endogenous DNA sequence can significantty affect the targeting
efficiency [902]. Therefore, it is advisable to use isogenic DNA of the construction of the
targeting vector [904]. The need for long, isogenic homology arms to construct successful
targeting vectors can be challenging and time-consuming as conventional methods like
restriction enzyme-based cloning will be difficult when large vectors (>20kb) are being
generated. To circumvent these problems, BACs have been introduced as targeting
constructs for homologous recombination [903-907, 926-929].

BAC constructs were originally developed to allow cloning of large pieces of

senomic DNA (up to »200 kb) which could be used for physical mapping and sequencing
approaches, and are characterized by a high-clonal stability and low level chimaerism,
compared to YAC based vectors, which are prone to spontaneous rearrangements [908,
930-938]. BAC plasmids are based on the Escherichia coli F-factor plasmid, which is
maintained in fow copy number in bacteria [930, 939-940]. The large insert size of genomic
fragments make BAC constructs popular in  transgenesis approaches, as complete genes
including all regulatory sequences can be included [174, 941-942], Several well annotated
BAC libraries exist from different species, including a large variety of mouse strains, which
can be easily accessed through public available genome databases like the UCSF
(http://eengme.ucsc.edu’y or Ensemble genome browsers (hitp:/www.ensembl.org/), and
the NCBI Cione Registry (bttp://www.nebi.nlm.nih.gov/clone/). After choosing the BAC
clone of interest, these can be easily ordered through non-commercial sources and
commercial companies, including the BACPAC resource center at CHORI
(hitp://'www.chori.org), the RIKEN Biosource Center
{(hitp://www bre.riken.jp/inflen/index.shtml} or Invitrogen (http://www.invitrogen,com).
A main advantage of the use of BACs is that they can be easily modified through BAC
recombineering techniques, which allow insertions of selectable markers into the BAC,
deletions of unwanted genomic areas, and substitutions of complete regions, thereby
enabling the creation of isogenic targeting constructs for subsequent homoiogous
recombination in ES cells, since BACs from the desired mouse strain can be used [900,
905-906, 927-928, 943-953]. Most of the BAC recombineering technigues rely on the RecA
protein, and inducible induction of the recombination machinery in bacteria, which enables
recombination of the BAC with a recombination substrate transformed into the bacteria
(Figure 1). Excellent reviews and protocols on all the details of BAC recombination have
been published, and we refer the reader to those sources for a more in depth overview of
these techniques [952-957] (hiip://recombineering.nciferfgov/). By combining the easiness
of BAC recombineering, and the use of isogenic, long homoelogy arms, high targeting
efficiencies for many different loci have been obtained in BAC targeting approaches,
ranging from 7-28% of clones being properly targeted [9063,
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Figure 1: Principle of BAC recombination
Using homologous recombination in bacteria, a selection cassette (depicted in gray), cloned between

homologous arms, is integrated in the coding sequence of gene X (exons in black} located on a
schematic BAC {black line).

Beside the above mentioned advantages of BACs as targeting constructs, their
wide-gpread use in the scientific community is currently hampered by the difficulties in
identifying correct targeted clones afier BAC based targeting approaches. Conventional
Southern Biotting techniques are difficult to employ, since the presence of large homology
arms impedes the use of external probes [905]. Therefore, to identify correct targeted
clones, quantitative real time PCR (qPCR) and DNA-FISH techniques have been applied
[903-906]. In the qPCR approach, primers are chosen which amplify a fragment spanning
the projected deletion/insertion, together with a qPCR amplifying a fragment Jocated in one
of the arms. A change in copy number detected by the first and not the second primer set is
indicative for a correct targeting event. In the DNA-FISH approach, two probes are applied,
one spanning the targeting construct, the other spanning the genomic location flanking the
gene of interest. When both probe signals ceo-localize, it is likely that homologous
recombination has occurred, and the targeting construct is not randomly integrated
elsewhere in the genome. However, all of these techniques ailow a high percentage of false
positive and negative clones. gPCR is prone to false positive results, and its use depends on
the design of sensitive primer pairs, which might not always be possible for every genomic
iocation. DNA-FISH is a laborious technique, especially if many clones have to be
screened, and small fragmentized pieces of randomly integrated targeting constructs may
not be detected. To circumvent these problems, and fully benefit from the advantages of the
BAC targeting approach, we have recently introduced a novel strategy which relies on the
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Figure 2: RFLP based targeting strategy

A) Insertional mutagenesis: a selection cassette (grey) is integrated in an exon (black) of gene v,
thereby disrupting RFLP . Deletion of RFLP | can be detected using PCR. B) SA-tpA in an intron: the
SA-tpA cassette consists of a splice acceptor (SA, white), a transcriptional stop (tpA, grey) and a
resistance cassette (not shown for simplicity), which is flanked by either Lox or Frt sites (not shown).
The SA-tpA cassette can be targeted to an intron, thereby disrupting the intronic RFLP Il (option [},
which can be used to detect the correct targeting. Aliernatively, proper targeting of the SA-ipA cassette
can be detected by screening for expression of the downstream RFLP 11l {option 11, which will not be
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presence of RFLPs [958], and have applied this strategy to generate genefically modified
ES cells used in different studies on X chromosome inactivation {174, 911].

For our strategy, we make use of highly pelymorphic ES cells derived from
crosses between C37BV6 females and male Cast/Ei mice. The classical inbred Mus
musculus domesticus mouse strain C37Bl/6, is among the most widely used and best
characterized mouse strains [959]. The C57Bl/6 genome has been completely sequenced,
functions as the reference genome for the mouse species and several well characterized
BAC libraries are available [908]. The Cast/Ei inbred strain has been derived from a wild
pepulation of the subspecies Mus musculus castaneus, has been sequenced, and a BAC
library 1s available. Cast/Ei mice are more difficult to breed, but offer the advantage of a
distinct genetic background. Therefore, Cast/Ei mice have been extensively used in crosses
to other strains in studies which needed the possibility to distinguish the maternal and
paternal genome by means of SNPs, ag for example to study genomic imprinting and X
inactivation. The Cast/Ei and C57BI/6 strains are highly pelymorphic, with one estimated
SNP per 311 bp [909]. Therefore, RFLPs which can distinguish between both strains will
be present in virtually every gene. In our BAC targeting strategy, we make use of this fact,
by designing BAC targeting vectors in such a way, that after proper targeting an RFLP is
distroyed, or transcription through an RFLP is abrogated (Figure 2). By combining PCR
analysis with restriction digestion of the PCR product, an easy and straightforward readout
is obtained, which permits the reliable identification of properly targeted clones.

Figure 2: coniinued

expressed from the targeted allele in case of a correct targeting event. C} When the SA-tpA construct is
flanked by asymmetrical lox sites (biack arrow heads), the construct can be used to gensrate inducible
knockout (option 1) or rescue alleles (optien 11). in the inducible knockeut approach {option 1), the SA-tpA
construct is targeted o an intron as shown in B, but in the antisense orientation. in this orientation, the
SA-tpA does not inhibit transcription. After targeting, t+ 2 resistance cassette, flanked by Frt sites (not
shown) is looped out using transient expression of Flpase. Upon Cre expression, the SA-ipA cassetie is
inverted, and transcription is disrupted. Since asymmetrical Lox sites are used, inversion leads to the
loss of one Lox site, thereby locking in the inversion event. To generate an inducible rescue allele
{option [}, the SA-tpA is targeted in the sense orientation, thereby enforcing a preliminary stop of
transcription. After FLPase-mediated loop out of the selection cassette (not shown), the SA-ipA can be
inverted, thereby restoring transcription of gene Y.
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Figure 3: The targeting strategy in three basic steps

In the first step {i), a targeting plasmid is developed, which can be used to modify a BAC. An 800-1000
bp fragment surrounding the selected RFLP is PCR amplified, subcloned, and the RFLP is used fo
insert a selection cassette (grey). In the plasmid, the selection cassette is thus flanked by two
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Our strategy involves the design of different variants to generate knockout alleles
by insertional mutagenesis, introduction of a premature transcriptional stop, and even the
generation of inducible knockout and rescue alleles using a single targeting event. In the
first approach (Figure 2A), the BAC targeting vector disrupts an RFLP located within the
coding region of a gene, and inserts a selection cassette in to the open reading frame of the
gene of interest, thereby ablating gene function. This approach is especially helpful when
an RFLP located in the proximal region of the gene can be found, and when important
domains for the encoding protein are located downstream of the RFLP. In another
approach, a splice acceptor poly-adenylation stop cassette (SA-tpA) together with a
selection cassette is introduced into a proximal intron of the gene of interest, thereby
prematurely stopping gene transcription (Figure 2B}, The SA-tpA —selection cassette can
be either introduced into an RFLP located in the intron, thereby aliowing efficient screening
for properly targeted clones as in the [irst approach (Figure 2B 1), or an RFLP downstream
of the insertion site can be used to screen for absence of transcription accross the RFLP in
candidate clones (Figure 2B [1). The introduction of an intronic SA-tpA cassette also
allows the generation of inducible knockout or rescue alleles (Figure 2C). The SA-tpA
cassette can be flanked by asymmetrical Lox sites resulting in a locked inversion of the
cassetle upon expression of the Cre recombinase protein {960-963]. To generale an
inducible knockout allele, the SA-tpA cassette, flanked by the Lox sites, is introduced in the
antisense orientation into an early intron located 5° in the gene. In this orientation, the SA is
not recognized, and gene transcription is not inhibited. Upon expression of Cre, the SA-tpA
cassette is inverted, and gene transcription will be abrogated (Figure 2C [}. To generate an
allele in which expression of the gene can be inducible rescued, the SA-tpA cassette is first
introduced in the sense orientation, and Cre expression is used to disable the premature stop
of transcription (Figure 2C i1).

The generation of targeted ES cells using our strategy consists of a three step
process (Figure 3). In the first step, a targeting plasmid for recombining a BAC containing
the gene of interest is developed. In the second step, the BAC is recombined using BAC
recombineering technigues in bacteria, and in the final step, the modified BAC is used for
gene targeting in ES cells. As a first step, RFLPs present in the gene of interest are
identified. Several SNP databases exist {http:// www.perlegen.com,
htip:/fwww. informatics.jax.org/), in which SNPs and RFLPs between the C357Bl/6 and
Cast/Ei mice can be identified. A decision on the approach must then be taken: A
conventional knockout ailele based on insertional mutagenesis, introduction of a SA-tpA
cassette, or generation of an inducible aflele? After identification of a suitable RFLP and

Figure 3: continued

homologous arms (black boxes). in the BAC recombination step {I1), the linearized plasmid from step | is
used for homologous recombination of, in this case, a BAC of C578I/6 origin. The selection cassette is
thus integrated in the BAC, thereby disrupting the RFLP which was used for cloning. In the final step
(I#1}, the BAC targeting construct, is used for homologous recombination in ES cells. Since a C57BIf6
BAC was used to generate the targeting construct, targeting will prefereniially occur at the isogenic
C57Bl6& allele, thereby disrupting the RFLP restriction site, which is only present at the C57B{/6 alleie,
but not at the Cast/Ei allele. Loss of the RFLP at the C57BYE allele can be detected by PCR analysis,
thereby enabling a straightforward readout of proper targeting.
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the desired approach, a BAC must be chosen which contains the RFLP and flanking
regions. Location of BACs can be found in the UCSF or Ensemble genome browsers, or
Mapviewer (http:/www.nebi.nlm.nih.gov/mapview/), from which also the sequences can
be retrieved. In general, it appears best to choose a BAC with a length between 150-200 kb,
which is centrally located around the RFLP, allowing an equal length of homolegy arms on
both flanking sites. To generate the targeting plasmid, an 800-1000 bp fragment
surrounding the selected RFLP is PCR amplified using a proof-reading high fidelity
polymerase, and cloned into a vector suitable for subcloning of PCR products (e.g. pCR-
Bluntlf-Topo, Invitrogen). It is important that in the selected region the target RFLP
represents an unique restriction site, which does not digest elsewhere in the amplified
fragment, or in the vector backbone, enabling single step insertion of the selection cassette
into the RFLP. To allow the fast generation of knockout BAC constructs, we have
generated a couple of vectors (overview Table 1, available upon request), from which the
selection cassette with or without the SA-tpA and Lox sites can be easily released by
restriction digestion. These fragments, which contain all necessary elements to express
resistance genes for both antibiotic selection in pro- and eukaryotes, can then be cloned into
the unique RFLP restriction site, thereby finishing the targeting plasmid, in which the
selection cassette is now flanked by two homologous arms of around 500 bp. Although
BAC recombination can be accomplished with homology arms of only 50 bp, increasing
the length can in general increase the efficiency. In the subsequent step, the generated
plasmid is used for BAC recombineering. Proper modification of the BAC s verified by
colony PCR and restriction digestion, and ones established, the modified BAC can be used
to target ES cells. After selection with the desired antibiotic, emerging colonies are picked,
and screened for the correct recombination event using an RFLP-based allele-specific PCR.

The many RFLPs present in the hybrid C57BI/6-Cast/Ei ES cells, combined with
the different approaches presented above make it possible to modify virtually every gene
using this BAC targeting strategy, benefitiing from the high targeting efficiency of BAC
targeting vectors. In this protocel, we provide detailed steps for the generation of a BAC
targeting construct, the transfection of ES cells with the modified BAC constructs, and the
identification of properly targeted clones. Several excellent protocels on BAC
recombineering [952], BAC transgenesis [955] and design of targeting constructs in general
[954] already exist. In this protocol we introduce crucial new steps related to BAC
recombineering including time-saving shortcuts in regard to previously published methods.
Combined with our novel RFLP-based strategy this protocol permits the generation of
knockout ES cells in a very short time span (Figure 4), to be used for in vitro studies, or
can be used to generate mouse moedels, by generation of chimaeras or threugh tetraploid
embryo complementation [912, 964-967].
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Lox-Kana/Neo-Frt 1995 bp EcoRi
Lox-Kana/Neo-L.ox 1978 bp EcoRl
Lox-Fri-Kana/Neo-Fri 2369 bp  Nhel-Aflll
Amp/puro 2733 bp Sfil-Notl
LoxB88-SA-tpA-Lox71 3287 bp Dralll-Asel

Tabie 1: Overview of targeting cassettes

Tabie summarizing the available selection cassetites, fragment sizes in base pairs, and the restriction
digest which is used to release the cassette from its vector. Lox: Lox-site for Cre-recombination. Frt: Fri-
site for Flpase-recombination. Kana/Neo: cassetie with a dual prokaryotic/eukaryotic promoter driving a
gene encoding a protein rendering bacteria resistant to kanamycin, and £3 cells resistant to necmycin
{Geneticin, G418). Amp/Puro: cassette with an ampicilline resistance gene allowing selection in
bacteria, and a puromycin resistance gene for use in ES cells. Lox66 and Lox71: asymmetrical Lox
sites. SA-tpA: cassette encoding a splice accepior (SA) and a triple transcriptional stop signal (pA).

weeks *k

generation of targeting plasmid
BAC isolation and recombination
targeting of ES cells

picking and expansion of dones

DA solation,

PCR RFLP analysis
expansion
KO cell line

Figure 4: Time line

The tima line for the RFLP-based targeting strategy, following the different steps described in this
protocol. See text for details.
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Materials

Reagents
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Plasmids containing selection cassettes and/or SA-tpA sequences {are available
upon request).

Bacterial artificial chromoesomes (BACs in DHI0B host bacteria; BACPAC
Resources at CHORI, Invitrogen, or Riken BioResource Center)
C37BI/6-Cast/Ei ES cell lines (available upon request)

Recombination proficient bacteria, EL250 [900]

Ampicilhin {Sigma-Aldrich, A-9518)

Kanamycin (Sigma-Aldrich, K0254)

Chloramphenicol (Sigma-Aldrich, C77935)

Distilled H,0 {dH-0) (Baxter, TKF7114)

Agarose (Sigma-Aldrich, A9539-500¢)

NucleoSpin gel extraction kit Extract 1l (Bioke, 740609250)

NucleoBeond Maxi kit Xtra Maxi (Macherey-Nagel, 740414100)

Ethidium bromide solution (10 mg ml™"; Sigma-Aldrich, E1510) CAUTION EtBr
has mutagenic properties, wear gloves at ail times

dNTP mixture, 10 mM each, PCR grade (Invitrogen, 10297-018)

Resiriction enzymes {(New England Biolabs or Roche diagnostics)

Pi-Scel restriction enzyme (New England Biolabs, RO6965)

T4 DNA ligase (Roche, 11060321)

Phusion high fidelity polymerase (New England Biolabs, MOS530L)
Tag-polymerase (homemade, or for example Invitrogen, 11342-020}

MgCl 50mM (Invitrogen, PNY02016)

Kienow enzyme (Roche, 14267420), T4 DNA-polymerase (11004786001)
Calf intestinal Alkaline phosphatase (Promega, M182A)

Glycerol (Fisher Scientific, BP229-1}

BSA, purified, 100x (New England Biolabs, B3001S)

molecular weight marker (New England Biolabs, N3232L)

DHS3a chemical competent bacteria, Max Efficiency (Invitrogen, 18258-012)
DMSO (Sigma, D2650) CAUTION Toxic substance. Avoid skin contact.
Geneticin, 270 pg/ml, active (G418, Gibeo, 11811-031)

Puromycin, 1pg/ml (lavitrogen, A11138-02)

LIF (home made, or for example Chemicon, ESG1107)

Gelatin (Sigma, G1890-100G)

DPBS, Dulbecco’s Phosphate Buffered Saline (Sigma-Aldrich, D8537)
DMEM (Invitrogen, 11960085}

FCS, Fetal Calvine Serum (Invitrogen, 10099141)

Peniciilin—streptomycin {100x) {Invitrogen, 15140-122)
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Non-essential amincacids {Invitrogen, 11140-050)

f-mercaptoetharol (Sigma, M7522) CAUTION Avoid inhalation. Flammable;
harmful if swallowed; toxic when in contact with skin and eye; use protective
gloves and safety glasses when handling.

Trypsin-EDTA 0.25% (v/v) trypsin/0.2% (w/v) EDTA in PBS (GIBCO, 25200-
056)

Mouse Embryonic Fibroblast (MEFs) commercial (for instance Millipore
(htto://www.millipore.com) or self prepared from E13.5 embryos CAUTION All
experiments requiring animal handling should be conducted in accordance with
international animal protection guidelines and local animal protection laws.
Proteinase K, Prot.K (Roche 03115852001)

SDS (Roche, 11667262001) CAUTION Do not inhale dust. Keep away from
sources of ignition. Avoid contact with skin and eves.

pCR-Bluntll-Topo, Zero Blunt Topo PCR Cloning-Kii (Invitrogen, 45-0245)

PCR primers {Invitrogen)

Ethanol, absolute {(Sigma-Aldrich, 32221-2.5L) CAUTION Ethanol is flammable
and may be harmful by inhalation or ingestion,

[sopropanol (Sigma-Aldrich, 59300) CAUTION Isopropanol is flammable and
may be harmful by inhalation or ingesticn.

LB agar, Miller (BD, 244510)

Bacto-tryptone (Difco)

yeast extract {Difco)

Nall (Sigma-Aldrich, 71380-5kg)

Trizma base, Tris (Sigma-Aldrich, T6066-5kg)

NaOH pellets (Riedel-de Haén, 06203) CAUTION It is corrosive and causes
burns to any area of contact.

KAc (Sigma-Aldrich, 25059)

EDTA (Sigma-Aldrich, E1644-1kg)

HCL, 37% solution (Fluka, 84422) CAUTION It is corrosive, and both the liguid
and fuming vapour can cause severe burns.

Acetic acid (Fluka, 45730-11) CAUTION It is corrosive, and both the liquid and
fuming vapour can cause severe burns.

e  NaAc (Sigma-Aldrich, S7670)

¢ tRNA, yeast (10 mg/ml, Invitrogen, 15401-029)

e RNAse A {10 mg/mi, Invitrogen, 12091-039),

e Trizol {Invitrogen, 10296010)

o DNAse [ (Invitrogen, 18068-015)

e Super script HI cDNA synthesis kit (Invitrogen, 11904-018)
Equipment
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1,5 ml Eppendorf tubes (Eppendorf, 0030120086)
15 m] sterile Falcon tubes (Falcon, 552196)
50 ml sterile Falcon tubes (Falcon, 332070)
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cryo-vial (Nunc, 375353}

Sterile 1-20 ul filter tips {Rainin Bio Clean, GP-L10F)

Sterile 20-200 pl filter tips (Rainin Bio Clean, GP-L200F)

Sterile 201000 pl filter tips (Rainin Bio Clean, RT-1000F)

Gilson pipettes P20, P200, P1000, multi-channel P200

25 cm* cell culture flasks (Greiner Big-one, 690160)

10 em? cell culture dishes (Greiner Bio-one, 664 160)

96-well cell culture plates, flat-bottom (Greiner Bio-one, 653180}

96-well cell culture plates, U-shaped (Greiner Bio-one, 650160)

24-well cell culture plates, (Greiner Bio-one, 662160)

e  96-well micro titer plate (BD-Falcon, Flexible plate, U-bottom, without lid,
353911

s  Bottle-top cell culture filier, 0.22 um (Corning, 430758)

PCR disposable adhesive (EU opti-seal, 157300)

Tubes for bacterial culture (Greiner Bio-one, 201150)

Erlenmeyer 200 ml

Erlenmeyer 2000 ml

Eppendorf Refrigerated Microcentrifuge Model 5417R (Eppendorf}

Eppendorf Refrigerated Centrifuge Model 5810R (Eppendorf)

= Beckman J6-MC centrifuge (Beckman)

e Inverted tissue culture microscope with phase contrast microscope (4x, 10x, 20x,
40x objectives)

e Electroporation system for bacteria (Gene Pulser System, Bio-Rad)

s  LElectroporation system for ES cells (Gene Pulser Xcell, Bio-Rad)

Cuvettes for bacteria electroporation {Biorad)

Cuvettes for ES cell electroporation (BTX Cuvettes Plus, 2 mm, 45-0125)

Nanodrop photospectrometer

OD spectrometer Genesys20 Spectro Photometer (Thermo Specironic)

UV-transilluminator

Thermocycler (Biorad, S1000 therma! Cycler)

Bacterial incubator (New Brunswick Scientific, fnovad3)

Heat-block incubator (Eppendorf, Thermomixer compact)

plate shaker (MO-BIO, 11996)

Cell culture incubator

Biosafety cabinet with aspirator for tissue culture

Water bath

Refrigerator

-20°C freezer

-80°C freezer

Liquid nitrogen tank CAUTION: wear eye protection and thermo gloves when

handling liguid nitrogen. Liquid nitrogen can cause severe burnings.

Diaper

s Petri dishes for bacterial plates
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Reagent Setup
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[

1M Tris: Mix 121 g of Tris base and 1000 ml of dH,0. Adjust the pH to 7.4 with
HC1. Store at RT.

10mM Tris pH 7.4: dilute 1M Tris pH 7.4 100x, and store at RT.

0.5 M EDTA Mix 186.1 g of EDTA and 800 m] of dH,0. Adjust the pH to § with
~20 ¢ of NaOH pellets. Stere at room temperature.

Pl buffer: mix together 30 ml 1M Tris pH 8, 20 mi 0.5 M EDTA pH 8, 10 ml
RNAse A {10mg/ml}, 920 ml dH;O. Store at 4°C.

P2 lysis buffer: mix together 930 mi dH,0, 50 ml 20% SDS, 20 m! 10 M NaOH.
Store at RT.

P3 buffer: 2.8 M KAc, pH 5.1. Add 274.8 ¢ KAc to 400 ml dH,0, set pH to 5.1 by
adding HCL, and add dH;O to [L). Store at 4°C.

70% ethanol

50x TAE for gel electrophoresis: Mix together 1210 g Tris base, in 500 ml 0.5M
EDTA pH 8, 285.5 ml Acetic Acid and add dH,O to 5L. Autoclave and store at
RT.

0.2% gelatin solution: add 2g gelatin to 1L dH,0. Autoclave and store at 4°C.

2x Freezing solution: add together 60 ml DMEM, 20 ml FCS, 20 ml DMSO. Mix
and filter sterilize. Store at 4°C for up to a month.

Mouse Embryonic Stem Ceil Medium: DMEM, 13% foetal calf serum, 160 U ml”
penicillin, 100 mg ml' streptomycin, non-essential amino acids, 0.1 mM B-
mercaptoethanol, and 1000 U ml" LIF. Filter sterilize and store at 4°C for maximal
2 weeks.

Low SDS lysis solution: mix together 40 ml Tris 0.5M, 2 ml EDTA 0.5M, 2 ml
20% SDS and 8 ml NaCl 5M, and add dH»O to a total volume of 200 ml. Store ai

RT. Add 50 pl Prot.K (10 pg/mly / ml lysis solution before use. CAUTION
contains SDS. Protect eves.

3M NaAc, pH3.6

LB: mix 10 g of Bacto-tryptone, 5 g of yeast extract, 5 g NaCl and 1 liter dH,0,
pH 7.2. Autoclave and store at RT.

LB-agar bacteria plates: add 10 g of LB-agar to a 560 ml LB medium bottle, and
autoclave. Cool down, until bottle can be touched, then add appropriate antibiotic,
and pour plates. Store plates at 4°C for up to a month.

Ampicilline stock solution: 50 mg/mi in dH,(, aliquot and store at -20°C. Use at a
final concentration of 25 ug/ml for plasmids, and 8 pg/ml for BACs.

Kanamycin stock solution; 30 mg/ml in dH,O, aliquot and store at -20°C. Use at a
final concentration of 50 pg/m! for plasmids, and 15 pg/ml for BACs
Chloramphenicol stock solution: 34 mg/ml in ethanol, aliquot and store at -20°C.
Use at a final concentration of 12.5 pg /ml for BACs.
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Procedure

In sifico design of strategy  Timing: 1 day

1. Identify suitable RFLP in the gene of inierest, and choose BAC clone. Several
computer-based databases exist, in which SNPs and RFLPs can be selected (for
instance  http:/www.informatics.jax.org/).  Refrieve  genome  sequences
(http://www.nebi.nlm.nih.gov/mapview/), and select the targeting cassette and
approach. 1t is good practice to generate sequence files in which the modified,
recombinant sequence is assembled. This can be done in several software
programs {e.z. DNAMAN, Lynnon Biosoft, or Clonemanager, Scientific &
Educational software), and will save valuable time later on, when primers or
restriction digestions to verity cloning steps are chosen.
Order selected BAC clone. Take care that a BAC is chosen from an isogenic
library, which is derived from the same mouse strain as the genotype of the allele
being targeted.
Design primers to amplify an 800-1080 bp fragment surrounding the selected
RFLP. Primers can be designed in different software programs (DNAMAN,
Clonemanger etc), or online applications such as  Primer 3
(http://frodo.wi.mit.eduw/). We usually design primers with an annealing
temperature around 53 °C. Critical Step: the RFLP restriction site should be unique
and absent from the cloning vector which is used to clone in the PCR product later
on. This will facilitate the insertion of the selection cassette inte the targeting
plasmid in a single cloning step.

[y

(V3

Generation of targeting plasmid for BAC recombineering  Timing: 5-6 days

4. PCR amplify homelogous fragments surrounding the RFLP using the primers
designed in step 3. Dilute primers to a 100 pM stock in 10mM Tris pH 7.4. Use a
high-fidelity Taq-polymerase with proofreading activity (e.g. Phusion, NEB), to
prevent mutations. Use either genomic DNA from the mouse strain of the allele
being targeted, or use BAC DNA (50 ng of DNA as PCR template). Isogenic DNA
can also be ordered from the Jackson’s laboratory (hitp://www jax.org). It 1s
advisable to verify the presence of the RFLP in PCR products amplified from
genomic DNA of the ES cells which will be used for targsting, by restriction
digestion or sequencing.

Component Amount
5x High-Fidelity Buffer 10 pl
dANTP {1 mM) 1 ul
Forward primer (100 pM} 0.5 ul
Reverse primer {100 pM) 0.5 ul
Phusion polymerase 0.2 ul
DNA template (50 ng/ul) 1l
Sterife dH,0 36.8 ul
Total Volume 50 pi
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Run the PCR on a thermocyceler, using the following parameters:

Cycele Denature Anneal Fxtend

1 98 °C, 2 min

2-31 98°C, 15 S8°C,30s | 72°C, | min
32 72 °C, 10 min
33 Hold at 12 °C

Run the PCR product on a 1% agarose gel using standard molecular metheds [968]
together with a molecular weight marker. Visualize with a UV-transilluminator set
at low UV intensity. Isolate the PCR band running at the expected size. Critical
Step: do not too long expose the DNA to UV-light, as this can introduce
mutations. Always use an UV-transilluminator set at low UV intensity when
visualizing DNA which is subsequently used for cloning. See Troubleshooting.
Clean up the DNA fragment using a commercial gel extraction kit (e.g.
NucleoSpin, Macherey-Nagel), following manufactures instructions. Elute DNA
in a total of 20 ul elution buffer. Pause point: DNA can be stored at -20°C for
several years.

Clone the PCR product in pCR-Bluntll-Topo using the pCR-Bluntll-Topo-kit
(Invitrogen} (or an alternative vector suitable for subcloning of blunt PCR
products). Mix in an Eppendorf tube: 2 pl PCR product, 0.5 pl Salt solution and
0.5 ul vector (Topo-vector). Vortex and spin down shortly. Incubate for 30
minutes at RT.

Transform the Topo-reaction product from step 8 in chemically competent DH5a
bacteria by heat-shock. Chemically competent bacteria are commercially
available, or can be prepared following published protocols [968].

) Thaw a vial of DH3a bacteria on ice, and mix with the Topo-reaction
product. Incubate on ice for 15 minutes,
(1) Heat-shock bacteria at 42°C for 45 s, and put on ice immediately.

{10 Add I ml LB-medium {no selection) and incubate bacteria for 60 min
at 37°C, shacking at 700 rpm in a Theromixer.

(iv) Spin bacteria down (1 min, 6000 rpm, microcentrifuge), and remove
LB medium by flicking tube up-side-down. Seme fluid will remain

in the tube.

(V) Resuspend bacteria in the remaining LB present in the tube, and plate
bacteria on LB-agarose plates with kanamycin selection {10 pg/ml).
Incubate at 37°C /N,

. The next day, visible colonies should be present on the bacteria plates. Pick single

colonies (between 12 and 24.) with a pipette tip and innoculate in 3 ml of LB
medium with kanamycin. Incubate these mini-cuitures at 37°C G/N in a shaker at
200 rpm. See Troubleshooting.

. Isolate the plasmid DNA from the mini-cultures (“mini-prep”):

1) Take 1.3 ml of bacterial culture, transfer to Eppendorf tube, and
centrifuge 13200 rpm, | min in a microcentrifuge.

(I Remove supernatant, and resuspend pellet in 300 ul buffer P1. Let
shake for approximately 5 min at 1400 rpm, 37°C until all cells are in
suspension.
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12.

(D Add 300 ul lysis buffer P2, invert five times, and wait 29 sec.

(V) Add 300 ul ice cold buffer P3. Invert tube 5 times, and incubate on
ice for 5 min to precipitate bacterial protein and DNA. Critical point:
do not shake vigorously at this step, since this will result in
contamination of the mini-prep with bacterial genomic DNA.

(V) Centrifuge at 13200 rpm for 8 min in a microcentrifuge.

(VD Pour supernatant in a new Eppendorf tube, filled with 700 pl
isopropanol, and shake vigerously to precipitate the plasmid DNA.

(VID  Centrifuge at 13200 rpm for 8 min in a microcentirifuge.

(VIII} Remove supernatant, and wash DNA pellet with 500 ul 70% ethanol.
Centrifuge at 13200 rpm for 5 min in a microcentrifuge.

1x) Remove supernatant, air dry and resuspend pellet in 100 pl 10mM
TrispH 7.4,

Check obtained plasmid DNA by restriction digestion, to verify the presence of a
correct fragment inserted in Topo-vector. The choice of the restriction digest is
determined by sequence of amplified fragment. In general, it is helpful to choose
one enzyme located at the beginning or end of sequence, together with an enzyme
which digests only once in the Topo-vector. This wili enable vou to check both the
presence of the proper fragment, and also determine the orientation of insertion in
to the Topo-vector. The amplified RFLP can also be used for digestions. For
digestion with multiple enzymes, use the NEB Double Digest finder
(hitp://www . neb.com/mebecomm/DoubleDigestCalculator.asp), or other sources,
to determine the appropriate buffer and incubation conditions. Digest [0 ul of
mini-prep DNA, with 5 pl of 10x buffer, 0.5 pl 100x BSA (if required), 1 ul of
each enzyme, in a total volume of 50 ul, and incubate at appropriate temperature
(37°C for most enzymes) for 2h. For multiple digestions, this can be easily done in
96-well micro titer plates, sealed with tape, and placed in an incubator. Separate
restriction products on a 1% agarose gel, and continue with a clone showing the
expected restriction fragments. See Troubleshooting. Pause poini: Mini-DNA can
be stored at -20 °C for several years.

. In the next step, the selection cassette of choice, with or without the SA-tpA

cassetie (Table I}, or any other preferred selection cassette is cloned into the RFLP
restriction site in the amplified fragment. First, release the cassette from its vector,
by digestion with the appropriate enzyme (Table 1) and generate blunt ends
{except when generated overhangs are compatible with RFLP-site). Digest 2-5 pg
of plasmid, together with 10 ul 10x Buffer, 1 pl 100x BSA (if required), 2 pl of
each enzyme, in a total volume of 100 ki, at 37°C for 2 h. To generate blunt ends,
vse Klenow enzyme to Tili in 5° overhangs, or T4 polymerase to fill in 5
overhangs or remove 3’ overhangs. For a Klenow reaction, add 2 pl of 10x Buffer,
3 pl dH0, 12 wl 330 uM dNTP and 3 pl Klenow enzyme to the digestion mix
after incubation, mix and incubate 15 min at RT. Immediately run reaction product
on a 1% agarose gel. For T4 DNA polymerase, add 2 pl of 10x Buffer, 2.8 pl
dH,0, 0.2 pl 100x BSA, 12 pl 100 pM dNTP and 3 pl T4 DNA polymerase, mix
and incubate 15 min at 12°C. Immediately run reaction product on a 1% agarose
gel. Isolate the correct sized fragment, and clean up, as described in step 7. Critical
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point: because of endonuclease activity of Kienow enzyme and T4 DNA
pelymerase, do not incubate for more than 15 min.

Open the amplified fragment (targeting arms) cloned in Topo from step 12 with
the RFLP enzyme. Digest 20 pl of plasmid with 10 pl [0x Buffer, 1 ul 100x BSA
(if required), 2 pl of enzyme, 1 pl of Calf intestinal phosphatase (CIP) in a fotal
volume of 100 ul, at 37°C for 2 h. Dephosphorylation of the 5° termini will
prevent self-closure of the plasmid upon ligation. Remove the 5° or 3° overhangs
of the plasmid if necessary and clean up the DNA as described in step 13.

. Ligate the selection cassette from step 13 to the linearized plasmid from step 14.

Add in an Eppendorf tube the linearized plasmid, and selection cassette, in a 1:3
ratio (60 ng end concentration), together with | pl 10x Ligation buffer and 0.5 pl

T4 DNA Ligase in a total reaction of 10 pl, mix and incubate for 2h at RT, or O/N
at 16 °C.

. Mix the ligation product with competent DHS5w bacteria and heat shock transform

the bacteria as described in step 9. If an ampiciline resistance gene is included in
the selection cassette, include ampiciline in the LB-agarose plates (25 pg/ml). If
colonies are emerging the next day, start mini-cultures (step 10}, isolate mini-DNA
{step 11), and check final targeting plasmid by restriction digestions, to verify
proper insertion in correct orientation (step 12). See Troubleshooting. Pause point:
Plasmids can be stored at -20 °C for several years.

. Digest the final targeting plasmid from step 16 to isolate the homology arms and

selection cassette from the Topo-vector. This will increase the efficiency of BAC
recombineering, as the targeting cassette will not be able 1w replicate
independently in bacteria. Digest 30 pl of plasmid, in a 50 pi reaction, run on an
agarose gel, isolate the correct fragment and clean up the DNA (step 7). Meassure
concentration by Nanodrop. Pauze poini: A linearized targeting fragment can be
stored at -20 °C for at least one year.

BAC isolation and recombination  Timing; 12 davs
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18.

19.

Upon arrival of the BAC clone ordered in step 2, plate the BAC clone (delivered
in DH10B celis) on LB-agar plates with chloramphenicol selection {12.5 pg/ml),
and incubate at 37°C O/N

Pick single colonies with a pipette tip, and inoculate 3 ml LB (with
chloramphenicol (12.5 pg/ml), and incubate at 37°C O/N, shaking at 200 rpm.
Although for the first steps of BAC recombineering only limited amounts of BAC
DNA are required, which could be obtained from a mini-prep (step 1), we prefer
to grow a maxi-culture from every new arriving BAC. This offers the advantage
that cleaner DNA and larger quantities are obtained, which is convenient for
subsequent control experiments, and long term storage. See Troubleshooting.

. Add complete content of the O/N cultures to a 2 L Erlenmeyer flask filled with

500 mi of LB with chloramphenicol (12.5 pg/ml). Incubate at 37°C O/N, shaking
at 200 rpm.

. Prepare a glycerol freeze-stock of every new BAC clone: transfer 850 ul of BAC

culture to a cryo-vial, and add 150 pl 97% Glycerel, mix, and immediately snap-
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freeze bacteria in liquid nitrogen. Store bacteria at -80°C. Pauze point: Glycerol
stocks of bacteria can be maintained at -80°C for several years.
22. lIsolate Maxi-BAC-culture:

H
(1)
(1

(IV)

(V)

Vh

(VI
(VIID)
(1X)

(X}

(XI)
(xh)

(XIIT)

Transfer the 300 ml of culture to a bucket, and centrifuge 10 min at
4000 rpm, 4°C in a Beckmann J16-MC centrifuge.

Remove the supernatant, and add 100 ml of buffer P1. Vortex the
bucket for approximately 30 sec, until all bacteria are resuspended.
Add 100 ml of lysis buffer P2. Invert bucket 6 times. Incubate | min
at RT. Critical point: do not shake vigorously at this point, since this
will resuit in contamination with bacterial genomic DNA.

Add 100 ml of ice cold buffer P3. Invert bucket 6 times, and put on
ice for 20 min. Proteins and bacterial genomic DNA will precipitate.
Critical point: do not shake vigorously at this point, since this will
result in contamination of bacterial DNA in the BAC preparation.
Centrifuge 30 min at 4000 rpm, 4°C in a Beckmann JI16-MC
centrifuge.

Equibrilate a NucleoBond (Macherey-Nagel} maxi-prep column, by
adding 25 ml of Equtbrilation buffer, carefully wetting the complete
filter insert.

Add the supernatant from step (V) to the column, and let pass
through by gravity. This will require several loading steps.

When all fluid has passed through, add 15 m] of Equibrilation buffer
to the column, carefully wetting the complete filter insert.

Remove Filter, and add 25 ml of Wash buffer. Allow to empty by
aravity.

Place a 50 ml Falcon tube under the column, and add 15 ml of
Elution buffer {pre-heated at 65°C) to the column. The BAC DNA
will now be eluted into the tube. Pauze peint: eluted BAC DNA can
be stored O/N at 4°C

Precipitate the BAC DNA by adding 10.5 ml {sopropanol to the tube,
and shake vigorously. Centrifuge 30 min at 4000 rpm, 4°C.

Remove supernatant, and wash DNA pellet with 70% ethanol,
centrifuge 15 min at 4000 rpm, 4°C.

Remove supernatant, air dry pellet and disselve in 200 pl 10mM
Tris, pH 7.4. To facilitate dissolving, incubate at 50°C for 1h, or 4°C
O/N. Collect content by short centrifugation. Pauze point: BAC
DNA can be stored at 4°C for several months. Critical point: de not
freeze BAC DNA, as this will result in fragmentation of the BAC
DNA. Also prevent vigorous pipeiting, as this might result in breaks
through shearing of DNA,

. Check obtained BAC DNA by restriction digestion, or PCR analysis, to verify that
correct clone was obtained. A standard restriction enzyme such as EcoRI or

BamHI, will result in a “finger-print” pattern of the respective BAC, which can
easily be recognized. Use 2 pi of BAC DNA per digestion {approximately |
pg/ul), 5 pl of 10 x restriction buffer, 0.5 p! 100x BSA (if required) and 2 pl of
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enzyme, in a 50 pl digest. Incubate for 2h at the appropriate temperature, and run
on 1% agarose gel. To check the BAC by PCR analysis, dilute an aliquot of BAC
DNA i0x, and take 1 pl as template. Use any primer combination available, for
example primers located in the gene of interest, or primers used to amplify the
region surrounding the RFLP (step 4). There is no need to use a high fidelity
pelymerase, every Tag-polymerase and conditions used in your lab should work.
See Troubleshooting.
Transformation of BAC clone into recombination proficient bacteria
24. Streak recombination proficient bacteria [900] from a frozen glvcerol stock onto
1.B-agar plates with no selection, and incubate at 30°C O/N. Critical point:
recombination proficient bacteria must be grown at 30 °C, to prevent activation of
the recombination machinery ai higher temperatures,
. Pick a singfe colony, and inoculate a 5 ml LB-culture (no antibiotics), and grow
O/N at 30°C, shaking at 200 rpm.

26. Take 0.5 ml of the bacteria culture, and inoculate a 50 ml LB-culture {(no
antibiotics), and grow for 4-5h at 30°C, shaking at 200 rpm, until an OD600 of
0.6-0.8 is reached.

27. Collect bacteria in a 50 ml Eppendorf tube, and centrifuge 10 min, 3000 rpm at
4°C.

28. Recombination proficient bacteria wili now be readered electrocompetent, by
washing steps in ice cold dH,3. Remove the supernatant from step 27, and
resuspend the pellet in 10 mi ice cold dH,O. Centrifuge 10 min 3000 rpm at 4°C.

29. Remove the supernatant, and repeat the washing steps with ice cold dH,O three
times (4x 10 min in total}.

30. Remove the supernatant, and resuspend the pellet in 250 ul ice cold dH,0, and
store on ice. The bacteria are now electrocompetent, and the amount of bacteria is
enough for 5 transformations.

31. Divide the bacteria over 5 Eppendorf tubes, and add different concentrations of

BAC DNA: 0.2 ul, 0.5 pi, | pl, 2 pl and 4 pl. Incubate 15 min on ice. Add the

bacteria-DNA mixture to a bacterial electroporation curvette (Biorad), pre-chilled

on ice, and electroporate at 1.8 kV, 25 mF, 200 Q, vsing a Biorad pulser. Add 1 ml

LB medium, transfer to an Eppendorf tube and let recover for 60 min at 30°C,

shaking at 200 rpm. Critical point: Although in principal cne electroporation can

be enough to transform the BAC into the recombination proficient bacteria, we
found that for several BACs it is rather difficult to be transformed into bacteria.

The use of different concentrations of BAC DNA will increase the chance that one

of the electroporations results in positive colonies, thereby saving valuable time.

See Troubieshooting.

Spin down the bacteria at 6300 rpm, 30 sec, and flick the tube upside-down to

remove the supernatant. Resuspend pellet in remaining fluid, and plate to LB-agar

plates containing chloramphenicol (12.5 pg/ml}). Incubate O/N at 30 °C.

. If colonies are appearing after 24h, pick single colonies using a pipette tip, and

moculate 3 ml LB cultures (12-24 per BAC), with chloramphenicol selection (12.5
pg/ml). Incubate O/N at 30 °C.
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Isclate BAC mini DNA the next moming, following the mini isolation protocol
(step 11), with the exception of the last step, where DNA is dissolved in 50 nl
HimM Tris pH 7.4. Check the DNA by restriction digestion, using 25 ul of BAC
DNA | using the same enzyme which was chosen to obtain a “finger-print” pattern
of the BAC (step 23}. If the same pattern is observed compared to the original
BAC clone, it can be concluded that transformation was successful. See
Troubleshooting.

. Select a clone from step 34 which shows the expected restriction digestion pattern,

and make a glycerol stock (step 21), since future applications of the BAC in
recombination proficient bacteria might be required.

BAC recombination

36.

Add 0.5 ml of the fresh bacteria culture from step 35 to a 200 mi Erlenmeyer flask
coniaining 50 ml of LB-medium with chloramphenicol (12.5 pg/ml}, and incubate
at 30 °C for 4-5h, shaking at 200 rpm, until 0D600 = 0.6-0.8.

Place Erlenmever with bacteria culture in a 42 °C shaking water bath for 20
minutes. At 42 °C, the recombination machinery will be activated.

. Collect the bacteria by centrifugation 10 min, 3000 rpm at 4 °C, and make cells

electrocompetent (step 28-30). Take 50 pl of electrocompetent bacteria in an
Eppendorf tube, and add 100 ng of linearized targeting fragment (step 17).
Eleciroporate as in step 31, and let bacteria recover for 60 min at 30 °C, shaking at
200 rpm. Electroporation of the smail targeting fragment is very efficient;
therefore it is not necessary to try different concentrations.

. Spin down the bacteria at 6000 rpm, 30 sec, and flick the tube upside-down to

remove the supernatant. Resuspend pellet in remaining fluid, and plate to LB-agar
plates containing chloramphenicol {12.5 pg/ml) and dependent on the targeting
cassette used, kanamycin (3 pg/ml) or ampiciling (8 ug/ml). It might be helpful to
plate 1/10" of the bacteria to a separate plate, to prevent overgrowing of the plate
when recombination turns out to be highly efficient. Incubate O/N at 30 °C.

Colony PCR to check proper recombination.

40.

After 24h, small colonies are appearing. For some BACs, it can take more time
until colonies are emerging (up to 40h). Check emerging colonies by colony PCR,
to verify that the correct recombination event has occurred. Use primers which are
located outside the homologous arms used for recombination, combined with
primers located in the inserted selection cassette (Figure 3) Primers used
originally to amplify the homelogous arms (step 4) can be used as a negative
control, since after recombination PCR amplification with these primers should
no longer give the expected product (either a longer band is obtained, including
the selection cassette, or no band at all if fragment becomes too large o be
amplified efficiently). In general, we use two primer combinations, and choose a
clone which is positive both on the 57 and 3° site. See Troubleshooting.

H Pick 48 colonies (less can be enough to find correct clone), and mark
and number them on the bacteria plate. Touch with a pipette tip the
coleny, and drop the tip in an Eppendort tube filled with 20 pl dH;0.
If plate is too crowded to mark isolated celonies, touch complete
colony with pipette tip, streak bacteria to a new plate with
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A RF_LP

4 4

BAC recombination

Figure 5: Primer location for colony PCR screen

A) Primers used to amplify the homologous amms surrounding the selected RFLP used for BAC
recombination are indicated with the black arrow heads. B} After BAC recombination, the Kana/Neo
cassette disrupts the RFLP. The primers used in &) will no longer amplify the genomic fragment. since
insertion of the Kana/Neo cassette resulis in a fragment which is too long to be amplified using the
same extension time. To check the colonies obtained after BAC recombination, the primer combinations
shown in grey are used. These consist of primers located within the Kana/Neo cassette, and primers
located outside the homologous arms. Therefore these primers do not ampiify the targeling plasmid, but
will only result in 2 band when recombination has occurred.
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proper antibiotics, on a marked location, and then drop the pipette tip
in dH,O. Incubate the replica plate at 30°C for later use.

iy Prepare a master mix for PCR, using a Taq polymerase of your
choice. Take 1 pl of template, directly pipetting 1 ul from the
Eppendorf tubes from (1} using the same pipette tip used to touch the
colony, into the PCR plate.

Component Amount for 1 reaction | Amount for 50 reactions

10x PCR buffer 2.5 ul 125 pi

MgzCl, (50mM) 0.9 ul 45 pl

dNTP 1mM 1 ul 50 ul

Forward primer (100 pM) | 1.25 i 62.5 pl

Reverse primer (100 pM) | 1,25 ul 62.5 i

Tag-polymerase 0.4 ul 26 pl

dH,0 16.7 pl 835 ul

Template 1 ul

Total volume 25 ul Divide 24 pl per well and
add | pl template

41. Run PCR on a thermocycler, using the foliowing parameters, where annealing
temperature and extension time are dependent on the primer and fragment size,
respectively:

Cycle Denature Anneal Extend

| 98 °C, 2 min

2-31 98°C, 15 58°C, 305 72°C, 1 min
32 72 °C, 10 min
33 Holdat 12 °C

42. Separate the PCR amplified fragmenis on a 1% agarose gel, and choose several
colonies which are positive for all primer combinations tested. Grow a mini-
culture of these colonies at 30°C, shaking 200 rpm, starting from the marked
bacterial plate or the replica plate, and isolate DNA through a BAC-mini protocol
(step 34). Check by restriction digestion, whether BAC “finger-print” is still
detectable. The “finger-print” might be modified by the recombination event,
although the amount of DNA obtained with the BAC mini-prep protocel might be
too low to definitively judge this. Critical point: any abnormal, especially high
intensity bands, at this stage indicaie that something went wrong with the
recombination, or that the targeting fragment is still independently proliferating in
the bacteria, thereby rendering the bacteria resistant to selection. See
Troubleshooting.

43. Grow a maxi-culture (with the appropriate antibiotics) of two candidate clones
containing the recombinant, modified BAC, and isolate BAC DNA as in step 22.
Also make glycerol stocks (step 21}. Check the isolated BAC DNA by different
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44,

restriction digestion reactions, to verify correct insertion of the targeting fragment.
If all digests confirm the expected pattern based on the predicted, modified,
sequence (step 1), the finai BAC targeting vector for targeting of ES cells has been
obtained. Pause Point: The BAC targeting vector can be stored for several months
at 4°C, if required. A fresh preparation will however increase the targeting
efficiency.

For targeting of ES cells, the final BAC targeting vector needs to be linearized,
using digestion with PI-Scel (this restriction site is present in most availabie BAC-
backbones). For one targeting, we use between 60-80 ng of DNA, which will be
approximately 60-80 pl of BAC DNA derived from the BAC-maxi isolation. The
amount of DNA obtained following the BAC isolation protocol is more or less
constant {(we estimate the concentration by restriction analysis of Iul on an
agarose gel), therefore digest BAC DNA as follows: 83 ul BAC DNA, 10 pl 10x
Pl-Scel buffer, 1 ul 100x BSA, 6 ul PI-Scel enzyme. Incubate at 37°C O/N, and
inactivate enzyme at 65°C for 20 min, Store at 4°C until use. Critical point: BAC
DNA can be very viscous, especially when freshly prepared. Use scissors to cut of
the pipette tip. Linearized BAC DNA should be used soon after linearization.

Targeting of mouse Embrvonic Stem cells Timing: 17 davs
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4s.

46.

47.

48.

49,

Detailed protocols on mouse ES cell culture have been described elsewhere [969-
971]. Here we assume that the reader is familiar with the basics of ES cell culture,
which are required to maintain ES cells in a pluripotent, undifferentiated state.
Sterile culture techniques should always be appiied. Both female and male hybrid
C57Bl/6-Cast/Ei ES cell lines, bave been described [938], are germ line
competent, and will be made available upon request (Table 2).

Coat a 25 cm? cell culture flask with 0.2% Gelatin solution, and incubate for
minimal 5 min at RT.

Thaw a vial of Mouse Embryonic Fibroblasts (MEFs, 2x10% ¢m?), which function
as feeder cells for ES cells. For long term storage both MEFs and ES cells are
stored at -180 °C. Also defreeze a vial of ES cells. Put both vials in a 37°C water
bath, until thawed. Clean vials with 70% ethanol, and transfer to cell culture hood.
Transfer the content of both vials drep-wise to a 15 ml Falcon tube filled with 5 ml
pre-warmed (37°C) ES c¢ell medium, and centrifuge 5 min, 1000 rpm to remove
the DMSO used for freezing. Critical point: MEFs can be prepared from day E13.5
mouse embryos {969], or can be purchased commercially.

Remove the gelatin from the cell cuiture flask. Resuspend the cell pellet from step
47 in 5 ml ES medium, and transfer to cell culture flask. Rock plate to
homogenously spread the cells, and incubate in a cell culture incubator at 37°C,
5% CO,,

Change medium daily. Small, sharp edged, doom-shaped cofonies should appear
on top of the feeder layer (Figure 6). Cells should become confluent after 3-4
days. If only a few colonies appear, cells must be split [:1 {see below). See
Troubieshooting.
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=3 R6/Cast

3 yes

E5 B6/Cast 3 n.d.
E8 B6/Cast g n.d.
E14 B6/Cast 3 yes
E15  B6&/Cast Q n.d.

Table 2: overview of available ES cell lines

Table summarizing the available C57BI/S-Cast/Ei mouse ES cell lines. E3, E5 and £14 are male,
whereas E8 and E15 are female. Several cell lines have been shown to be germ line competent. N.D.:
not determined.

undifferentiated mouse ES cell on MEF feeder layer

Figure 6: ES cell morphology
Merphology of mouse ES cell colonies grown on MEF feeders. Note the shiny edge and dome-like
colony shape of the ES cells.
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50.

51

Split cells as follows:

() Aspirate medium, and wash 2 times with cell culture PBS.

(iH Remove PBS, and add 1.5 ml Trypsin-EDTA (pre-warmed at 37°C).
Incubate at 37°C for 7 min. After 3.5 min, gently shake the plate to
break up colonies.

(1) After incubation, add 4 ml of ES cell medium to inactivate the
Trypsin-EDTA. Pipette cells up- and down to obtain a single cell
solution, and transfer cells to a 15 ml Falcon tube. Spin 5 min at
1000 rpm. See Troubleshooting.

(1) If cells will be passaged, resuspend cells in ES medium, and transfer
10 a new culture flask, already gelatinized, and coated with MEFs. If
cells are used for targeting, proceed with the next step.

(V) Wash cells with pre-warmed (37°C) DMEM, 5 min, (000 rpm, to
wash out the serum.

(V1) Resuspend cells in 320 pl DMEM, and transfer to a 2 mm
electroporation curvette {(BTX). Add 80 pl of linearized BAC DNA
{(step 44} using a cut pipetie tip, and carefully pipet up-and down a
few times to mix cells and DNA. Critical point: precipitation of DNA
after PI-Scel digestion, as found in many protocols is not needed, and
does not increase targeting efficiency {our unpublished
observations), and will lead to introduction of more DNA breaks in
the BAC DNA.

{(VIl)  Electroporate cells at 118 kV, 1200 pF, s &, using a Biorad Xcell
pulser. Critical point: different settings might be optimal when using
a different pulser. Optimization might be required.

(VIID) Resuspend BS cells in | ml BS medium and plate to a 50 em” dish,
already gelatinized and coated with MEFs, in a total volume of 10 ml
ES medium. Rock the plate, and place in cell culture incubator.
Critical point: MEFs used for the targeting plate, and subsequent
selection must be resistant against the antibiotic used.

After 24h, some death cells will be visible, but the majority of cells will have
attached. Remove medium, and add ES cell medium with selection, depending on
which resistant cassette was chosen for the generation of the BAC targeting

construct (neomycin (Geneticin, G418), 2706 pg/ml, active; puromycin, | pg/ml).
See Troubleshooting.

. Day 2 tili day 14: change medium daily. After the first few days, celt death will be

increasing, as selection starts. This will be more rapid for puromycin selection,
whereas neomycin selection starts more gently. At the end of the first week, small
resistant ES ceil colonies should be emerging, which will grow larger over the
next days. Critical point: if MEFs do not resist selection well {e.g. death cells,
holes in the feeder layer), plate out additional MEFs on the selection plate, as these
are crucial to keep ES cell colonies undifferentiated. See Troubleshooting.
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Picking clones in 96-well plates for freezing and DNA isolation. Timing: 7 days
53, Expect 1o obtain between 50 and 200 clones, which can be picked approximately
two weeks after electroporation. Emerging clones can to be picked and expanded
when visible with the naked eye. To pick clones, proceed through the following

steps:
(1} Gelatinize two flat-bottem 96-well plates, by adding 50 pt 0.2%
gelatin with a multi-channel pipette, and incubate minimal 5 min at
RT
(D Defreeze a vial of MEFs, enough for a 50 em? plate, as described in
step 47. Resuspend the cells in 10 ml of ES medium (no selection).
(11D Remove gelatin from 96-well plates. Label one plate with “DNA”

and the other with “Freezing”. Add 10 ml of ES medium to a
disposable cell culture reservoir (reservoir), and pipette using the
multi-channel pipette 100 pl of medium in every well of the “DNA”
plate. Add 100 pl of MEF dilution (step 1I) to every well of the
“Freezing” plate. Rock the plate to homogenously spread the cells,
and put in cell culture incubator until use.

IV} Take a U-shaped bottom 96-well plate, and add 10 pl of cell culture
PBS to every weil using a reservoir and multi-channe! pipette.

(V) Place a microscope in the cell culture hood, and clean with ethanol.

(VD) Place the plate with targeted ES cells under the microscope, and start
picking colonies. Do not remove medium from this plate, as ES cells
will stay better in ES medium. To pick a colony, use a P20 pipette
and filter-tips to take up a single colonies in 2 pl, and transfer this to
a well of the U-bottom shaped 96-well plate covered with PBS. It is
convenient to pick 96 colonies (if available), as this amount, together
with the high targeting efficiency of BAC targeting will almost
certainly guarantee you at least one correctly targeted clone.

(VI  When all 96 colonies have been picked, add 25 pl Trypsin-EDTA
{pre-warmed at 37°C} using a reservoir and multi-channel pipette,
and incubate at 37°C for 7 min. Shake the plate at half-time, to break-
up the colonies.

(VIII)  Immediately add 165 pl ES medium to every well using a reservoir
and the muiti-channel pipette to inactivate the Trypsin-EDTA. Set
the pipette at 100 pl and pipette a few times up- and down, to break
up the colonies into single cells. Divide the 200 pl in every well over
the “DNA” and “Freezing” plate prepared in step (I1}). Rock the
plates, and place in incubator. Critical point: it is crucial to label both
replica plates identically at this point, as later on one plate will be
frozen, and the other one will be used to analyze the DNA. Mixing
up at this point will ruin your complete targeting experiment, as you
might defreeze the wrong clone later on.

54. The next few days, check clones daily, and change medium when turning
vellowish, Usually, the “Freezing” plate will grow slightly faster, as in the “DNA”
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plate cells grow without the feeder support. Also ditferentiation will occur in the
“DNA” plates, but that will not affect the quality of DNA. See Troubleshooting.

55. When the “Freezing” plate becomes confiuent {clones will have the same, normal
ES cell morphology), the plate can be frozen as follows:

(D
(10

(i

(IV)

V)

Aspirate medium, and wash two times with cell culture PBS.

Add 35 pl of Trypsin-EDTA (pre-warmed to 37°C}, and incubate 7
min at 37°C. Shake the plate at half-time.

Add 80 pl ES cell medium to each well (using a reservoir and multi-
channel pipet), and pipetie cells up-and down a few times, to obtain a
single cell solution.

Add 115 pl 2x Freezing solution, and carefully pipette up-and down
a few times using the multi-channe] pipette.

Close lid of the plate, and wrap plate with a diaper. Immediately
store at -80°C. Critical peint: it is important not to freeze cells
instantly, since this will result in cell death. By wrapping in the
isolating diaper, the temperature of the plate will decrease more
slowly. ES cells can be stored for a few months at -80°C, but for long
term storage they should be placed at -[80°C.

DNA purification in 96-well plates and PCR RFLP analvsis t¢ identify correct targeted

clones Timing: 2 days.
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56. The “DNA” plaie should oniy be harvested when wells are really confluent. In
general, this will be 3-4 days later than the “Freezing” plate. Depending on the
strategy chosen, at this point it might be required to isolate RNA, to ascertain the
loss of transcription of a downstream RFLP {(SA-tpA strategy, option Il, Figure
2B). To isoclate RNA use Trizol reagent, isolate RNA, treat with DNAse, and
prepare ¢DNA using Superscript 111, according to manufacturer’s instructions, and
proceed to step 37. To obtain the DNA:

(M
(1D

(1
avy
(V)

(Vi)

(Vi)

Remove the medium, by turning plate up-side down above the sink,
and blot on a paper-tissue.

Add 100 pl of Low SDS lvsis solution [972] supplemented with
prot. K, Seal the plate using tape or a disposable adhesive and place at
37°C for minimai 4h.

Precipitate the DNA, by adding 100 pl isopropanoi, seal the plate
and shake, or incubate for 10 min on a plate shaker.

Centrifuge plate 30 min, 4000 rpm at 4°C.

Remove supernatant by turning plate upside down, and blotting on a
paper-tissue. Small DNA precipitations wilt be visibie on the bottom
of the wells. _

Wash with 100 pl 70% ethanol, and centrifuge plate 15 min, 4000
rpm at 4°C.

Remove supernatant by turning plate upside down on a paper-tissue.
Let plate dry until most ethanol has evaporated. Dissolve DNA in 20
ul 10mM Tris pH 7.4. To facilitate dissolving, seal plate, and put at
37°C for 2h. Spin plate down, and store at 4°C.
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57. To analyze whether the expected targeting event has occurred, perform a PCR
using primers spanning the RFLP. These can be the same primers used to amplify
the homologous arms for BAC recombination in bacteria {step 4). Digest PCR
product with the RFLP enzyme.

(M

(1)

(1
IV}
(V)

(V1)

(VI

(VI

Perform a PCR using the same conditions as in step 4, and run the
program from step 5. Take | pl of clone DNA or cBNA as template.
Critical step: Since amount of DNA obtained might be low, using a
high fidetity Taqg polymerase can improve the results.

Precipitate the PCR products, by adding the following components to
the PCR reaction: 50 pi PCR product, 4 ul tRNA (10 mg/ml), 6 ut
3M NaAc, pH 5.6, Mix, and add {50 ul ice cold 106% ethanol. Seal
plate and shake vigorously.

Incubate plate at -20°C for 20 min, and centrifuge 30 min, 4000 rpm
at 4°C.

Remove supernatant by turning the plate upside down on a paper-
towel. Precipitated DNA and tRNA will be visible at the bottom of
the PCR plate.

Add 100 pnl 70% ethanol, and wash 15 min, 4000 rpm at 4°C,
Remove supernatant by turning the plate upside down on a paper-
towel. Dry plate completely, until all ethanol has evaporated. Critigal
point: To facilitate removal of all ethanol traces, the plate can be
placed at 37°C for a couple of hours.

Prepare a master mix for the restriction digestion: for each sample,
prepare 5 ul 10x buffer, 0.5 pl 100x BSA (if required), 0.25 pl
RNAse (10 mg/ml), | pl of enzyme, in a total volume of 50 ul. Add
50 p!l of the master mix to every well of the PCR plate. Seal plate,
and incubate at 37°C for 2h.

Run digest on an agarose gel, and verify whether targeted RFLP is
lost in severa} clones. Critical point: n non-targeted clones, PCR
amplification of the RFLP fragment foliowed by restriction digestion
will result in 3 bands: one higher molecular weight band
corresponding to the allele which does not contain the RFLP
resiriction site, and two lower molecular weight bands, which
represent the allele with the RFLP. [ a correct targeting event has
occurred, the RFLP will be destroved by the insertion of the selection
cassette. Therefore, PCR amplification followed by restriction
digestion will only reveal the higher molecular weight band, which is
undigested because of the absence of a restriction site. See
Troubieshooting.

58. Select the candidate targeted clones based on the allele-specific PCR from step 57,
and repeat the PCR analysis one more time, or with a different set of primers, to
exclude the possibility that the non-digested pattern was obtained due to failure of
restriction digestion. If pattern is confirmed, this indicates that clones were
correctly targeted.
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39,

60.

To defreeze the targeted clones, prepare a 24-well plate, coated with gelatin and
plated with MEFs in ES medium (0.3 ml per well). Put the “Freezing” plate (step
55} from the -80°C at 37°C in a ceil culture incubator, and wait until wells start to
thaw. Pipette the 230 pl content of the well corresponding to the targeted clones
into the 24-well plate. Take another 200 pl of ES medium, and pipette up-and
down in the weli of the “Freezing” plate, to collect all remaining cells, and add this
to the 24-well plate. Incubate in a cell culture incubator.

Change medium the next day. It will take 4-5 days for the clones to recover. When
confiuent, split to a 6-weil plate, and subsequently expand further and freeze
stocks. Isolate new DNA, and confirm PCR results. See Troubleshooting.

Timing

Step 1-3, /n sifico design of strategy: 1 day

Step 4-17, Generation of targeting plasmid for BAC recombineering: 5-6 days
Step 18-44, BAC isolation and recombination: 12 days

Step 45-52, Targeting of mouse Embryonic Stem cells: 17 days

Step 53-55, Picking of clones in 96-well plates for Freezing and DNA: 7 days

Step 56-60, DNA purification in 96-well plates and PCR RFLP analysis to identify correct
targeted clones: 2 days.
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Troubieshooting
Step | Problem Possible Reasen Solution
& correct PCR fragment not - PCR did not work, pipetting - repeat PCR
chtained error
- primers are not working - try temperature gradient, to (ind
better annealing temperature
- order new primers
10 ne colenies oblained - wrong kanamycin conceniration | - ensure correct concentration is
used used
-clean up of DNA prior to Topo - check concentration of DNA by
reaciion lailed Nanodrop, and put an aliquot on
gel.
- Topo reaction or heat shocking - repeat Topo reaction. Transform a
Wernl wrong circular control plasmid, Mundreds
of coionics should emerge il
bacleria are competent.
12 -ne DNA obtained -Iini-prep went wrong -check buffers. Did precipitation of

-expected digestion
fragments not present

-digest did not work
-hidden restriction site present

-wrong PCR {ragment cloned

proteins oceur?

-iry new enzyme, repeat digest

- cheek sequence and fragment size
of different bands. [s total length as
expected?

- Iry new primers

16 -ne colonies obtained

-digestion gives
unexpected bands

-wrong antibiotic, too high
concentration

-ligation did not work,
concentration of DNA used too
low

-ligation did not work, CIP used
for both vector and insert
-ligation did not work, no blunt
ends generated

<CIP forgotien, self-closure of
plasmid
- wrong cassctte fragment used

-unexpected orientation

~ENsure cormect concentration is
used, make new plates

-check DNA concentration, and try
again wilh higher concentration

-isolate new fragments, and ligale
again

-ry with new Klenow enzyme, new
digestions. Are all overhangs
suitable for Kienow enzyme? Ty
T4 polymerasc as aliemative
-repeat digestions, blunting and
ligation

-check total size of plasmid. Try
new ligations

-check sequence. Can wrong
orientation be used as allernative?
Try new ligations. Sometimes
inverled repeats are gencrated that
will be selected against by the
hacteria, therefore a cerfain
orientation might always be
oblained.

19 -no colonies obtained

-wrong antibiotic, concentration
too high

-BAC got degenerated while in
traffic

-ensure correct concentration is
used, make new plates
-order new BAC clone
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- BAC has recombined, or only
bacterial DNA has been isolaled

-digestion did not work
-concentration of isolated DNA
too low

-BAC clone s wrong/recombined

-repeal 1sofation of a new, fresh
culture. Follow protecol carefully.
il failed again, try growing BAC at
30°C. Checle buffers (pH?)

- repeat digestion

- add more DNA to digestion

~order new BAC clone

-salt concentration in DNA too
high

-wrong seltings of pulser
-bacteria not electrocompetent

- iry less DNAL Try new BAC
preparation

~adjust correct seltings

-make new bacteria, try again

-bacieria grown at wrong
temperature
-BAC difficult 1o transform

-adjust temperature to 30°C

- try again! Use fresh DNA

-wrong concentration ol antibiotic

-recombination machinery not
induced

-problem with electroporation?

- antibiotic for introduced
resistance cassette forgotten?
-targeling fragment is replicating
and co-translected in bacteria

-Ensure correct concentration is
used

-be sure that bacteria were pul at
42°C for 20 min

-see slep 31

- check plates, and prepare new
ones

-¢nsure that Ori is deleted. Try
other restriction digest to isolate the
fragment

- pipetting ciror
-primers are nol optimal
~gxtension time too short?

-recombination did not work

-wrong BAC?

-make new master mix, and try
again

-iry dilferent annecaling temperature.
-check PCR program

~try new recombination. Check
more colonies

-verify that correct BAC s present,
and no mix-up has cccurred

- wrong medium?

-FCS is not ££8 cell supportive
-feeders do not support ES cells
-Tew cells had been frozen
-hadly frozen vial?
-mycoplasm iniection?

-check medium compositicn. Make
new medivm il any doubls

-try different batch of FCS

-y different batch of feeders

-give cells some time. Split 1:1.
-defrecze another vial

-test for mycoplasm. Treat it
necessary, or lry different, non-
infected call ling, or carlier passage.

-medivm not completely removed
~Trypsin-CDTA too cold

~wash (wo times with PBS
~pre-warm Trypsin-EDTA

23 -no DNA obtained or only
high molecular weight
bands visible

3t -bacteria explode during
electroporation

34 -BAC not transformed, or
recombined

40 -no colonies obtained
-plate is overgrown, too
many colonies

42 -PCR did not show
expected bands

49 -IZS cells are not growing
properly

50 -no single cell suspension
obtained

51 -no viable ES cells left

-electroporation killed all cells

~cells were plated in medium with
selection
-infection?

-try to optimize conditions for your
pulser
-only start selection after 24h

-check for visible signs of infection:
vellow medium, bacteriz or veast
visible? Remove culture and start
over again. Always use sterile
culture technigues.
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52 -too many or (oo tess cells { -wrong concentration of -check concentration and adjust
dying during selection antibiotics used?
-wrong concentration for cell line | -perform a kill curve to find optimal
used? range for your cells.
54 -clones are not growing -see step 49 -se¢ step 49
57 -expected PCR and -isolation of DNA went wrong, -check coneentration of DNA and
digestion product not concentration too low or too quality by nanodrop. I oo low,
oblained much ethanol ieft maybe time point 100 harvest DNA

was 100 early? Defreeze “Freezing”
plate, and at next split, split new

DDNA plate.
-PCR did not work -repeal PCR with new master mix
-precipitation did not work -repeat PCR, and fest some samples
on gel prior to precipitation,
-no correct targeted clone -bad luck, start again. Consider
obtained changing construct, as particular
genomic region might be difficult to
recombing?
60 -thawed clones do not -PCR did not work -repeat again
have the correct PCR -a mix-up has occurred, wrong —take a weelk off, and start new
bands afier repeat of clone thawed targeting experiment!

analysis to confirm
generation of targeted cell
line

Anticipated resulis

Using our strategy, we have recently generated targeted alleles for the X-linked genes
Ruff2 and Xisr {174, 9111, RNFI12 is an X-linked, dose dependent activator of X
chromosome inactivation, which is an important epigenetic process resulting in the
transcriptional shut down of one X chromosome in all mammalian female cells. By
generating heterozygous RaflZ2+/- ES cells, we could show in vifro that RNFI12 acts as a
crucial, dose dependent activator of X7s7 which is the master regulator of X chromosome
inactivaiion. By targeting the second allele, generating a homozygous Rufl2-/- ES cell line,
we obtained evidence that RNF!2 is crucial for the initiation of X chromosome
inactivation. Furthermore, by generating a targeted deletion of the Xis# intron 1 region using
the same RFLP-based strategy, we could show that pluripotency factor binding to the Xis
intron | region is not essential for Xist repression in undifferentiated ES celis. In the latter
targeting, we designed homologous arms for BAC recombineering in such a way, that a 2.1
kb region of the BAC was replaced by the insert selection cassette, thereby showing that
our strategy can also be used to generate deletions, Although this approach requires an
additional cloning step during the generation of the targeting plasmid, it offers an
interesting possibility when insertional mutagenesis is not favored.

in our BAC recombineering step, we found that between 70-100% of bacteria
colonies are positive for the correct integration of the selection cassette. This high
efficiency, combined with the ease of the protocol, allows the generation of multipie
constructs for different genes ai the same time, within a short time frame. Using the BAC
targeting approach, we have obtained higher targeting efficiencies compared to our
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previous experience with conventional targeting constructs [179]. By targeting 4 different
loci within the Rufl2? gene, we found that between 3 and 12% of our obtained ES cell
clones are correctly targeted [958]. We are currently applying a similar strategy to a type of
human iPS celis (hLRS ceils {973]), where we have found similar targeting efficiencies {our
unpublished observations). The generated targeted ES cell lines can be used for in virro
experiments, or can be used for blastocyst injections or for tetraploid embryo
complementation to generate mouse models [912, 964-967]. If required, the second allele
can subsequently be targeted in vifro, or can be intercrossed in the obtained mice. When in
vitro targeting is required, a BAC construct is generated using a BAC library isogenic for
the second ailele. The same targeting arms can be used, but need to be ligated to a different
selection cassette {e.g targeting one allele with neomycin, and the second one with
puromycin). The RFLP screen in targeted ES cell clones then consist of detection of
complete absence of the PCR product spanning the original RFLP used, since both the first
and second targeted allele will be modified by insertion of the targeting cassette.

The use of hybrid C57BIl/6-Cast/Ei ES cells allows the use of a plethora of
available RFLPs for targeting, but might offer disadvantages for certain studies where the
genetic background of knockout mouse models is important. Therefore some backcrossing
might be required for certain studies. We have currently developed other hybrid ES cells
from several other strains, which might circumvent this problem in the future. In other
fields, it might even be beneficial to use hybrid ES cells or mice, since polymorphisms can
be used to trace parental gene expression. Combined with the many possibiiities offersd by
BAC recombineering, the high efficiency of BAC targeting approaches and our
straightforward readout, BAC targeting to generate knockout alleles has become our
method of choice to manipulate the mouse genome.
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Absfract

n female somatic cells of mammalian species one X chromosome is inactivated to ensure

dosage equality of X-encoded genes between females and males, during development
and adulthood. X chromosome inactivation (XC1) involves various epigenetic mechanisins,
including RNA mediated gene silencing in cis, DNA methylation, and changes in
chromatin modifications and compesition. XCI therefore provides an attractive paradigm to
study epigenetic gene regulation in a more general context. The XCI process starts with
counting of the number of X chromosomes present in a nucleus, and initiation of XCI
follows if this number exceeds one per diploid genome. Recently, X-encoded RNF12 has
been identified as a dose-dependent activator of XCL. In addition, other factors, including
the pluripotency factors OCT4, SOX2 and NANOG, have been implicaied io play a role in
suppression of initiation of XCl. In this review, we highlight and explain these new and old
findings in the context of a stochastic model for X chromosome counting and XCI
initiation.

Introduction

In mammalian species the dosage of X-linked genes is equalized between XX females and
XY males by inactivation of one of the two X chromosomes in every female cell [30]. In
mouse, X chromosome inactivation (XCI) is present in two forms. In the extra-embryonic
tissues XCI is imprinted, with the paternal X chromosome (Xp) being inactivated in all
cells [53]. This process is initiated very early during development, arcund the two- to eight-
cell stage [51-52], and is maintained in the developing extra-embryonic tissues of ihe
embryo, including the fetal placenta. In contrast, the Xp is reactivated in the inner cell mass
(1CM), which gives rise to the embryvo proper, after which random X inactivation is
initiated around day 5.5 of development. After the inactive X chromosome (Xi) is
established by random XCI of either Xp or Xm, this inactive state is propagated clonally.
Also in the human embryo proper, XCl is random and initiated early during development
[368]. Whether the imprinted form of XCI is present in the early human embryo is not
clear, and conflicting reports claim either the presence or absence of imprinted XCI in
human extra-embryonic tissues [369-370, 373-374, 376].

In mouse, two X-linked genes, Xisr and Tsix, have been identified to play an
important role in XCI [84-86, 93-94, 119]. Both genes were mapped to the X inactivation
center {Xic, Figure 1}, that was determined by genetic studies revealing a maximum region
of 10 megabases on the X chromosome required for XCI [72, 974]. Although Xist is a non-
coding gene, the Xist transcript is spliced and poly-adenylated. Accumulation of processed
Xist RNA on the Xi in cis is a decisive factor leading to inactivation. Tsix is transcribed
anti-sense to Xist and overlaps completely with Xisz [118]. Tsix transcripts are also spliced
and poly-adenylated, and 7isix transcription is initiated at different prometers. 7six and Xize,
the latter acting as an enhancer of Tsix [136], are both transcribed from the active X
chromosome (Xa) before and at the onset of XCI, and are invoived in down-regulation of
Xist, counteracting X inactivation. The XCI process involves different phases, starting with
a counting and choice process which includes determination of the number of X
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chromosomes and the choice which X will be inactivated. Subsequently, the Xi is
established through recruitment of different chromatin medification complexes, and the
silent state is then maintained through an almost unlimited number of cell divisions,
throughout development and adult life [33]. In this review, we will focus on the
mechanisms directing the XCI counting and choice process. For a detailed description of
mechanisms involved in the establishment and maintenance we refer to a complementary
recent review {975].

Counting and initiation of X inactivation
XCI is initiated if the number of X chromosomes exceeds one per diploid genome set. In
the female embryo proper, and alse in differentiating female ES cells in culture, the choice
is random with respect to the parental origin of the X to be inactivated. Several genes and
chromosomal regions have been attributed to be involved in the counting process. Removal
or addition of regions involved in counting can lead to complete or partial loss of initiation
of XCI in female cells, or an opposite effect, leading to XCI on both X chromosomes in
female cells, or even initiation of XCI in male cells. Transgenic male ES cell lines with
autosomal insertions of small transgenes (30-80kb) covering Xisr and Tsix, or Xist alone
revealed, besides autosomal spreading of transgenic Xist in ¢fs, ectopic XCI of the single X
chromosome in a significant proportion of celis [167, 16%9]. This indicated that gene(s) or
elements(s) involved in determining the number of X chromosomes may be located within
the region covered by these transgenes. Different male Tsix mutant ES cell lines indeed
displayed initiation of XCI on the single X chromosome, which suggested a direct role for
Tsix in the XCI counting process (Figure 1) [123, 127, [78]. Interestingly, the same
mutations did not affect counting in heterozygous female cells, which almost exclusively
inactivate the mutated Tsix allele [119-120].

Studies with female cell lines and mice with deletions of parts of Xist showed that
Xist is required for XCI to occur in ¢is [93-95]. However, Xist transcription and the deleted
part of the Xist gene are not involved in the counting process because initiation of XCI in
heterozygous female Xist mutant celis still eccurred on the wild type X chromosome [104,
176-1771. We recently deleted a region spanning more than 60 kb including Xisr, Tsix and
Xite (AXTX) from one X chromosome in female cells [179]. As for the studies which
involved Xist sequences alone, female cells with a heterozygous deietion of this region still
initiate XCl on the wild type X chromosome. These findings indicate that Xis¢, Tsix and
Xite affect the choice process by playing an important role in ‘in ¢is” inactivation, but are
not required for ‘in #rans’ communication regulating the counting process. This is also
supporied by our findings that BAC transgenes covering Xist or Tsix alone or both Xist and
Tsix do not induce XCI on the endogenous X, which contrasts previous reports,and suggest
that Xist and 7Tsix may only play a marginal role in the counting process. The results
obtained with the heterozygous AXTX ES cells and studies with BAC and Y AC transgenes
also indicated that factors involved in the counting process are located outside the region
covering Xist, Tsix and Xite [166, 175, 187].

Models for XCi counting and choice

The initial step in the XCI process has always been viewed to be the result of a mutual
exclusive choice process leading to inactivation of only one X chromosome in every female
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Figure 1: Xist and Tsix mutations and transgenes

Schematic representation of part of the Xic, including the location and size of the different Xist deletions,
and Tsix deletions and stop cassettes described in this article (thin dashed line represents the sequence
removed). The colored circles indicate the results obtained. The relative size and location and
experimental findings of the cosmid and BAC sequences covering Rnf12, Xist or Tsix alone, or Xist and

Tsix used in transgenic studies are shown below (thick dashed line represents sequences not shown on
the map).

cell. Several models have been postulated that explain the XCI process based on this
assumption. The blocking factor (BF) model states that a limiting factor blocks XCI on one
X chromosome in a diploid cell; either one of the two X chromosomes in female cells or the
single X chromosome in male cells [72]. The cell is able to count, because the BF is
encoded by an autosomal gene, and thus the excess ol autosomes over X chromosomes
determines whether enough BF is present in order to inhibit XCI on one X chromosome in
a diploid background. The putative BF binds an element in the Xic that prevents Xist to
accumulate on that X chromosome in cis. However, if this allele is impaired for XCI,
because Xist is deleted for example, then the cell should not be able to inactivate, which
would result in death of half the cell population. In contrast, cells with a heterozygous Xist
deletion all make the right choice and initiate XCI on the wild type X chromosome,
resulting in primary non-random XCI [176-177]. Therefore, a positive XCI factor was
hypothesized, named the competence factor (CF). One model comprising the combined
action of a BF and CF postulates that the abundantly present CF inactivates all X
chromosomes but not the one to which BF is bound [177]. Another hypothesis states that
also the X-encoded CF is limiting and is titrated away by one ‘copy’ of the autosomally-
encoded BF, which corresponds to a single X chromosome. When more than one X
chromoseme is present in a diploid background, the extra copies of CF will not be titrated
by the BF, and will inactivate the remaining unprotected X chromosome(s) [119, 976].

The main problem of the BF model is that a single entity, acting as a single ‘copy’
or molecule, is present in a diploid cell, which binds only one X chromosome. Cell-to-cell
variegation is likely to make such a system unstable. A model in which not one entity, but
many [actors bind only one of two X chromosomes in a female diploid cell would
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overcome this problem [164-165]. The so-called symmetry-breaking model that follows
from this, states that blocking complex, composed of many autosomally encoded molecules
that will bind to the DNA and itself through self-assembly, will form on one X
chromesome at the onset of XCI. Computational analysis shows that self-assembly is
energetically more favorable on only one X chromosome in a nucleus, rather than on two.
Unfortunately, evidence of formation of such a complex, on the active X and at the onset of
XCI, has not been presented vet.

Unlike the blocking factor models, the alternate state model postulates that the
choice of an X chromosome to be inactivated is intrinsically determined by the chromatin
state of the X prior to XCI [181]. The nature of this chromatin state is unknowrn, but can be
determined by allelic cohesion differences present after DNA replication. An X
chromosome with sister chromatids in more close proximity is more prone to XCI than an
X with stster chromatids farther apart [181]. Differences in sister chromatid cohesion may
reflect local Xisz spreading in cis, which could be transient but is locked in at the onset of
X1, thereby ensuring random XCI. However, the reported correlation is not absclute, and
also in cells that show primary non-random X inactivation, due to Xist or Tsix deletions, the
ratio between cells with either more separated or more closely associated sister chromatids
changes marginally, arguing against a direct involvement of sister chromatid cohesion in
XCI choice.

A different model is based on the observation that co-localization, or pairing, of
the Xics of the two X chromosomes in XX ES cells precedes XCI. This get-together of the
X chromosomes is very transient and can only be observed in a subset of cells, but does
occur more frequently than what would be expected from random co-localization of the
Xics [182-183}. Several regions within the Xic are involved in pairing. A Tsix or Xite
deletion in female ES cell lines results in loss of pairing and loss of random XCT [182-183,
185]. However, single copy Xist/Tsix/Xite transgenes cannot induce X-autosome pairing
[182], indicating that another pairing region is crucial for initiation of XCI. Indeed, a BAC
sequence located ~400 kb upstream of Xisf was found to pair with other copies of the same
region, and to induce Xist transcription in male ES cells when randomly integrated [187].
This region was named the X-pairing, Xpr, region, and it was suggested that the Xpr region
is essential for sensing the presence of more than one X chromosomal allele and subsequent
initiation of XCI. In this model, pairing of the Tsix and Xite region between two X
chromosomes provides a feedback loop to prevent inactivation of the second X
chromosome [187]. Trans-acting factors suggested to be involved in the proposed pairing
are CTCF and OCT4. Knock-down of both CTCF and OCT4 was reported to counteract the
pairing, but whereas knock-down of CTCF in female cells results in reduced initiation of
XCI, knockdown of OCT4 results in inactivatton of both X’s in an increased number of
female cells [185-186]. This indicates that the pairing model might not be the best model to
explain random XCI. Interestingly, it was observed that transcriptional activity of Tsix and
Xist is another requirernent for pairing [185]. When DNA polymerase IT transcription is
inhibited, pairing of the 7six and Xis? regions is lost [977]. This result might indicate that
the pairing events observed are not the cause of XCl, but a consequence of transcriptional
activation of Xisr and flanking genes at the onset of XCI, which may result in relocation of
the Xic in the nucleus.
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A stochastic model for initiation of XCI

All the above mentioned models predict a mutnal exclusive and deterministic XCI process,
in which a single X is inactivated in every female cell, Interestingly, in vivo and in vitro
studies indicate that this is not the case. Ir vivo studies with diploid and tetraploid XX and
XXXX embryos indicated the presence of a substantial population of cells with too many
Xa’s [162]. In vitro studies performed by us and others with diploid and tetrapleid ES and
ICM cells confirmed this finding, and also revealed a significant percentage of cells with
too many Xi's [179, 188]. Cells with too many Xi’s have 1o a lesser extent also been
reported in embryos, but selection against these cell types is most likely more stringent than
cells with too many Xa’s. The fact that XCI is almost never initiated in diploid XY and
tetraploid XXYY cells, indicates that initiation of XCI on too many X chromosomes in
diploid XX and tetraploid XXXY and XXXX cells cannot be attributed to noise in the
counting and initiation mechanism. Based on these findings we have proposed a stechastic
mechanism directing the XCI process, in which every X chromosome has an independent
probability to initiate XCI, eliminating the requirement for a choice process {179].
Comparison of the relative number of cells that initiated XCI between different diploid,
triploid and tetraploid ES cells indicates that the X to autosome ratio determines the
probability for an X chromosome to be inactivated [189]. The probability is most likely the
resultant of one or more X-encoded XCl-activators and autosomally enceded XCI-
inhibitors that promote or repress Xist accumulation, respectively, Upon development or
differentiation, the concentration of the XCl-activator will rise and/or the concentration of
the XCI-inhibitor will drop, and in female cells this will be sufficient to generate a specific
probability in time for enough Xist to accumulate and start to spread in cis (Figure 2A).
The XCl-inhibitor is invelved in setting up a threshold that has to be overcome by Xist to
accurmulate. Because the XCl-activator gene is X-linked, spreading of Xist will down
regulate the XCl-activator gene(s) in cis to a level below the threshold, thereby preventing
the second X chromosome from inactivation. In this model, initiation of spreading is a
stochastic event, so that the chance for silencing of the XCl-activator gene(s) on either X is
equal, if not influenced by differential allelic properties of the individual X chromosomes.
In male cells the concentration of the XCl-activator will not be sufficient to break the
threshold and initiate XCT, Studies with female cell lines and mice that harbor Xist or Tsix
mutations that affect the expression of cne of the genes indicate that Xist and Tsix are the
major players in setting up the probability, and that the XCl-activators and XCl-inhibitors
are likely to act through these genes. Recently, we and others have identified several genes
encoding one XCl-activator and several XCl-inhibitors,

XCl-activators and -inhibitors

In a stochastic model for XCI, preferential and timely initiation of XCI in female cells is
obtained through a sex-dependent dosage difference in one or more X-encoded XCI-
activators that promote Xist accumulation. An XCl-activator can act directly on
transcription initiation of Xisz, and/or in an indirect manner, by suppression of Tsix
expression (Figure 2B). Several findings supported the presence of one or more XCI
activators. Luciferase transgenes linked to an Xist premoter are higher expressed in female
compared to male cells [89]. Also, female cells with a heterozygous deletion of the region
encompassing Xist, Tsix and Xire still initiate XCI, indicating that an additional X-encoded
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Figure 2: A stochastic model for XCI

A) Upon differentiation or development the concentration of the XCl-activator increases (green), or the
concentration of the XCl-inhibitor drops (blue), or a combination of these changes occurs (both options
are shown). As a result, in female cells and not in male cells, accumulation of Xist in cis (+) is initiated
with a specific probability (arrows, all four possible outcomes are shown). Xist mediated silencing of the
XCl-activator gene in cis and a subsequent drop in the XCl-activator concentration prevents initiation of
XCl on the second X. B) XCl-activators can act by activation of Xist (I), by suppression of Tsix (Il), or
through both mechanisms (111). C) XCl-inhibitors can act by suppression of Xist (1), by activation of Tsix
(1), or through both mechanisms (I11).

protein or X-linked element is involved in XCI [179]. Furthermore, XCI initiation in cells
with different X-to-autosome ratios displays a correlation between the rate of initiation and
the X:A ratio, also supporting the presence of an X-enceded activator of XCI [189].

We recently identified X-encoded RNF12 as a dose-dependent XCl-activator
[174]. Transgenic expression of additional copies of the RnfI2 gene result in ectopic
initiation of XCI on the single X in male cells and on both X’s in an increased percentage
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of female cells. Rufl2 expression and over-expression correlates with initiation of XCI, and
heterozygous Rufl2+/- female ES cells displayed reduced initiation of XCI upon
differentiation. RnfI2 encodes the E3 ubiquitin ligase RNF12 (RLIM), involved in the
regulation of LIM-homeocdomain transcription factors, telomere length homeostasis, and
estrogen receptor alpha (ERq signaling; however, none of the known targets or partners of
RNF12 have been implicated in XCI. These findings indicate a versatile role for Rnf12 in
embryenic development, and suggest that the regulation of XCI piggybacks onto existing
developmental mechanisms. Although our findings indicate that RNF12 is an important
XCl-activator, they also indicate that more XCl-activators are involved. X-chromosomal
regions potentially harboring XCl-activator genes are the recently identified Xpr region,
and regions including Xisf and Tsix. However, in the same study we could not detect any
effect of transgenes covering the Xpr and Xist/Tsix regions on initiation of XCI on the
endogenous X chromosome(s), and we suggest that additional genes encoding XCI-
activators will be located more distal to Rufi2 or proximal to Tsix.

An inhibitor of XCI is most likely autosomally encoded, and will be involved in
activation of Tsix expression and/or direct repression of Xist (Figure 2C). Among the
proteins involved in Tsix regulation are the insulator protein CTCF and the transcription
factor yin yang 1 (YY1), for which several tandemly organized binding sites have been
identitied both in the DXpas34 region, which is involved in Tsix regulation, and the Xire
promoter. Knockout studies invelving Yyl, or partial ablation of ¥YyI and Ctcf through
RNAI mediated repression, revealed down-regulation of Tsix expression and concomitant
up-regulation of Xist expression, supporting a role for YY1 and CTCF in Tsix expression
[193]. Proteins initially implicated to act directly on Xist, bypassing Tsix mediated
repression, are the pluripotency factors SOX2, NANOG and OCT4. ChIP experiments have
identified binding sites for these factors in intron 1 of Xist, and Nanog deficient ES cells
showed up-regulation of Xist [191]. Up-regulation of Xiss precedes down-regulation of Tsix,
suggesting a Tsix independent mechanism for these three pluripotency factors in
suppression of Xist. Interestingly, a different study indicates that OCT4 also binds the
DXPas34 element and the Xire promoter, and interacts with CTCF suggesting that OCT4
also acts in a Tsix dependent pathway [186].

Determining the probability to initiate XCI

XCl-inhibitors are expected to set up the threshold that has to be overcome by Xist to allow
accumulation and silencing in cfs. Tsix knockout studies have indicated that Tsix is an
important player in setting up the in cis threshold for Xist accumulation. Tsix is involved in
accumulation of chromatin modifications at the Xist promoter [89, 111], and anti-sense
transcription through the Xist promoter is required for proper Xist suppression [112].
Whether the action of Tsix and accumulation of histone modifications at the Xist promoter
involves a small regulatory RNA pathway, in which factors such as Dicer are involved,
remains speculative and is still a matter of debate [132-134]. OCT4, SOX2 and NANOG-
mediated silencing of Xist appears to act both in Tsix-dependent and -independent
pathways, indicating that different mechanisms are involved in setting up the threshold.
Sex-specific initiation of XCI, however, can never be accomplished only by autosomally
encoded factors such as SOX2, OCT4 and NANOG, because the concentration of these
factors is most likely the same in male and female cells (unless their concentration would
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Figure 3: Determining the probability

A) Three possible mechanisms to determine the probability to initiate XCI. |) The concentration of the X-
encoded XCl-activator increases in time upon onset of ES cell differentiation or in development (green
line), and only in female cells the concentration is sufficient fo break a stable threshold (blue ling)
required to generate a probability to initiate XCI. The probability shown on the Y-axis is an estimated
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be regulated by an X-encoded factor). Key to the counting and initiation process is
therefore the presence of X-encoded activators such as RNF12 that are differentially
expressed between male and female cells. We have found that upon differentiation of ES
cells, the concentration of RNF12 increases, and the concentration of other XCl-activators
may increase as well. In contrast, the concentration of XCl-inhibitors will decrease during
differentiation, as indeed was found for OCT4, SOX2 and NANOG, or might stay the
same, as observed for YY1 and CTCF. Most likely, different combinations of changes are
involved (Figure 3A, [878]). The combined changes will lead to increased Xist expression,
either because XCl-activators activate Xisr or suppress Tsix, or exert an effect through both
mechanisms (Figure 2B). Currently, we do not know whether RNF12 acts through Xist,
Tsix or both.

In one model, Tsix suppression is Xist independent, and stochastic inactivation of
Tsix through the action of RNF12 and/or other XCl-activators allows accumulation of Xist
and subsequent silencing in ¢is. Autonomous silencing of Tix in male cells during ES cell
differentiation indeed supports a mechanism in which Tsix is down-regulated independent
of Xisi. On the contrary, a mechanism by which Tsix is silenced though the action of Xist is
supported by the finding that increased expression of Xisz, effectuated by insertion of a neo
cassette upstream of the Xist promoter, increases the probability for the mutated X
chromosome to be inactivated [104]. In a model where Xist silences 7Tsix, Xist gene
transcription activation depends on the concentration of RNF12 and other XCl-activators
and is stochastic, thus resuiting in increased bursts of RNA polymerase I activity initiated
in one time frame. On the contrary, transcription initiation of 7six is constant or decreases
in time. In the battle between Xist and Tsix, Xist transcripts are more likely to reach the
polv-adenyiation sequence, resulting in a stabilized transcript, which will aid Xist mediated
stlencing of Tsix. Either mechanism or a combination of the two may be applicable o
explain the XC! counting and initiation process. So far there is no clear evidence whether
Tsix silencing at the onset of XCI is mediated by JXist or not, and further experimental
evidence needs to be obtained to answer this question.

Figure 3: continued

cumulative probability of one day. ll) The XCl-inhibitor concentration drops in time, lowering the
threshold. The XCl-activator conceniration is constant but is twice as high in female compared to male
cells, which is sufficient to generate a probability to initiate XCl only in female cells. 111} A combination of
mechanisms | and [l. B} In wild type female cells the concentration of the XCl-activator is sufficient to
generate a probability to initiate XCl on both X chromosomes {left). In male cells the XCl-activator
conceniration is too low for XCl o be initiated (middie). The probability scale is shown on the right. C} In
cells with two different alleles for instance due io SNPs, the alleles show differential Xisf or Tsix
expression and allele specific thresholds (blue lines) determine the probability to initiate XCL. D} In male
{lefty and female cells (middle) with a transgene covering Rnf12 or another XCl-activator gene, the
concentration of RNF12 and the other XCl-activator(s) is increased Jeading to an increased probability
to initiate XCI in male and female cells. The graph tc the right shows the threshold level and the XClI-
activator concentration in transgenic (green line} and wild type (light green line) male and female cells,
according to mechanism | from A (graphs for the other mechanisms are not shown). E} in heterozygous
and hemizygous Tsix-slop, ADXPas34, ACpG and pAA2A1.7 cells the allele specific threshold of the
mutated allele is lowered (blue ling), resulting in an increased probahility for this allele to initiate XC1.
Note that the probability for the mutated allele to inttiate XC! is higher in fernale compared 1o male cells.
F} In cells with a reduced concentration of OCT4, NANOG, SOX2, YY1 and CTCF, the threshold is
lowered (blue lines), resulting in an increased probability to initiate XCl for both X chromosomes in
female celis, and for the single X in male cells. Also here the probability in female celis is higher
compared to male cells.
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In female cells, and not in male cells, the concentration of RNF12 and other XCI-
activators is expected to be sufficient to generate a probability to initiate XCI on each X
chromosome. This probability is expected to be modest, but in the time window where XCi
can be initiated, it will be continucusly present until XCI is initiated on one or more X
chromosomes, resulting in silencing of the XCi-activator genes in c¢is and a drop in the
concentration of RNF12 and other XCl-activators and the probability to initiate XCI. This
feedback mechanism prevents XCI on the second X in female cells, and the Xist promoter
on this Xa will be sitenced through persistent expression of Tsix (similar to Xist in male
cells). Silencing is most likely consolidated by chromatin modifiers and the action of DNA
methyl transferases DNMT1, DNMT3a, and DNMT3b [89, 113-114, 298]. On the Xi, Tsix
is silenced, and it is expected that a lower concentration of RNF (2 and other XCl-activators
is sufficient to maintain Xist expression on this X chromosome.

Predictions of a stochastic model

A stochastic model for XCI predicts that every X chromosome in a nucleus has a
probability to initiate XCI [179]. Using a computer simulation model we have been able to
match experimentally obtained data with differentiating female XX ES cells using a
probability that plateaus at a ~20% per day probability to initiate XCI for each X
chromosome in a female diploid cell [1892]. Applying a lower ot higher probability results
in too many cells with two Xa’s or Xi's, respectively. Nevertheless, also with a probability
of 20% a significant percentage of cells in our simulations end up with two Xa’s or Xi’s,
resulting in a reduced number of female cells compared to male cells (12% reduction).
Studies of early mouse embryos indeed indicate that female embryos are significantly
smaller than male embryos between 6.5 and 10.5 dpc [979]. This effect is also present in a
comparison between X0 and XX female mice, suggesting a role for XCI related cell death
in the reported size difference.

Besides the balance between the XCl-activator and -inhibitor concentrations that
determine the probability of XCI in trans, allele specific thresholds will be involved in
setting up the probability for each X chromosome in cis (Figure 3B and C). Promoter
SNP’s or mutations affecting transcription initiation of Xisz, Tséx or Xite, will have an effect
on the probability to initiate XCI. Indeed, a SNP in a domain of the human X7ST promoter
implicated in CTCF binding results in complete skewing of XCl in favor or against
inactivation of the polymorphic allele depending on the nucleotide change [452]. Similarly,
mouse Xist and Xite promoter SNPs have been reported to co-segregate with skewing of
XCI 452, 980].

We recently identified RNF12 as the first transacting factor involved in activation
of XCI [174]. Additional copies of Raf12 result in an increased probability to initiate XCI
in transgenic female celis resulting in a high percentage of cells with two X1’s (Figure 3D).
Also in Rnfl2 transgenic male cells XCI is injtiated in a significant percentage of cells.
Over-expression of RNFI12 even results in XCI in undifferentiated Rxf72 transgenic female
cells, supporting a dose dependent role for RNF12 in activation of XCI. This also indicates
that the other unidentified XCl-activators are expressed in undifferentiated ES cells. The
mechanism by which RNFI[2 activates XCI is unclear, but ectopic induction of XCI in
human RNFI2 transgenic mouse cells suggests that RNFI12 acts through ATST/Xisz, as
evidence for a role of human 752X in XCl is missing.
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In recent years, several cis and #rans acting factors have been identified which are
good candidates for setting up the threshold required for XCI to be initiated with a specific
probability. A stochastic model predicts that a change in the threshold level will have a
different effect in male versus female cells, because the XCl-activator level i3 sex
dependent (Figure 3B, E and F). Indeed, female cells with mutations that down-regulate or
completely abolish Tsix expression, thereby lowering the threshold, show a much higher
percentage of inactivation of the mutated atlele than male cells containing the same
mutations (Figure 3E) [127, 179]. This effect could explain the reported sex-ratio
distortion in hemi/hemozygous Tsix mutant mice, in favor of male mice, which may not or
only occasionally initiate XCI on the single X chromosome while female cells initiate XCI
on both X chromosomes much more frequently [180]. In contrast to the ACpG mutation
used for this study, other reported Tsix deletions and Tsix stop alleles did result in a
substantial percentage of male cells showing ectopic initiation of XCI, indicating that the
ACpG mutation represents a hypomorphic allele with a threshold that is higher than other
reported Tisix mutations. Depletion of Oct4 also has a more profound effect on XCI in
female compared to male cells (Figure 3F) [186]. These findings support a role for Tsix
and OCT4 in determining the thresheld for XCI to be initiated, and show that XCI counting
and initiation is regulated through an intricate balance between these factors and other
inhibitors and activators of XCI. So far RNF12 is the only identified XCl-activator, which
acts in concert with the XCl-inhibitors, OCT4, SOX2, NANOG, CTCF and YY I, but more
XCl-activators and XCl-inhibitors are likely to be involved. ldentification of all XCI-
activators and -inhibitors and unraveling of the interpiay between these factors will be
crucial for a further understanding of the XCI process.
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Abstract

En somatic cells of female placental mammals, one of the two X chromosomes is
transcriptionally silenced to accomplish an equal dose of X-encoded gene products in
males and females. Initiation of random X chromosome inactivation (XCl} is thought to be
regulated by X-encoded activators and autosomally encoded suppressors, controlling Xisz.
Spreading of Xisr RNA leads to silencing of the X chromosome in cis. Here, we
demonstrate that the dose dependent X-encoded XCI activator RNFI12/RLIM acts in trass,
and activates Xist. We did not find evidence for RNF12-mediated regulation of XCI
through Tsix or the Xisz intron | region, which are both known to be involved in inhibition
of Xist. In addition, we found that Xisr intron 1, which contains a pluripotency factor
binding site, is not required for suppression of Xist in undifferentiated ES cells. Analysis of
ferate Ruf12" knockout ES cells showed that RNF12 is essentiai for initiation of XCI, and
is mainly involved in the regulation of Xisr. We conclude that RNF12 is an indispensable
factor in up-regulation of Xist transcription, thereby leading to initiation of random XCI.

Author Summary

In all placental mammals, the males have only one X chromosome per diploid genome, as
compared to the females having two copies of this relatively large chromesome, carrying
more than 1000 genes. Hence, the evolution of the heterologous XY sex chromosome pair
has resulted in an inevitable need for gene dosage compensation between males and
females. This is achieved at the whole chromosome level, by transcriptional silencing of
one of the two X chromosomes in female somatic celis. Initiation of X chromosome
inactivation {XCI} is regulated by X-encoded activators and autosomally encoded
suppressors, conirolling Xist gene transcription. Spreading of Xiszt RNA in cis leads to
silencing of one of the X chromosomes. Previously, we obtained evidence that ithe X-
encoded E3 ubiquitin ligase RNF12 (RLIM) is a dose-dependent XCI activator, Here, we
demonstrate that RNF12 exerts its action in #rans, and find that RNFI12 regulates XCi
through activation of transcription from the Xist promoter. Furthermore, analysis of female
Ruf12" knockout ES cells shows that RNF12 is essential for initiation of XCI and that loss
of RNF12 resulted in pronounced and exclusive down-regulation of Xisr. It is concluded
that RNF12 is an indispensable factor in Xist transcription and activation of XCI.
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introduction

X chromosome inactivation (XCI) in placental mammals is random with respect to the
parental origin of the X chromosome that undergoes inactivation, during early embryonic
development [30]. In contrast, in marsupials and mouse extra-embryonic tissues XCI is
imprinted. Imprinted XCI always targets the paterrally inherited X chremoseme (Xp), and
is initiated during the early cleavage divisions [51-53]. In the inner cell mass {ICM) of the
mouse blastocyst, the paternaily inherited inactive X chromosome is reactivated, after
which random XClI is initiated around 5.5 days of embryonic development.

In mouse, two non-coding X-linked genes, Xist and Tsix, play a central role in the
random XCl mechanism. Upon initiation of XCI, Xist is up-regulated on the future inactive
X chromosome (Xi), and the transcribed RNA spreads along the X in ¢is, directly and
indirectly recruiting chromatin modifying enzymes acting to establish the Xi [74, 85-86].
Tsix is a negative regulator of Xist; the Tsix gene overlaps with Xist but is transcribed in the
anti-sense direction [118-119].

Random XCi is a stochastic process in which each X chromosome has an
independent probability to become inactivated [179, 189]. Intiation of XC1 is thought to be
regulated by X-encoded activators and autosomally encoded inhibitors {179, 910]. With
two active X chromosomes, female cells will have a concentration of XCI activators two-
foid higher than male cells, sufficiently different to drive XCI in femnale cells only. Rapid
down-regulation of XCI aciivator genes in cis, after initiation of XC{ on either one of the X
chromosaeimes, prevents initiation of XCI on the second X chromosome.

XCI inhibitors are involved in maintaining a threshold for XCI to occur. So far,
several XCl mnhibitors have been identified, acting through different mechanisms, in mouse.
YY1 and CTCF act as positive regulators of Tsix, by binding the DXpas34 Tsix regulatory
element [193]. The pluripotency factors OCT4, SOX2 and NANOG were proposed to
regulate XCI by binding to intron | of Xist and suppressing Xist expression directly [191].
OCT4 and SOX2 have also been implicated in the positive regulation of Tsix and Xite, the
latter being an enhancer of Tsix [186]. These findings indicate that several proteins and
pathways act in concert to suppress Xist transcription and to block Xist RNA spreading in
[SFA

XCI activators could act by activation of Xisr, but also by suppression of negative
regulators of Xist such as Tsix and the Xist intron 1 region. Recently, we identified RNF12
(RLIM) as the first X-linked activator of XC1 {174]. This E3 ubiquitin ligase is involved in
regulation of LIM-homeodomain transcription factors and telomere fength homeostasis,
through degradation of LDB1 and TRF1, respectively [893-894]. Previousiy, we found that
additional transgenic copies of the Raf/2 gene encoding this protein resulted in induction of
XCI on the singie X in transgenic male cells, and on both X chromosomes in a high
percentage of female cells. XCI was also affected in Raf/27" ES cells supporting a dose-
dependent role for RNF12 in activation of XCI. In the present study, we aimed to dissect
the role of RNF12 in XCt, and we obtained evidence that RNF12 regulates XCI in trons, by
activation of the Xisr promoter. In addition, the generation and analysis of Raf/2”" ES celis
indicated that RNFI12 js required for the XCI process and appears to be invelved in XCI
mainly by activation of Xisz. The results reinforce that RNF12 is a key player in regulation
of the XCI process.
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Resulis

RNF12 acts in trans to activate XCI

XCI is regulated by several cis elements, and Rnfl2 is located in close proximity to Xisr
{~500kb}. Therefore, we aimed to test whether all the activity of RNF12 is mediated in
trans. Our previous studies showed that Rrf72*" female ES cells induce XCI in a reduced
number of ES cells. Here, we rescued 129/Sv / Cast/Ei (129/Cas) polymorphic Rufl2*"
female ES cells by introducing a 129 BAC (RP24-240116) construct covering Rnfl2. RT-
PCR analysis followed by RFLP detection confirmed expression of the transgenic copies of
RnfI2 (Figure 1A). Xist RNA-FISH analysis, to detect the Xist coated inactive X
chromesome (Xi) in day 3 differentiated transgenic ES cell lines with one additional copy
of Rnfi2, shows that XCI was restored to wild type level (Figure 1B). In line 20, with 3
transgenic copies of RnfI2 the percentage of cells with one or two Xi’s is even more
pronounced, supporting a dose dependent role of RNF12 in XCI (Figure 1B, 1C). XCT is
skewed in wild type 129/Cas female ES cells towards inactivation of the 129 X. This is due
to the presence of different X-linked cis elements (Xce) that affect random choice [4461.
RT-PCR detecting a length polymorphism was used to distinguish Xist emanating from
either the 129 or the Cas alleles. We observed that skewed XCT is more pronounced in the
RnfI2*" cells, as compared to XCT in wild type cells at day 3 of differentiation (Figure 11)).
This could be caused by selection against cells inactivating the wild type X chromosome,
which would result in complete loss of RNF12 from these cells, However, RNF12 possibly
is not essential for cell survival, also of differentiated cells, so that selecticn against cells
nactivating the wild type X chromosome might point to a role for RNF12 in maintaining
Xist expression. In the rescued cell lines, Xist was up-regulated from both alleles at day 3 of
differentiation (Figure 1I). This result demonstrates that RNF12 activates XCI in trans.

Counteracting roles for RNF12 and NANOG

One possible mechanism for regulation of XCI by RNF12 might be a direct interaction with
Xist RNA to target chromatin components. However, examination of day 3 differentiated
female cells by immunocytochemistry detecting RNF12, together with the Polycomb
protein SUZ12 which accumulates on the Xi [97-98], excludes this possibility (Figure 2A).
Interestingly, we noticed that the RNF12 staining intensity was much more dynamic in
female compared to male cells (Figure 2B, Figure 81). Also, in female cells, a SUZ12
coated X1 appeared mainly in cells with low RNF12 staining (Figure 2A, Figure $2, and
data not shown). Immunostaining of differentiating female ES cells indicated a negative
correlation between expression of RNF12 and NANOG, although expression was not
completely mutually exclusive (Figure 2C). To analyze this in more detail, we targeted an
Rnfl2 promoter-mCherry construct into ES cells, also harboring a knock-in GFP transgene
in the Nanog and Oct4 loci. We analyzed expanded individual clones and pooled clones and
obtained similar results. FACS analysis, prior to differentiation and at different time points
after differentiation of these double transgenic ES cell lines, showed a negative correlation
between RNF12-mCherry and NANOG-GFP expression, but not for RNF12-mCherry and
OCT4-GFP (Figure XD, E, Figure 83). Our findings therefore suggest specific
counteracting regulatory roles for RNF12 and NANOG in XCI, which might include an
inhibitory effect of NANOG on Rafi2 transcription. Interestingly, NANOG has heen
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Figure 1: RNF12 activates X chromosome inactivation in frans

A) Allele specific RT-PCR analysis of Anf12 expression with RNA isolated from day 3 differentiated
female Rnf12" ES cells (Cas/129, 129 Rnfi2 targeted), and rescued cell lines obtained after stable
integration of an 129 Anf12 transgene. Nhel digested 129 products were separated from undigested
Cas products. B) Overview of RNA-FISH experiments detecting Xist expression in female wild type,
Rnf12" and Rnf12"" rescued cell lines. qPCR copynumber analysis was performed on genomic DNA.
RNA-FISH analysis was performed on day 3 differentiated ES cells, and the percentage of cells
harboring one Xist coated X chromosome (Xist cloud (=Xi), 1x Xist) or two Xist coated X chromosomes
(2x Xist) was determined. C) Representative pictures of RNA-FISH analysis, detecting Xist (FITC) in
day 3 differentiated female wild type and Rnf12"" rescued ES cells (line 20, Rnf12 over-expression).
DNA is counterstained with DAPI in all RNA-FISH slides. D) Allele specific RT-PCR analysis of day 3
differentiated wild type, Anf12"" and Anf12” rescued cell lines, detecting an Xist length polymorphism
that discriminates 129 and Cas Xist.

I FTC/DAPI |

Xist

implicated in the regulation XCI by direct suppression of Xist in ES cells, and Xist
suppression in the ICM of the developing blastocyst corresponds with up-regulation of
NANOG expression [367]. Therefore, mutual exclusive expression of RNF12 and NANOG
may be required for initiation of XCL.
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Figure 2: Counteracting roles for RNF12 and NANOG in XClI

A} Immunocytochemistry detecting RNF12 (Alexa 546) and SUZ12 (Alexa 488) in day 3 differentiated
female ES cells. Cells showing accumulation of SUZ12 on the X chremosome (Xi) show low levels of
nuclear RNF12, suggesting that RNF12 is downregulated upon XCl. RNF12 does not accumulate on
the SUZ12 coated Xi. B) Quantification of RNF12 staining intensities in female and male ES cells at
different timepoints of differentiation. Red and blue box plots show results for female and male cells,
respectively. Mean, interquartil range and standard deviation are indicated. N > 100 cells per timepaint.
Female cells show higher staining intensities and more fluctuation of RNF12 expression compared to
male cells. C) Immunocytochemistry detecting RNF12 (rhodamine) and NANCG (FITC) in
undifferentiated and day 2 and 3 differentiated male and female ES cells. D) FACS analysis of NANOG-
GFP (right panel) and OCT4-GFP (left panel) ES cells transgenic for an RAnfi2-mCherry promoter
construct. FACS plots show results of undifferentiated ES cells. Cells are gated for GFP+, Cherry+,
GFP+Cherry+ or negative. Results of a representative experiment are shown. E) Quantification of FACS
analysis of NANOG-GFP (right panel) and OCT4-GFP (left panel) ES cells transgenic for an RAnfi2
mCherry promoter construct. Cells were differentiated for up to 7 days, and the percentage of positive
cells was determined (Cherry+, red line; GFP+, green line; Cherry+GFP+, yellow line).
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Figure 3: RNF12 initiates XCl independent of pluripotency factor binding to Xist intron 1

A) Schematic representation of part of the X chromosome and the strategy to target the Xist intron 1
pluripotency factor binding sites. A BAC targeting construct replacing Xist intron 1 by a floxed neomycin
resistance cassette (Neo) was used to target specifically the 129 allele in Cas/129 female ES cells. The
Neo cassette was looped out after transient expression of Cre recombinase. B) RNA-FISH analysis
ES cells. In both wild type and

intron 1+/-

detecting Xist (FITC) in undifferentiated female wild type and Xist

Xistintron 1 deleted cells, only pinpoint signals are visible, representing basal Xistand Tsix expression.
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RNF12 does not regulate XCI through Xist intron 1

Recently, the first intron of Xisr has been identified as a region involved in recruitment of
three pluripotency factors, QCT4, NANOG and SOX2 [191]. It was shown that down-
regulation of Nanog and Cct4, through gene ablation, resulted in an increase in Xist
expression, and initiation of XCI in male cells. Interestingly, the intron |-mediated
suppression of XCI was suggested to directly act on Xist, without involvement of Tsix. To
study if RNF12 might regulate XCI by interfering with binding of pluripotency factors to
the intron 1 region of mouse Xist, we removed 1.2 kb of Xisz intron 1 including all reported
NANOG, OCT4 and SOX2 binding sites by homologous recombination with a BAC
targeting construct, without disturbing the integrity of the Xisr transcript. Targeted clones
were screened by PCR amplification of a targeted RFLP (Bsrgl) in female F1 2-1, 129/Cas
polymorphic ES celis, which was confirmed by Southern blotting, followed by Cre
mediated loop-out of the kanamycin/neomycin resistance cassette (Figure 3A, Figure S4).
Xist RNA-FISH at different time points of differentiation of several Xisf™™'"" ES cell lines
indicated that XCI is initiated with the same kinetics as in wild type cells, and showed that
the intron | region is not required for repression of Xist in undifferentiated ES cells or early
during initiation of XCI (Figure 3B, 3C, and Figure S4G). Nevertheless, Xist specific RT-
PCR, detecting a length polymorphism distinguishing 129 and Cas Xist, showed enhanced
skewing at day 3 of differentiation towards 129 Xist expression, suggesting a role for the
introf: 1 region in suppressing Xiss at later stages of differentiation, when NANCG, OCT4
and SOX2 are expressed at a lower level (Figare 3D). To test an involvement of the intron
1 region in RNTF12-mediated activation of XCI, we introduced an Rnf72 BAC transgene
into the Xist"™""" ES cell lines. Additional copies of Rnf72 resulted in induction of Xist,
even in undifferentiated ES cells (Figure 3E, 3F, 31}, confirming our previous findings
[174]. However, allele specific RT-PCR did not point fo an increased preference for
expression of the mutated or wild type allete, in undifferentiated ES cells (Figure 3G, 3H),
indicating that RNFI12-mediated action on XCI does not require the Xist intron | region
(Figure 3J). At day 3 of differentiation, in several cell lines, we found higher expression of
Cas Xist in Rnfl2 transgenic Xist™™ ™" cells compared to Xist™™"™ only cells. We
attribute this finding to an increase in the percentage of cells with two Xist clouds.

Figure 3: continued )

C) Bar graph showing the percentage of wild type and Xist "™ """ ES cells that initiated XCI, detected
by Xisf RNA-FISH, at different time points of EB differentiation. No statistical significant differences were
noticed hetween the wild type conirol and the cell lines harboring a deletion of Xist intron 1 {(95%
confidence interval, N>100 cells per time point  p>0.05). D} Allele specific RT-PCR analysis deteciing
Xist expression in femnale wild type and Xist ™™ ™ cell lines (clone 3, 8 and 10) during differentiation.
E} gPCR analysis to determine the Rnf12 copy number in Xist ™" "™ ES celis transgenic ES cell lines
{transgenic, grey, and endogenous, black, copy number), and percentage of cells with two Xist clouds at
day 3 of differentiation. F) RNA-FISH analysis detecting Xist (FITC) in day 2 differentiated Xist ™" ™"
ES cells, without (left panels) and with (right panels) an Rnf12 transgene. The Xist clusters in one celt
with two Xisf clusters are indicated with arrowheads. G) RFLP RT-PCR amplifying a Nhel RFLP present
on the endogenousi29® Rnf12 allele, and the Rnf12 transgene. Relative expression analysis was
performed with RNA isolated from undifferentiated and day 3 differentiated ES cell lines. H) RT-PCR
amplifying a length polymorghism distinguishing Xisf emanating from the mutated 129 allele and the
wild type Cas allele, with RNA isolated from undifferentiated and day 3 differentiated ES cell lines. 1) Xist
expression in undifferentiated Rnf12 transgenic Xist ™" """ ES cells, and an Xist ™ ™" control cell line
was quantified qPCR. J) Table summarizing the results obtained with female wild type, Rnf12
transgenic, Xist ™" ™" and Xist ™™ " Rpf12 transgenic ES cell lines.
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We conclude that the Xist intron | region is not essential for suppression of XCI in
undifferentiated BS cells, but may play a role later during differentiation. Furthermore,
RNFI2-mediated activation of XCl is independent from the Xist intron | region.

RNF12 regulates Xist

RNF12 could regulate XCI through activation of Xist or suppression of 7six, or both.
Previously, we analyzed Xist transgenic male ES cell lines with a BAC RP24-180B23
integration covering JXist only [174], or a BAC RP23-338B22 sequence containing both
Xist and Tsix (Figure 4A). These male transgenic ES cell lines also contained 16 copies of
an ms2 bacteriophage repeat sequence located in exon 7 of the endogenous Xist gene,
allowing separate detection by RNA-FISH of autosomal versus endogenous Xist spreading
[92]. Differentiation of transgenic male ES lines containing the Xiss-7six transgene resulted
in expression of Xist from the autosormal integration site in cell lines containing multicopy
integrations. Autosomal spreading of Xisr in these cell lines is most likely due to
accumulation of enough Xisr RNA to silence at least one copy of Tsix, allowing spreading
of Xist in cis. Integration of truncated transgenes that lack Tsix would facilitate this process
[174]. This also explained autosomal Xisr spreading in BAC RP-24-180B23 single copy
male transgesnic ES celt lines upon differentiation, because Tsix is not covered by this BAC
[174]. We used two of these, Xist only, BAC RP-24-180B23 ES cell lines to introduce 129
BAC RP24-240]16 transgenes covering Rafi2, and found Xist spreading on the single
endogenous X (Figure 4B and C), confirming previous results. We also found a significant
increase in the number of cells with autosomal Xist spreading, indicating that RNF12
activates XCI through Xist. Next, we introduced an Ruf72 transgene (BAC RP24.240116)
in a single copy 7six male transgenic ES cell line that lacks transgenic Xisr (BAC RP23-
4473G10). These double transgenic ES cell lines contain a Cas X chromosome which
allowed RFLP mediated discrimination of endogenous (Cas) and transgenic (129) 7six.
Analysis of these cell fines indicatad that transgenic over-expression of RNF12 does not
lead to down-regulation of Tsix, as measured by qPCR and by RNA-FISH examining the
relative number of 7six pinpoint signals (Figure 4D, E and (). Interestingly, allele specific
RT-PCR indicated that endogenous Tsix {Cas) is even down-regulated in samples with
higher Xist expression, indicating Xisr-mediated silencing of Tsix in ¢is (Figure 4F). Taken
together, these results indicate that JXist and not Tsix is the functionally most important
downstream target of RNF12,

RNF12 is required for XCi

We previously found that the rate of initiation of XCI is reduced in differentiating female
Rnﬂ}”"‘ ES cells, compared to wild type ES cells [174]. The RNF12 protein jevel in these
Ruf12™ female cells is equal to that in male cells [174], but XCI is stifl occurring at a
higher raie than in male cells. This indicated the presence of additional X-encoded XCi
activators, but did not exclude the possibility that RNFI12 is essential for XCI. To address
this point, we generated Rnf/2" female ES cells by targeting the wild type Cas Ruf12 ailele
in Rnf12'" ES cells (Figure 5A). Correct targeting was confirmed by RT-PCR, showing
loss of a targeted RFLP located in exon 5 of Ruf72 (Figure 5B). The presence of two X
chromosomes in these Rufi2” female ES celts was ascertained by X chromosome DNA-
FISH analysis and amplification ofan RFLP in the Xist gene (Figure 5C, and data not
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Figure 4: RNF12 activates Xist directly, but does not inhibit Tsix

A) Map showing part of the mouse X chromosome, the location of the BAC sequences used, and the
position of ms2 repeats within Xist. RNA-FISH probes are indicated in green and red, and non-
annotated genes in grey. B) RNA-FISH analysis detecting endogenous Xist (ms2, rhodamine and FITC
positive) and exogenous Xist (FITC) from the autosomally integrated Xist-only BAC RP24-180B23 in
day 3 differentiated male ES cells transgenic for Anf12 (BAC RP24-240J16). C) Table summarizing
RNA-FISH results from B). Copy number of the Anf12 transgene was determined by gDNA gPCR.
Shown are the percentage of autosomal and endogenous Xjst clouds; N, number of cells analyzed. D)
RNA-FISH analysis detecting endogencus and transgenic Tsix (FITC, pinpoint signals) and endogenous
Xist (FITC, clouds) in day 3 differentiated Tsix transgenic male cells (left panels) and day 4
differentiated Tsix transgenic male cells with additional copies of an Anfi2 transgene (right panels).E)
Table summarizing results obtained with single copy Tsix transgenic male ES cell lines with a RAnf12
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shown). Western blotting analysis confirmed the absence of RNF12 protein in the knockout
cells (Figure 5SD). RT-PCR and gRT-PCR of pluripotency associated genes and
differentiation markers gave information that differentiation of the Rnf]Z’!’ ES cells was not
different from that of wild type ES cells (Figure 5E, S5F and Figure 85). However, Xist
RNA-FISH anatysis showed that differentiating Raf12" ES cells only sporadically initiate
XCI (Figure 5G, H and I). qPCR analysis confirmed that Xisr is not detectably up-
regulated when measured for a population of Rafi2-/- cells upon differentiation. Moreover,
DNA-FISH detecting a whole chromosome X paint probe at day 7 and 10 of differentiation
excluded X chromosome loss (Figure S5). The few Rnf] 2" cells that initiated XCI
appeared in clusters, suggesting clonal expansion of a few cells that initiated XCI (Figure
S5). We therefore conclude that RNF12 is an essential factor in XCI.

RNF12 activates the Xist promoter

Evidently, the Rafl2" knockout cells present the possibility to study control of gene
expression by RNF12. Therefore, we next performed micro-array expression analysis
comparing day 3 differentiated Rafi2" and wild type cells. We found that Xist was the only
gene that was subject to differential regulation, showing pronounced down-regulation
(Figure 5]J). Interestingly, none of the known downstream targets of RNF12 appeared
affected in our analysis. This may be due to our ES cell differentiation system resulting in a
mixed population of cells at different stages of ditferentiation. In addition, the 3-day-time
span allowed in our studies for cell differentiation may have prevented detection of effects
on downstream targets which are expressed at later stages of differentiation. Nevertheless,
our results indicate that the main function of RNFI2 at this early stage of differentiation
concerns the regulation of XCI. The observed dependency of Xisr transcription on RNF12
might be effectuated by RNF12 acting through the Xist promoter. To test this, we expressed
Xist promoter luciferase reporter constructs, both transiently and stably, in wild type female
and Rnf12" ES cell lines and differentiated these cells for 3 days. The results revealed an
unequivocal correlation between RNF12 expression and luciferase expression (Figure 5K).
Qur results therefore demonstrate that RNF12 activates the Xist promoter, although this
does not exclude a role for other cis regulatory sequences, further away from the Xist
promoter, in RNF12-mediated activation of XCI.

Figure 4: continued

transgene, 4 days after differentiation. Shown are copy number of the Anf12 transgene, percentage of
cells with fwo Tsix signals, cells with an Xist cioud, and the percentage of cells with an Xist cloud and
Tsix pinpoint signal (i is number of cells analyzed). F} Allele specific RT-PCR detecting fransgenic
(129) and endogenous (Cas) Tsix in undifferentiated and day 4 differentiated Tsix /Rnf12 double
transgenic ES cells. G) gPCR analysis to gquantify Xist and Tsix expression in day 4 differenfiated Tsix
/Anf12 double transgenic ES cells, and a contro! cell line without an AnfiZ2 transgene.
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Discussion

In ES cells, RNF12 exerts its main function in XCI

Here, we present evidence that RNF12 is an essential activator of random XCI. RNF12 acts
in trans on the Xist promoter, in differentiating mouse ES cells, to activate Xist
transcription, leading to Xist RNA cloud formation and spreading of the silencing complex
over the future inactive X chromosome in cis, Although our results show that RNF12 acts
in trans, it is to be expected that the close proximity of the Rrfi2 gene to the Xist locus,
taken together with the dose-dependent action of RNF12, is quite crucial for well-tuned
regulation of XCI. Such proximity most likely facilitates rapid down-regulation of Rafl2 in
cis upon initiation of XCI, leading to a lower nuclear RNF12 content, thereby preventing
inactivation of the second X chromosorne.

Whole genome expression analysis suggests that the major function of RNF12 in
ES cells is its regulation of Xist RNA expression, hence XCI. This is a very surprising
finding, as RNF12 has been implicated in many other biological pathways. Apparently, in
the present cell differentiation system, loss of expression of RNF12 does not cause a
deviation from the wild type differentiation process to such an extent that it affects gene
expression other than that of Xist. However, also based on our studies we do not exclude a
function for RNF12 at later stages of cell differentiation, or in mouse development. In
addition, redundant pathways or proteins such as RNF6, a close homologue of RNF12, may
prevent full phenotypic expression of loss of RNF12. However, RNFI2 exerts a
predominant rele in targeting Xiss, as evidenced by our observation that Xist is largely
silenced in the RNF12 deficient cells.

While our manuscript was under review, Shin et al. (2010) published a paper
suggesting that RNF12 might be required in particular for imprinted XCI in mice [981].
Remarkably, that study included the observation that RNF12 depletion did not prevent
initiation of random XCI in a significant percentage of Rnfi/2-/- ES cells derived from
mouse blastocysts. This discrepancy with our findings might be explained by experimental
differences, such as differences concerning the design of the knockout, the genetic
background of the ES cells, or the cell derivation and culture procedures. Differences in cell
differentiation protocols have been shown to have a pronounced impact on the XCI process
[982]. Also, ES cells derived from embryos with a different genetic background could
express XCI activators and XCI inhibitors at different levels, allowing XCI in either a lower
or a higher percentage of Rufl2-/~ cells. Future studies comparing the two independently
generated Rnfi2-/- ES cell lines will yield useful information about these points.

Other XCl activators

Although our observations provide evidence that RNF12 is an essential factor for the XCI
process to occur in differentiating ES cells, we anticipate that other XCI activators act in
parallel, and might independently regulate Xist or Tsix, or both. Dosage compensation
mechanisms in species such as D. melanogaster and C. elegans also involve multiple
factors and pathways, possibly leading to increased fidelity of these mechanisms [899]. In
such a mechanism involving multiple facters, RNF12 would be the dose-dependent factor
that is required to exceed the cumulative threshold limit to proceed towards initiation of
XCIL Tt is feasible that female Rafl 27 cells sometimes do initiate XCI (Figure 6A), as a
censequence of the stochasticity of the process. This would be compatible with a
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Figure 5: RNF12 is essential for XCl
A) Targeting strategy to generate Rnf12" ES cells. The Cas Anf12 allele of the previously generated
heterozygous Rnf12'" ES cells (Cas/129) was targeted with a BAC construct containing a puromycin
selection cassette disrupting the open reading frame of Anf72. B) PCR RFLP analysis with primers
spanning a Nhel RFLP descriminating the Cas (no Nhel site) and the 129 (Nhel site present) alleles,
which was used to insert the targeting cassette. C) PCR RFLP analysis confirming the presence of two
X chromosomes in Anf12" ES cells. PCR primers span a Bsrgl RFLP located in Xist. D) Western
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mechanism, in which the combined total activity of all putative XCl activators exclusive of
RNF12 is just below or around the threshold to initiate XCE. Interestingly, Xisr cloud
formation is also sporadically found in male cells, but in contrast to female Rnf72™ cells,
this represents a lethal condition and will be selected against.

Our studies indicate that RNF12 participates in Xist promoter activation, through
an action which requires the presence of the minimal promoter. Although the direct protein
target(s) of RNF12 remain elusive, its reported E3 ubiquitin ligase activity [893] would be
compatible with RNF12 targeting an inhibitor of Xisr transcription through proteasome-
mediated degradation. This does not exclude that RNF12 might be involved, in addition or
alternatively, in activation of a transcription factor driving Xist expression through positive
regulation of transcription. Furthermore, RNF{2 could be involved in regulation of ¢is-
regulatory sequences other than the Xist promoter, vet to be identified and further away
from the Xist locus.

A function for RNF12 in maintaining Xist expression

Selection against cells inactivating the X chromosome containing the wild type allele of
Rufl2 in the heterozygous Rafi2+/- ES cells could point to a continued requirement for
Rnf12 in maintaining Xist expression, following the early stages of differentiation. From the
fact that male Rafl2-/Y knockout male mice are viable [981], it can be concluded that
RNF12 deficiency is compatible with survival of differentiated cells in which XCI does not
play any role. Hence, it would be difficult to explain the observed selection against cells
inactivating the wild type X chromosome in the heterozygous Rufi2+/- ES cells by loss of
any possible function of RNFI12 independent of XCI. If RNF12 would be required for
maintaining Xist expression and XCI, the cells inactivating the wild type allele and
becoming deficient in RNF12Z can be expected to lose Xist expression and to reactivate the
Xi. In conirast, cells inactivating the X chromosome containing the mutated allele, keeping
one functional allele of Raf72, will be able to maintain Xist expression and XCIL. In a
population of cells this will lead in skewed XCI of the mutated allele. In fact, such a
mechanism might also be relevant o explain the reported defect in imprinted XCI resulting
from an Rnf72 mutation [981].

Figure 5: continued

analysis of RNF12 protein and ACTIN in wild type and Rnf12” ES cells. E) gRT-PCR analysis detecting
Tsix expression in female wild type and Rnf{2" ES cells differentiated for up to 10 days. Results were
normalized to Actin. F) qRT-PCR analysis as in (H}, but now detecting Nanocg (left graph) and KIf4 (right
graph) expression. G) RNA-FISH analysis detecting Xist (FITC) in day 3 differentiated female wild type
and Rnfi2" ES cells. H) Bar graph showing the percentage of female wild type, Rnf12"" and Rnft2" ES
cells that initiated XCI, as determined by Xist RNA-FISH, at different time points of differentiation. ***
P<0.001; * p<0.01; * p<0.05, Student's T-test. I} qRT-PCR detecting Xist in female wild type and Rnf12
" ES cells differentiated for up to 7 days. Results were normalized to Actin. J) Genome wide expression
analysis comparing day 3 differentiated Rnf12" and wild type ES celils. Shown are the Log fold
expression change and the adjusted P value. K) Luciferase assay detecting expression of an Xist-
promater-iuciferase construct in female wild type and Rnff2" ES cells differentiated for 3 days. For
transient experiments, cells were co-transfected at day 0 with the Xisf-promoter-luciferase or conirol
vector (empty luciferase vector) and a Renilla plasmid. Results were normalized to Renilla expression.
For stable pooled clones, the promoter constructs were transfected, clones were pooled after selection
and differentiated 3 days prior to analysis.
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Imprinted XCl involves activation of Xisz on the Xp, and the observed phenotype
concerns lack of this imprinted XCI of the Xp when the mutant Ruf72 allele is inherited
from the mother. [t was observed that no female embryos were born, inheriting a mutated
Rnf12 allele from either a Rafl2”" or a Raf12™" mother in crosses with wild type males. In
contrast, the mutated allele was transmitted to male offspring. Maternal storage of RNF12
in the oocyte was proposed to play a crucial role in imprinted silencing of the Xp in the
early embryo [981]. Rnf/2 is at a 46cM distance of the centromere, so that it can be
expected that many haploid cocytes generated by the first meiotic division {the reduction
division) of Rrfi2"" oocytes, which occurs at the time of ovulation, will contain both wild
type and Rnfl2 mutated alleles, as a consequence of meiotic recombination. Hence, we
anticipate that there will be ongoing expression of Ruf72 in a high percentage of oocytes
transmitting the mutated Raff2 allele. until fertilization triggers meiotic division IF. The
recombined wild type and mutant alleles which are present within one haploid oocyte, will
be exposed to the same maternal storage of RNF12. Taken together with the observation
that RafI2"" oocytes did mnot give rise to female offspring carrying the mutant allele,
whereas female offspring carrying the wild type allele were obtained at the expected
mendelian ratio from these oocytes [981], this argues against a predominant role for
maternal storage in imprinted XCI. Rather, we favor the hypothesis that continued
transcription of Ruf72 throughout ovulation and after fertilization is required for sustained
expression of RNF12, activation of Xist from the Xp, and maintenance of the inactive Xp.
Future research will be required to address this hypothesis.

The fink to pluripotency

Cur results indicate a negative correlation between NANOG and RNFI2 expression.
NANQG and the other pluripotency factors OCT4 and SOX2 have been shown to be
recruited to the Xist intron 1 region in undifferentiated ES cells, and were proposed to play
a role in Tsix independent suppression of Xist [1911. In this regulatory mechanism, ablation
of Tsix did not result in up-regulation of Xisz in undifferentiated ES cells, and Tsix was not
required for repression of Xist located on the inactivated paternal X chromosome in the
inner cell mass. This pointed to an important role for recruitment of NANOG, OCT4 and
SOX2 to Xist intron | in suppression of Xist in ES and ICM cells [191]. However, the
present findings show that the intron | region is dispensable, in silencing the XCl process
in undifferentiated ES cells. Deletion of Xiss intron 1 caused an effect, but only in the form
of skewing of XCI, which was notable at later stages of differentiation. Interestingly, a
previous study analyzing an Xist mutant allele that lacks the intron | region but leaves the
Xist promoter intact, also did not show up-regulation of the mutated allele in
undifferentiated ES cells [94]. Although these latter results support our findings, they
should be interpreted with caution because the selection cassette was still present in the
cells analyzed by Marahrens et al. [94].

Like for the role of RNF12, thig points to the presence of additional mechanisms,
involved in suppression of XCI. Tsix and Aite are the most likely candidate genes taking
part, and the combined action of these repressive mechanisms may be sufficient to suppress
Xist. However, even with all the repressive elements in place RNFI12 can induce Xist
expression and XCl in undifferentiated ES cells [1741. This points towards another
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Figure 6: RNF12 and its role in the XCI regulatory network

A) In wild type and Anf12* cells the XC| activator concentration is above the threshold required to
generate a probability to initiate XCI. In contrast, in most Rnf12” cells the XCl activator concentration is
not sufficient to reach the threshold required to initiate XCI. B) The regulatory network of XCl. Xist is
repressed in Tsix dependent and independent pathways (NANOG binding in intron 1). Activation of XCI
is accomplished by RNF12 through activation of the Xist promcter, and possibly Xist mediated silencing
of Tsix. Finally, Rnf12is repressed by Xist and possibly NANOG.

mechanism involved in Xist suppression, in which the nuclear concentration of the XCI
activator may be too low in undifferentiated ES cells and ICM cells to allow Xist expression
and initiation of XCI, even in the absence of repressive elements such as the intron 1
region. Future research should clarify whether these mechanisms indeed act synergistically
in silencing the XCI process.

The negative correlation of RNF12 and NANOG expression that we report could
reflect the differentiation state of the ES cells, and does not necessarily entail a cross-
regulatory role for these proteins. Nevertheless, NANOG and other pluripotency factors
are also recruited to the Rnfl2 promoter in ES cells, where it might be involved in down-
regulation of Rnfl2 (Figure 6B) [983], which opens the intriguing possibility that NANOG
might also be implicated in regulation of the initiation of XCI through suppression of
Rnfl2. This highlights the complexity of the overall mechanism and the interconnection of
the different players involved in XCI, but also reinforces the predominant role of RNF12 in
this process.
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Methods

ES cell culture

ES cells were grown in standard ES mediuom containing DMEM, 15% foetal calf serum,
100 U ml" penicillin, 100 mg ml” streptomycin, non-essential amino acids, 0.1mM B-
mercaptoethanol, and 1000 U ml™" LIF. To induce differentiation, ES cells were split, and
pre-plated on non-gelatinised cell culture dishes for 60 minutes. ES cells were then seeded
in non-gelatinised bacterial culture dishes containing differentiation medium to induce
embrycid body (EB) formation. EB-medium consisted of IMDM-glutamax, 15% foetal calf
serum, 100 U mlI" penicillin, 100 mg ml™ streptomycin, non-essential amino acids, 37.8 ul
I'' monothioglycerol and 50 pg/ml ascorbic acid. EBs were plated on coverslips 1 day prior
to harvesting, and allowed to grow out.

Transgenesis and generation of Knockout ES cell lines

For the Rnfl2 rescue experiments, an ampicillin-puromycin resistance cassette was inserted
in the backbone of BAC RP24-240J16 by homologous recombination in bacteria. The
modified BAC was electroporated in to female heterozygous Rnfi2+/- cells [174], and
colonies were picked after 8-10 days of puromycin selection, expanded and differentiated.
BAC copynumber was determined by qPCR, and transgene specific expression was
determined by allele specific RT-PCR, as described previously [174].

To generate the female homozygous Rnfi2 -~ ES cell line, the previously
generated Rnfi2+/- ES cell line was targeted with an Rrfl2 BAC targeting construct
containing an ampicillin-puromycin cassette disrupting the open reading frame of Rnfl2.
To generate this targeting construct, targeting arms were PCR amplified using primers
GCCTTCGAACATCTCTGAGC, GAGCCGGACTAATCCAAACA, cloned into pCR-
BluntlI-TOPO (Invitrogen), and linearized with Nhel to introduce an ampicillin-puromycin
cassette from pBluescript. The targeting cassette was inserted in a Cast/Ei Rnfi2 BAC
RP26-81P4 by hemologous recombination in bacteria, and the resulting construct was used
to target specifically the Cast/Ei X chromosome of the Rafl2 +/- ES cell line. Colonies
were selected under neomycin and puromycin selection, and the absence of Rwufi2
expression was confirmed by Western analysis.

To generate the Xist intron 1 deletion, a BAC targeling construct was generated by
homologous recombination, replacing introa | by a floxed neomycin cassette. Targetting
arms were PCR amplified using primers 5’Forw: CATCAGGCTTGGCAGCAAGT, 5'R:
CCTTGTTGGTCCAGACGACTATT and 3°Forw: CCAGACCAGGTCTTTGTATGCA,
3'Rev: GTGCTCCTGCCTCAAGAAGAA. Correctly targeted clones were identified by
allele specific RFLP analysis using primers CAGTGGTAGCTCGAGCCTTT and
CCAGAAGAGGGAGTCAGACG, followed by BsrGI digestion. The neomyein cassette
was removed by transient transfection with a CrePAC vector and selection with puromycin.
The final cell lines were verified by Southern blotting.
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Rnf12 and Xist reporfer construcis

To generate the Rrf/2 promoter cherry reporter cell lines, the Rufl2 promoter was PCR
amplified using previcus described primers [984], and cloned into pCR-Bluntli-TOPO and
sequence verified. The Rnf/2 promoter was then released from pCR-Biuntll-TOPC by
digestion with Saci and Kpnl, and blunt cioned into an Asel-BamHI fragment from
pmCherry-N1 {Clonetech), thereby replacing the pCMV promoter of pmCherry-N1 with
the Ruf12 promoter. The resulting construct was used to electroporate in Oct-GFP and
Nanog-GFP ES cel} lines. Both pooled cell lines and single colonies were expanded, and
cherry expression was analysed by FACS analysis using a BD FACSAria apparatus.

The Xist promoter was amplified using primers:
TCCCAAGOGTATGGAGTCACC, and GGAGAGAAACCACGGAAGAA, and cloned into
pGL3-basic vector. As a control, the promoter less pGL3-basic vector was transfected.
Stable pooled cell lines of wild type or Rrf12 -/~ ES cells were generated by co-transfection
with a puromycin or hygromycin selection vector. Expression of Luciferase was determined
using the Bright-Glo luciferase assay system (Promega) and measured using a Promega
luminometer, Resulis were normalized to the amount of protein present in the cell lysate
measured by nanodrop, and copynumber of Xist promoter integration determined by gPCR.
gRT-PCR using primers detecting luciferase (TCTAAGGAAGTCGGGGAAGC
and CCCTCGGGTGTAATCAGAAT) confirmed the results obtained. For fransient
luciferase experiments, cells were co-transfected using the Xist reporter constructs and a
control Renilla construct, using Lipofectamine 2000. Luciferase activity was measured
using the Dual Glo luciferase system {Promega)

Xist RNA-FISH, immunofiuorescence and Wesiern analysis

Xist RNA-FISH was performed as described [174, 179). Immunofiuorescence was
performed using standard procedures. RNF12 and NANOG were detected using a mouse
anti- RNF12 antibody (1:250, Abnova), and a rabbit anti-NANGG antibody (1:100,
SC1000, Calbiochem). Imagef software was used to measure staining intensities; at least
100 cells were measured for each indicated time point, and background correction was
performed. Western blotting was performed as previously described [174].

Expression analysis

RNA was isolated using Trizol reagent (Invitrogen) using manufacturer’s instructions.
DNAse treatment was performed, and cDNA was prepared using SuperScriptl]
{(Invitrogen), using random hexamers. qRT-PCR was performed using a Biorad
thermocycler, using primers described in Table 81. Results were normalized to 4ctin, using
the ACT method.

Whole genome wide expression analysis of female wild type and Rnf72-/~ ES cells
differentiated for 3 days was performed with Affymetrix Mouse Genome 430 2.0 Arrays.
Differentially expressed genes were identified using Limma (Bioconductor package) in R
software.
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Figure S1

Immunocytochemistry detecting ANF12 (rhodamine) at different stages of differentiation of female and
male ES cells.
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Figure S2
Immunocytochemistry detecting ANF12 (rhodaming) and SUZ12 (FITC) in day 3 differentiated female

ES cells. SUZ12 accumulations on the Xi are indicated with arrowheads.
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Figure S3

FACS analysis of NANOG-GFP (right panel) and OCT4-GFP (left panel) ES cells transgenic for an
Anf12-mCherry promoter construct. FACS plots show results of day 4 (upper panel) and day 7 (lower

panel). Cells are gated for GFP+, Cherry+, GFP+Cherry+ or negative. 10.000 cells analyzed per time
point.
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A) RFLP-PCR amplifying a Bsrgl RFLP located in Xistintron 1. The Bsrgl site is present on the targeted
129 allele, and is disrupted by the targeting event. B,C) Analysis of RFLPs in Rnf12 (B) and Airx (C)
confirmed the presence of 2 X chromosomes in Xist intron 1 targeted ES cells. D) Confirmation of loop
out of the neomycin resistance cassette. Primers amplify a region across the neomycin cassette. E)
Map and targeting strategy for the intron 1 deletion. The map shows expected allele specific fragment
sizes prior to, and after targeting and Cre mediated loopout. Bottom panel shows Southern analysis of
female wild type, Xist ™ " neo clone (neo) and neo loop out clones 3, 8 and 10. F) DNA-FISH
detecting the Xist locus in Xist "™ ™" cells (left panels), and X-paint DNA-FISH analysis (Rhcdamine
red, right panels). G) gRT-PCR analyzing Xist expression in female wild type and Xist "™ """ ES calls
during a differentiation assay for up to 5 days. Results were normalized to Actin.
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Figure S5

A) RNA-FISH analysis detecting Xist (FITC) in day 10 differentiated female wild type and RAnfi2" ES
cells. B) Example of clonal cluster of cells which have initiated XCI in Anf12" ES cells differentiated for
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Figure $5: continued

10 days as detected by Xist RNA-FISH. C) RT-PCR examining expression of several differentiation
markers with RNA of day 7 (left panel) and day 10 (right panel) differentiated female wild type, Rnf12"
and Anf1Z" £8 cells. D) Allele specific RT-PCR determining Hprt with a 129 and Cas origin, indicating
the presence of both X chromosomes in all cell lines tested. E) DNA-FISH detecting a whole
chromosome X paint probe in wild type, Anf12" and Anf12" ES cells differentiated for 7 or 10 days.
Slides were first used for RNA-FISH, and subsequently denatured and hybridized to the DNA probe.

Virtually all cells in the Rrf12" ES cells which did net show Xist clouds stained positive for the presence
of two X chromosomes.
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Table 51: Primers used in this study:

Primer Forward Purpose Digest Ref

Kpn!1-RLIM Prom TTGGTACCCTAGTTAGAGCCTCGAGG | Rafl2 promoter 084
AGGCCTT

PlusProm-Sacl CCTAGGAGCTCGCCAGCTCGGAGAL Rufl2 promoter 984
GTAGCTCA

mXistl 1-31 CAGTGGTAGCTCOGAGUCTTT Xist RIFLP Bsrgl

mXistl 1-3R CCAGAAGAGGUAGTCAGACG Xist RFLP Bsrgl

Alrx RFLP ¥W TCCCCAATTA AAGGTGTTGA Atrx RFLD Primi

At RFLP RV AATTCACGTTCTCCTCTTTCACT Arrx RFLP *(1m]

Nhe GenA I GCCTTCGAACATCTCTGAGE Rafl2 RFLP Nhel 174

Nhe GenA R GAGCCGGACTAATCCAAACA Rnfi2 RFLP Nhel 174

Rnfl2 arm F GCCTTCGAACATCTCTGAGC Targeling arms 174

Rnl12 am R GAGCCGGACTAATCCAAACA Targeting arms 174

LucgqPCR 1 [ TCTAAGGAAGTCGGGGAAGC Luciferase qPCR

Luc gPCR I R CCCTCGGGTGTAATCAGAAT Tuciferase gPCR

b-actin for ACTATTGGCAACGAGCGGTTE qPCR 174

b-actin rev AGAGGTCTTTACGGATGTCAACG qPCR 174

Nanog for AGGATGAAGTGCAAGCGOTS qPCR 191

Nanog Rev TGCTGAGCCCTTCTGAATCAG gPCR 191

Oct3/4 for CCOCAATGCCGTGAAGTTG gPCR 191

Oct3/4 rev TCAGCAGCTTIGGCAAACTGTT qPCR 191

Sox? for CACAGATGCAACCGATGCA qlPCR 191

Sox2 rev GGTGCCCTGCTGCGAGTA qPCR 191

K114 for GITGCCCCGACTAACCGTTG qPCR 134

K1 rev GTCGTTGAACTCCTCGUTCT qPCR 134

Xist for GCCTCAAGAAGAAGGATTGC gPCR 174

Xist rev GOUATTYGTTTGTCCCTTTGG gPCR 174

Rnfl12 ex4-5 for GGTCCACCACCACAGAGU qPCR

Rufl2 ex4-3 rev TGACCACTTCTTGTTGTATITCC qPCR

AFP lor CCTATGCCCCTCCCCCATIC qPCR

AP rev CTCACACCAAAGCGTCAACACATY qPCR

T-8764 ATOGCCAAAGAAAGAAACGAC qPCR 61

T-AS51579 AGAGGCTGTYAGAACATGATT gPCR 6l

Gatab-$917 ACCTTATGGCGTAGAAATGCTGAGG gPCR 61
GTG

Gatag-AS1250 CTGAATACTTGAGGTCACTGTTCTCG | gPCR 61
GG

Mtap2-5629 CATCGCCAGCCTCGGAACAAACAG PCR 6l

Mtap2-AS§67 TGCGCAAATGGAACTGGAGGCAAC gPCR 6l

Cdx2-2 for TCCAGGCTGAGCCATGA gPCR 6l

Cdx2-2 rev CUTGGGTAGGAGGAGAGGAAT gPCR 6l

Hoxd ¢ for CTGAGGTTTCCGTGTCCAGT gPCR 67

Hoxd 10 rev TTCTGCCACTCTTTGCAGTG qPCR 67

Fal7 for CCATGAACAAGGAAGGGAAA gqPCR 67

Fafi rey TCCGCTGTGTGTCCATTTAG qPCR 67

Foxa2 for ACACGCCAAACCTCCCTACT qPCR

Foxal rev GGCACCTTGAGAAAGCAGTC gPCR

Fef3 lor GCTGTGTCICAGGGGATTGT qPCR

gl rev TCTTGGCTTTCCCTCTCTTG gPCR

Gandh ex-intr3 for CCTGGGGCTCACTACAGACC glPCR

Gapdh ex-intr 3 rev AATCTCCACTTTGCCACTGC qPCR
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| Tsix X9 lor TGACCAGTACCTCGCAAGTTC gPCR 191
Tsix X9 rev CTAAGAGCACCTGGCTCCALC gPCR 191
NS18 OGTAACAATITICCCGCCATGTG Toix RFLP Mnll 137
NS19 GGAAATAAACGGAACGCAGTACC Tsix RILP Moll 137
Tsix| for ACCATGACCAAAGCAALTCC Copy-number 174
Tsix| rev CTCCTCCAGTACCATGTCTGC Copy-number 174
Rnf4-5 for AGCCCCGATGAAAATAGAGG Copy-number 174
Rnf4-5 rev CGCATTTCTGCATAATCTTTGG Copy-number 174
ZIpa32 for GCACCCATATCCGCATCCAC Copy-number 174
Zfpd2 rev GCATTTCTTCCCOGGECTITG Copy-number 174
Xist LP 1445 ACTGOGGTCTTCAGCGTGA RT-PCR LP
Xist LP 1446 GCAACAACGAATTAGACAACAC RT-PCR LP
Kist LP2 1447 GGGAATAGGTAAGACACACTG RT-PCR LP
Rnfl12 cDNA for TAAAGAGGGTCCACCACCAC RT-PCR RFLP Nhel 174
Rnf12 cDNA rev GGCAGAGAGCCACTTTCATC RT-PCR RFLP Nhel 174
Hprt StaNI cas for ATGCCCAGCGTCGTGATTAG RT-PCR RIFLP SlaN]

Hpri SfaNI cas REV TGGCAACATCAACAGGACTC RT-PCR RFLP SraN]
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Addendum: Mice deleted for Xist intron 1 do not show
an X chromosome inactivation phenotype

Tahsin Stefan Barakat, Nilhan Gunhanlar and Joost Gribnau
(work in progress)

Abstract

Inactivat%on of one of the two X chromosemes in placental mammals is essential for
survival of females, and is initiated during embryonic development. This X chromosome
inactivation (XCI) process is coupled to mouse development, and is suppressed or reversed
in undifferentiated pluripotent cells, including female mouse embryonic stem (ES) cells,
cells in the inner cell mass (ICM) of the female embryo, and female primordial germ cells
(PGCs). The melecular coupling between the pluripotent state and lack of XCI has been
proposed to involve direct suppression of Xist, the master cis reguiator of the inactivation
process, by recruitment of the pluripotency factors OCT4, SOX2, and NANOG to a region
in Xisr intron 1. Here, we have generated a mouse model with a genetic ablation of all
pluripotency factor binding sites in Xist intron 1. The female Xist*™*"" and
Xisgmrontarmenl mice were found to be healthy and gave birth to offspring with a Mendelian
distribution of the mutation. This indicates the absence of a role for the deleted region in
imprinted XCL In addition, from analysis of adult tissues, we conclude that random XCl
was not affected. We conclude that the Xist intron | pluripotency factor recruitment site is
not essential for Xist repression in vivo.

Introduction

Eutherian females inactivate one of their iwe X chromosomes in a process called X
chromosome inactivation (XC!), to achieve a balanced dosage of X-linked and autosomal
genes, compared to males [30]. In the female mouse embryo, XCl is initiated at the 2-4 cell
stage, and is imprinted resulting in the exclusive inactivation of the paternal X chromoseme
[53, 985-986]. This form of imprinted X1 is maintained in the extra-embryonic tissues, but
is reversed in the cells of the inner cell mass (ICM) of the blastocyst, where during a short
window in development two active X chromoscomes are tolerated [54]. Upon further
differentiation, random XCI is initiated in the post-implantation epiblast, which will give
rise to all embryvonic cell lineages. Female embryonic stem (ES) cells, derived from the
ICM harbor two active X chromosomes, and undergo random XCI upon in vifro
differentiation, whereas female epiblast stem celis (EpiSCs), derived from the post-
implantation embryo, represent a post-XCI state, in which one of the X chremosomes is
transcriptionally silenced (for review, see [987]).
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The non-coding RNA JXist is essential for XCI to occur. Expression of this X-
transcribed RNA is up-reguiated, and subsequent spreading of Xist in cis results in
heterochromatinization and transcriptional shui-down of the X chromosome [74, 84-83,
93]. Recent years have highlighted progression in the understanding of Xist reguiation in
ES cells, their differentiated progeny and embryos. We have shown that an increased
concentration of the X-encoded XCl-activator RNF12 upon differentiation results in XCI
initiation [1743, and Xist up-regulation does not occur in the absence of this crucial
activator [91 |]. Suppression of Xisz in undifferentiated celis might be a result of absence of
Xist activation, as over-expression of Ruff/Z can result in Xist upregulation in
undifferentiated ES cells [174]. Xisz is also negatively regulated by its antisense partner
gene Tsix, which is highly expressed in undifferentiated ES cells [118-119, 180, 988]. As
Xist up-regulation is coupled to differentiation [190], and Xisr is suppressed in
undifferentiated ceils, the pluripotency factor network has been implicated in direct and
indirect suppression of Xisz [192]. Indirect mechanisms might include activation of 7six in
undifferentiated cells by pluripotency factors [ 186, 9891, and suppression of XCI activators
[990]. A direct interaction between Xisi suppression and the pluripotency factor network
has been proposed to involve a region within Xisz intron 1 [191].

Chromatin immunoprecipitation experiments have shown that the key pluripotency
factors NANCG, OCT4 and SOX2 bind Xist intron 1| in both male and female
undifferentiated ES cells, but not in differentiated cells, mouse embryonic fibroblast [191]
and EpiSCs [991]. Genetic abiation of Narnog in male ES cells, which does not result in a
toss of recruitment of GCT4 and SOX2 to the Xist intron | region, resulted in a modest up-
regulation of Xist expression, whereas forced down-regulation of Oct4 resulted in loss of
binding of all pluripotency factors to the intron 1 region and a drastic increase of Xist
expressien suggested to be independent of Tsix regulation [191]. These correlative data
have been proposed to support the hypothesis that the key piuripotency factors NANOG,
OCT4 and SOX2 are crucial for a Tsix-independent repression Xisr in undifferentiated ES
and ICM cells. In support of this, it has been found that only NANOG expressing {CM cells
undergo reactivation of the paternal inactivated X chromosome [367], which further
supports a crucial role for NANOG in Xist repression. Furthermore, the intron 1 region
contains a developmentally regulated DNAse hypersensitivity site {992], and recruitment of
two other transcription factors Prdmi4 and Tef3 to Xist intron | [194-195], support a role
for this region in Xist suppression.

We recently addressed the guestion whether the Xisf intron | region is required for
Xist suppression in undifferentiated ES cells, by generating a targeted deletion of all
reported pluripotency factor binding sites in a female ES cell line [911]. Surprisingly,
deleting Xist intron 1 did not affect XCI initiation, as Xist®™™""™" S cell lines initiated
random XCI with normal kinetics without preferential inactivation of the Aintronl allele,
and undifferentiated Xis£*™""" ES cells did not show aberrant Xisz expression. We
reported only mild skewing towards inactivation of the mutant allele during later stages of
differentiation, which argues against an important role for the Xist intron 1 region in the
regulation of XCI. Here we study the role of the Xist intron [ region in XCI in vivo. Xist
intron 1 knockout mice appear to be fertile, give birth to normal offspring, and show
random XCI in all tissues analyzed. We conciude that the Xisr intron 1 region is not
required for XCl regulation in vive.
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Results

To generate a mouse model in which all reported pluripotency factor binding sites in Xist
intron | were deleted, a polymorphic 129/Sv-Cast/Ei Xist ™" 29 B cell line 29 {911],
in which a 1,2 kb region of Xisr intron | is replaced by a floxed neomycin cassette, was
used to generate chimaeric mice. Germ iine transmission was verified by genotyping for the
presence of the neomyein cassette integrated in Xiss (data not shown). Xigz M G007
females were bred to males expressing pCAGGS-Cre, to loop out the selection cassette.
Loopout of the selection cassette was verified by PCR on genomic tail-tip derived DNA.
The resulting Xisr “™™ " mice were bred to wild type mice, and showed transmission of
the deletion to both male and female offspring, in a Mendelian distribution (Figure 1 and
Table 1A). Crosses of Xist “™ " males with heterozygous Xisz *™ ' females resulted
in homozygous offspring (Figure 1), which were successfully used to breed with Xist “™"
" males. The Xisr “™™ " male and Xisr 4" VA0 U female offspring followed a
Mendelian distribution and resulted in a normal litter size.

To analyze the level of skewing in adult mice, female heterozygous Xist 270 '
mice were bred to Cast/Fi males. The resulting F1 hybrid female mice, carrying a Cast/E]
derived X chromosome with the wild type Xist intron 1 region, and one Xist intron 1 deleted
allele on a mixed C537Bl/6 and 129/8v X chromosome was used fo assess skewing of
random XCI. Randomness was determined by amplification of a length polymorphism in
Xist used to determine allele specific expression analysis with ¢cDNA obtained from
different organs of wild type and Xisr “™* " littermates. In the wild type mice we found
the expected 60:40 ratio favoring Xist expression from the C537Bl/6 (Figure 2), indicating
skewed XCl in favour of the C37B1/6 X chromosome due to differences in XCE strength
between the C57Bl/6 and Cast/Ei X chromosomes {445]. Subsequent analysis X-linked
gene expression examing Mecp2, G6pdx and A7z using RFLPs and length
poelymorphisms that distinguish between C37Bl/6 and Cast/Ei expression showed a
reciprocal expression of these genes favoring Cast/Ei expression. In Xist ™™ " female
mice (N=2} allele specific Xist and X-linked gene expression was indifferent from to wild
type litter mates, which indicates that Xist iniron 1 heterozygous females undergo normal
random XCI (Figure 2}. Random XCI was aiso found in informative female offspring
obtained from matings between Xist intron | mutant males with wild type F1 hybrid
females carrying a C57Bl/6 and a Cast/Ei X chromosome (N=2, data not shown).

Discussion

Here we have generated a mouse model in which the pluripotency factor binding site in Xist
intron 1 region, proposed to be important for Xist suppression in undifferentiated cells, is
deleted. Surprisingly, Xist intron | deleted mice are healthy, fertile and undergo random X
chromosome inactivation. These results indicate that the Xist intron ! region is not essential
for Xist suppression in vivo.

It was previously suggested that recruitment of pluripotency factors to the Xist
intron | region is required for Xiss repression in undifferentiated cells {191]. However, we
found that genetic ablation of this region did not result in aberrant Xiss expression in ES
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Figure 1. Genotyping of Xist intron 1 mutant mice
Left panel: genotyping of wild type and Xjsf™™ '™ ES cells.
Right panel: example of a litter of mice obtained after mating of an Xist intron 1 mutant male with a
heterozygous Xist intron 1 deleted female, genotyped by PCR on genomic DNA. Animal 1 tilf 6 are
males (data not shown), of which 4 show the presence of a band diagnostic for the Xisf intron 1 deletion
{AXist intron 1). Animai 7 till 10 are females, with animal 9 showing loss of the wild type allele,

diagnostic of a homozygous deleted female.
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Figure 2: Xist intron 1 deleted females show random X chromosome inactivation in adult tissues
Upper panel shows RT-PCR for a length polymorphism differentiating between Xist expression from
Cast/Ei and C57Bi/6 in a wild type hybrid mice, and two hybrid Xist intron 1 mutant females. Allele
specific ratios are plotied under the gel. Average X-linked gene expression, as determined for Mecp2,

Gépdx and Afp7a is plotted as well.
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cells, but this does not exclude a role for this region in vive {12}, Two of the pluripotency
factors recruited to this region, OCT4 and SOX2, are already expressed from the morula
stage onwards in pre-implantation embryos were imprinted XCIE occurs. However, the
inactivated paternal X chromosome of imprinted XCI only becomes reactivated at a later
stage in epiblast cells that express Nanog [367]. It was therefere hypothesized that NANOG
binding to the Xist intron | region is required for proper reactivation of the inactive X
chromosome [993]. The same reactivation function of NANOG might be required in PGCs
and in mouse iPS cells, which both show reactivation of the inactive X chromosome [68-
69]. Alternatively, it was hypothesized that the paternal Xist intron | region might carry an
impring, which would prevent specific recruitment of GCT4 and SOX2 to the paternal X
chromosome, thereby preventing suppression of Xisf in cis [993]. Binding of NANOG to
both alleles during later stages of development would then allow erasure of the imprint, and
repression of both Xist alleles in cells of the ICM, followed by random XC! in the post-
implantation epiblast. The present data argue against both models. In the heterozygous mice
analyzed, random XCl was observed, both when the Xist intron 1 deletion was transmitted
through the mother or the father, indicating proper reactivation of the X chromosome.
Although imprinted XCI was not investigated directly, the normal Mendelian disiribution
of offspring obtained in all crosses with Xist intron | mutant mice argues against a failure
of imprinted XC1, as such a failure would resuit in female embryonic lethality during post-
implantation stages [93-94].

In previous in vitro studies [911], we did not find compelling evidence for an
important role of the Xist intron 1 region in Xist suppression, as Xist “™™ V" ES cells
underwent XCI with normal kinetics, and no aberrant Xist activation was detected in
undifferentiated cells. Although these results indicate that pluripotency factor binding to the
Xist iniron 1 region might not be crucial for Xist suppression in vitro, it cannot be ruled out
that redundant mechanisms work together to prevent up-regulation of Xissr in
undifferentiated cells. Indeed, as antisense T7yix franscription is important for Xist
suppression, it might be that a more subtle effect of the Xisr intron 1 region can only be
revealed when Tsix is inhibited in cis. In agreement with this, a recent study has reported
that the combined removal of the Xist intron 1 region and the 7six transcriptional start site
results in loss of repression of Xist from autosomally integrated transgenes [994]. However,
in that study, enly transgenes were investigated, and therefore the results might have been
affected by differences in transgene copy number and position effect variegation. A
definitive answer can only be obtained when both the Xist intron | region and 7Tsix are
removed in ¢is from the endogenous Joc).

An alternative mechanism explaining the coupling of differentiation to Xist up-
regulation might involve the developmentally regulated activity of Xist activators. Under
such a seenario, pluripotency factor mediated Tsix activation {186, 989] and lack of Xist
activation will result in the absence of Xis/ accumulation in undifferentiated cells. In
agreement with this, Ruf/2, the only identified XCl-activator to date, becomes up-regulated
upon differentiation of female ES cells [174]. A negative correlation between RNF12 and
NANOG expression has been observed in differentiating ES cells [911], and Rufi2
expression seems to be negatively regulated by pluripotency factors [911, 983, 990].
Similar mechanisms might apply in vivo, where up-regulation of RNFI12 might result in
Xist activation in imprinted and random XCJ, and reactivation of the imprinted paternal X
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Xist intri-/Y [ ) o, o,

« WT female 4 26 11 (42%) 15(58%) 0 {0%) 15 (100%)

WT male x 5 P o 5
Xist intri+/- female 3 20 8(40%) 12 (80%) 6(75%) 9{75%)

Kist irdrt-1y o, o, 9 g o,
Xist intr1+/- female 4 32 14 (44%) 18 (56%) 4 {29%) 10(71%) 7{38%) 11(61%)
Xist intr1-/Y x
igt intrl /- female 3 15 9 (60%) 6 (40%) 0 {0%) 9 (100%) 0 (0%} 8 {100%)

Table 1: Xistintron 1 mice give birth to viable offspring in Mendelian distribution
The different types of crossings, number of pups obtained and their genctype is indicated.

chromosome in the ICM might occur by down-regulation of Rrff2 expression and other
XCl-activators by pluripotency factors. Therefore, an important area of future research

involves the unravelling of the molecular interplay between pluripotency factors and XCl
activators both in vifro and in vivo.

Methods

All animal experiments were in accordance with the legislation of the Erasmus MC Animal
Experimental Commission. Generation of Xist “™° " ES cells has been described [911].
Tail-tip derived IDNA was isolated according to standard procedures, and genrotyping of the
Xist intron | deletion was performed by PCR using primers 9,999 Xlnib
{cettgttgptecagacgactatt)

and 11,82 Xinle {cactggactgggagagagee). To assess XCI skewing, hybrid female mice
were sacrificed by cervical dislocation, parts of organs were coilected, snap-frozen and
trifurated using micro-pestils in T ml of Trizol reagent (Invitrogen). Afier an additional
centrifugation to clear debris, 700 ul was added to 300 ul fresh Trizol, and RNA was
purified following manufacturer’s instructions. RNA was reverse-transcribed  with
SuperSeript il (invitrogen), using random hexamers. Allele specific Xisf expression was
analyzed by RT-PCR amplifying a length polymorphism using primers Xist LP 1445
(actgggotcttcagegtga) and Xist LP 1446 (gcaacaacgaattagacaacac). To determine allele
specific X-linked gene expression of Aip7a, Mecp2 and Gépdx, primers 335 moF3930
(agggcaaacgtgtageaatggtag) and 336 moF4812 (agagcttgtictaactcactgtict) were used for
Atp7a amplifying a length polymorphistm, [995], primers {catggtagctgggatgitagg) and
{gcaatcaattctactttagageg), for Mecp2 amplifying a Ddel RFLP in MeCP2, and primers
(gpagtpatgaactcagggaage) and (atgtagetgggittactggtge) to amplify a ScrFl RFLP in G6FPD.
PCR products were gel purified and digested with the indicated restriction enzymes and
analyzed on a 2% agarose gel stained with ethidium bromide. Allele specific expression
was determined by measuring relative band intensities using a Typhone image scanner and
ImageQuant software.
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Chapter 6. RNF12 initiates XCI by targeting REX! for degradation

Evolution of the mammalian sex chromosomes has resulted in a heterologous X and Y
pair, where the Y chromosome has lost most of its genes. Hence, there is a need for X-
linked gene dosage compensation between XY males and XX females. In placental
mammals, this is achieved by random inactivation of one X chromosome (XCI) in all
female somatic cells [30]. Up-regulation of Xis# transcription on the future inactive X
chromosome (Xi) acts against Tsix antisense transcription, and spreading of Xist RNA in cis
triggers epigenetic changes leading to XCI. Previously, we have shown that the X-encoded
E3 ubiquitin ligase RNF12 is up-regulated in differentiating mouse embryonic stem cells
(ESCs) and activates Xist transcription and XCi [174]. Here, we have identified the
pluripotency facior REX1 as a key target of RNF12 in the XCI mechanism. RNF12 causes
ubjguitination and proteasomal degradation of REX!, and Raff2 knockeut mouse ESCs
show an increased level of REX1. Using ChiP-seq, REX1 binding sites were detected in
Xist and Tsix regulatory regions. Over-expression of REX1 in female ESCs was found to
inhibit Xist transcription and XCi, whereas male Rex/+/~ ESCs showed ectopic XCI. From
this, we propose that RNFI12 causes REX] breakdown through dose-dependent catalysis,
thereby representing an important pathway to initiate XCI. Rex/ and Xist are present only in
placental mammails, which points to co-evolution of these two genes and XCIL.

The initiation of XCI in female cells imiplies a need for X-linked XCI activators
which act in a dose-dependent manner to sense the number of X chromosomes present per
diploid genome [179, 189]. We recently identified X-encoded RNF12 as a dose-dependent
activator of XCI in mouse ESCs [174]. Additional transgenic copies of Rxf12 resulted in
initiation of XCl in male cells, and on both X chromosomes in a high percentage of female
cells [174]. Random XCl was found to be markedly reduced in differentiating Rrf7 2+/- and
Rnfl2-/- female ESCs, which indicated an important role for RNF12 in the regulation of
XCl, although the mechanism by which this E3 ubiquitin ligase initiates Xl remained
elusive[911, 981].

To address this question, we generated FLAG-Rnfl2 transgenic female Rafi2+/-
ESCs to identify interaction partners of RNF12 by FLAG-affinity purification. RNFI[2 is
very unstable and the addition of the proteasome inhibitor MG 132 facilitates its detection
{Figure 1a). FLAG-RNF 2 was purified from nuclear extracts of two FLAG-RNF12 ESC
lines (Supplementary Figure 1A). Purified RNF12 samples and contrel samples were
separated on SDS polyacrylamide gels (Supplementary Figure IB) and analyzed by mass
specirometry (Supplementary Table 1). The only transcription factor consistently co-
purifying with RNF12 was REX1 (Figure 1B and Supplementary Table 1). Previous
studies have demonstrated that Rex/ expression strictly correlates with the pluripotent state
of ESCs [996], and REX! has been implicated in suppression of genes involved in ESC
differentiation [997]. We performed the reverse experiment, using two transgenic female
ESC lines expressing a FLAG-V5-tagged REX} fusion protein (Supplementary Figure
1C). In both REX1 purifications (Sepplementary Figure 1D, E), performed with nuclear
extracts of undifferentiated transgenic ESCs, RNF12 was present as a prominent interacting
partner {Figure 1B). Co-purified RNF12 was non-ubiquitinated, but mass spectometry
analysis and phosphatase treatment indicated that a significant fraction of RNFI2 is
phosphorylated (Supplementary Figure FE). We confirmed the REXT-RNFI12 interaction
by co-immunoprecipitation of endogenous RNF12 and REX1 from undifferentiated female
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Figure 1: RNF12 interacts with REX1 in mouse ESCs

A} Nuclear exiracts of wild-type (WT) and transgenic FLAG-RNF1Z ESC clones 15 and 21 were
immunoblotted with RNF12 and FLAG antibodies (running positions of WT RNF12 and FLAG-RNF12 is
indicated with  and ). Where indicated, cells were treated with proteasome inhibitor (MG132). ACTIN
was used as a loading control. B) Mass spectrometry analysis of FLAG-affinity purificaticns from FLAG-
RNF12-expressing ESC clones 15 and 21, and FLAG-REX1-expressing clones 3 and 11. Mascot score,
number of unique peptides and total number of peptides identified (between brackets) are shown for
RNF12 and REX1 proteins in each of the purifications. €) REX1-RNF12 co-immunoprecipitation from
nuciear extracts of female (left) and male (right) ESCs. Immunoprecipitaiions with REX1 antibody or
controi rabbit igG were immunobiotied with RNF12 and REX1 antibodies. B} Direct binding of
recombinant GST-RNF12 to recombinant REX1. RNF12 and REX1 are detected by immunoblotting
(upper panels} and by Coomassie staining of a SDS-PAGE gel (lower panel). GST alone was used a
negative control.

and male ESCs nuclear extracts {Figure 1C), and co-immunoprecipitation of recombinant
GST-RNF12 and REX!| (Figure 1D). Mapping of the RNF12 region{s) involved in the
interaction with REX{ indicated that both the N-terminal and C-terminal halfs of RNF12
contribute to the interaction (Supplementary Figure 2A, B).

We generated two catalytically inactive RNFI12 mutants (Figure 2A). Transient
expression in ESCs showed & Increased stability of the RNF12 mutants (Supplementary
Figure 2C), indicating that auto-ubiquitination contributes to the high turn-over of RNF[2.
To test whether REX1 is a bona fide substrate of RNF12, we transfected combinations of
expression vectors encoding wild-type or mutant RNF12-GFP, with REX1-Cherry fusion
proteins into HEK293 cells (Figure 2B and Supplementary Figure 3A, B). FACS analysis
of REX1-Cherry transfected HEK 293 cells showed a more than ten-fold decrease in
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Figure 2: RNF12 polyubiquitinates and targets REX1 for proteasomal degradation

A) Sequence alignment of the RING finger domain corresponding to the WT and two catalytically
inactive RNF12 mutants (two arginine substitutions are shown in red). B) Analysis of the fluorescence in
HEK293 cells, 24 h after transfection with BEX1-Cherry fusion expression vector alone or in
combination with wild-type or catalytically inactive RNF12-GFP expression constructs. C) Quantification
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Cherry intensity when cells were cotransfected with wild-type RNF12 compared to co-
transfection with the RNF12 mutants (Figure 2C and Supplementary Figure 3C, D). This
result suggests a strict correlation between RNFI2 expression and REX1 degradation.

To provide evidence that REX1 is indeed ubiquitinated by RNF12, HEK293 cells
were transfected with V3-REX1, and either RNF12 wild-type or the iwo inactive RNF12
mutants. REX1 was degraded in the presence of wild-type RNF12 but not in the presence
of the RNF12 mutants (Figure 21)), and degradation was blocked by the proteasome
mhibitors MG132 or epoxomicin (Figure 2D and Supplementary Figure 4). We subjected
the nuclear extracts to immunoprecipitation with anti-V5 agarose beads, and probed with
V5 and ubiquitin antibodies to visualize poly-ubiquitinated REX1 (Figure 21}, and
Supplementary Figure 4). Mass spectrometric analysis detected five putative lysine
acceptor sites for ubiquitin linkage (Supplementary Figure 5). In addition, an
ubiquitination assay performed with recombinant proteins revealed poly-ubiquitination of
REX1 only in the presence of wild-type RNF12, but not in the presence of either of the two
RNF12 mutants {Figure 2E). These results indicate a direct role for RNF12 in targeting
REX1 for degradation by the proteasome in an ubiquitin-dependent manner.

Our results predict that RNEF12 and REX1 protein levels show a reciprocal
correlation. Indeed, we found a pronounced increase of the REX1 protein level in Rnf72-/-
ESCs (Figure 3A). Western blot analysis of RNF12 and REX1 protein levels in female
wild-type ESCs indicared that REX1 is quickly down-regulated upon differentiation,
coinciding with an initial increase in RNF12 (Figure 3B). In Rnf/2-/- ESCs, the REX]1
protein level is also down-regulated but the starting level is much higher. Comparison of
the REX1 protein level in wild-type, Rifi2+/- and Rafi2-/- female ESCs, and in wild-type
male cells, by immunoblotting, indicates that the REXI1 level is very low in wild-type
fernale ESCs (Supplementary Figure 6B), in agreement with a high ubiquitination-
dependent turnover of REX1. Female RufiZ2+/- cells and wild-type male cells display a
lower RNF12 expression level and an increased REXI1 protein level, although this
relationship was not strictly two-fold which may be related to the pluripotent state of the
ESC lines and enzyme kinetics (Supplementary Figure 6A and Figure 3C). Rnfl2 gene
dosage did not affect other known factors involved in XCI, including YY1, NANOG and
SUZ12 (Figure 3B and Supplementary Figure 6A). Rex! gene transcription, analyzed by
qPCR, was not affected in Rufi2-/- cells (Supplementary Figure 6B), indicating that the
down-regulation of REX1 by RNF12 is post-transcriptional.

Figure 2: continued

of B by FACS analysis. D) Left bottom panels show nuclear protein extracts of HEK293 cells co-
transfected with the indicated expression constructs for V5-REX1, WT BNF12, or the catalytically
inactive RNF12 mutants. Immunoblots were probed with the indicated antibedies. Right bottom panels
show the same transfections, but in the presence of MG132, Upper panels: VB-tagged REX1 was
immunoprecipitated with anti-V5 agarose beads and analysed by immunoblotting to detect the poly-
ubiquitinated REX1 {REX1-Uby) with V5 and ubiquitin (Ub) antibodies. RNF12 co-immunoprecipitated
with REX1 was detected with RNF 12 antibody. E) REX1 ubiquitination assay with recombinant proteins.
Recombinant REX1, His-ubiquitin, UBE1 (E1), UbcHba (E2), recombinant RNF12 and RNF12 mutants

were added in the indicated combinations. Ubiquitinated forms of REX1 were dstected by
immunoblotting with REX1 antibody.
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Figure 3: RNF12 is a dose-dependent regulator of REX1 expression

A) REX1 immunostaining (green) on WT and Rnf12-/- ESCs. B) Immunoblots of WT and Rnf12-/- ESCs
at day 0, 1, 2 and 3 of differentiation, probed with antibcdies against RNF12, REX1, YY1 and NANOG.
C) BRNF12 and REX1 protein levels were detected in female and male ESC nuclear extracts by
immunaoblotting. D) REX1 half-life measurements in WT and RAnfi2-/- ESCs. ESCs were transiently
transfected with V5-REX1 and treated 24 h post-transfection with 100 pg/ml cycloheximide (CHX) for
the indicated times. Left panel: nuclear protein extracts were immuncblotted for V5-REX1 with V5
antibody. Right panel: quantitation of the REX1 level, using ImagedJ software, at different time points
compared to t=0 h (100%) in WT or Rnf12-/- ESCs. E) REX1 degradation by RNF12 is dose-dependent.
FLAG-RNF12 or V5-REX1 constructs were co-transfected into HEK293 cells. Upper panel: levels of V5-
REX1 and FLAG-RNF12 visualized by immunoblotting with V5 or FLAG antibodies. Bottom panel:
quantification of the V5-REX1 level in cells co-transfected with RNF12, compared tc the 100% level in
cells transfected only with V5-REX1 plasmid. ACTIN was used as a loading control in B-E. F) REX1
binding pattern in the Xist/Tsix genomic region in female ESCs, as determined by V5-REX1 ChIP-
sequencing. |dentified sequence reads were plotted relative to genomic lecation and visualized using
UCSC Genome Browser. Location and transcription start sites (arrows) of the Tsix and Xist loci are
indicated. The asterisk marks a REX1 binding site in the Xist promoter. G) The REX1 consensus motif
highly enriched in the genome-wide REX1 ChIP-seq peaks.

The marked increase of REX1 protein level in Rnfl2-/- cells, points to an increase
in REX1 protein stability in the absence of RNF12. Indeed, half life experiments, after
cycloheximide treatment of V5-Rex! transfected wild type and Rnfi2-/~ ESCs, indicate a
strong increase in the half life (t¥2) of REX1 in Rufl2-/- ESCs (t¥2 >2hrs) compared to wild-
type cells (2 < 0.5hrs) (Figure 3D). Also, the REX1 protein level is down-regulated more
effectively with an increasing dose of RNF12, as detected in HEK293 cells co-transfected
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with a fixed concentration of V5-Rex/ and an increasing concentration of FLAG-RnfI2
expression vectors (Figure 3E). We previousty found that mate (as well as female) ESC
lines stably over-expressing Rnff2 show ectopic XCI [174]. To determine if over-
expression of Rnfl2 would also affect the REX1 level, we stably introduced a BAC
covering Ruf12 into male ESCs, resulting in ectopic XCI at day 3 of differentiation
(Supplementary Figure 6C). When undifferentiated, these clones show a lower level of
REX1, which confirms that over-expression of RNF12 in male cells lowers REXT stability
(Supplementary Figure 6C). ¢PCR analysis showed that Xist is up-regulated in ESCs
transiently over-expressing wild type RINF12, which is not observed using mutant RNF12,
demonstrating that an intact RING-finger is required for initiation of XCI (Supplementary
Figure 6D).

For RNF12 to function as an XCl-activator through degradation of REX1, REX1
could either repress Xisr or activate Tsix. Indeed, a recent ChIP-gPCR study identified
REX1 recruitment to the Tsix regulatory element DXPas34, which was found to be
important for effective elongation of RNA polymerase 11 [989]. To identify all binding sites
of REX1 in the region encompassing Xist and Tsix, we performed ChlP-seq analysis on
undifferentiated FLLAG-V5-Rex] female ESCs. This analysis confirmed enrichment for
previously published REX1 binding sequences in Tsix [989], and showed specific REX1
binding sites in the Xist promoter and promoter distal region (Figure 3F), although REX1
recruitment to the Xist promoter was detected only in the presence of MG132. The observed
genome-wide REX] peaks revealed a highly enriched consensus binding motif (Figure
3G). Recruitment of REX1 to Xist and Tsix was also detectable, but less prominent in the
ahsence of MG132 {Supplementary Figure 7). This result may explain why REXI
recruitment to Xist was not detected in a previous study [989] which did not include the use
of proteasome inhibitors. Our results indicate that REX1 may perform a dual function, in
the repression of Xist and the activation of Tsix.

To elucidate the role of REX1 in XCI, we analyzed XCI in day-3-differentiated
Rex!+/- male ESCs [998] and control male ESCs. As expected, we found a small
percentage of male control cells that contained Xist clouds {1%), detected with Xist RNA-
FISH. In contrast, as many as 7.5% of the Rex/-+/- male cells showed Xist clouds, hence
initiation of XCI, supporting a dose-dependent role for REX1 in repression of XCI (Figure
4A, B). We next analyzed the female ESC lines over-expressing FLLAG-V5-tagged REX1
and determined the percentage of cells that initiated XCI after 3 days of differentiation, by
Xist RNA-FISH. For both REX1 over-expressing lines (Rex1_3 and Rex1_11) we detected
a severely reduced number of cells with an Xist coated Xi, compared to wild-type female
cells (Figure 4C, D), indicating a strong inhibition of XCI. Raf/2-/- cells showed no Xist
clouds, consistent with our previous studies [911]. To test whether the XCI phenotype in
Rnfl2-j- ESCs was directly related to the resulting increased REX]1 level we performed
RexI knock-down experiments in Rnuf12-/- ESCs. A reduction in Rex] expression by more
than 50%, 3 days after transient transfection of a Rex! shRNA vector, resulted in a more
than S5-fold induction of Xist, in agreement with a mechanism in which REX1 acts
downstream of RNF12 to activate XCI (Figure 4E). Next we analyzed the RNA expression
level of Rexi, Xist and Tsix by gPCR in undifferentiated and day-3-diftferentiated wild-type
and Rex] over-expressing ESC lines. In the latter cells, Rex/ mRNA expression was 2.8-
4.5-fold up-regulated before differentiation, followed by partial down-regulation at day 3 of
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differentiation due to silencing of endogenous Rex! and reduced expression of the
transgene (Figure 4F). qPCR analysis of differentiation and pluripotency markers provided
evidence that the Rex! over-expressing ESC lines undergo proper differentiation, which
implies that the XCI phenctype is not a consequence of a differentiation defect
(Supplementary Figure 8). Our analysis also indicated that Tsix expression was slightly
up-regulated in undifferentiated REX| over-expressing compared to wild type cells.
Expression of Tsix was down-regulated at day 3 of differentiation, but was still higher than
in wild type cells, consistent with our combined Xist/Tsix RNA-FISH analysis and
supporting a role for REX1 in activation of Tsix (Figure 4F and Supplementary Figure 9).
In contrast, up-regulation of Xist expression during differentiation was markedly reduced in
the cells over-expressing REX] (Figure 4F and Supplementary Figure 9). Our ChlP-seq
data showing REX1 binding in the Xisr regulatory regions, and genetic studies also
indicated that Xist is under direct control of RNF12 [911]. To test a direct action on Xist
independent of Tsix in more detail, we transiently transfected male ESCs harboring a non-
functional Tsix stop allele with a Rex/ expression vector. This Rex! over-expression
resulted in suppression of Xist, providing further evidence for a 7Tsix independent pathway
in the repression of Xist by REX1 (Figure 4G). We next performed luciferase assays with a
luciferase reporter gene linked to the Xist promoter alone (Xist-luce), or including the distal
region covering the REX recruitment sites in Xisf exonl (Xist-2p-luc). The constructs were
transiently transfected into female wild-type cells, two Rex/ over-expression ESC lines, and
Rnfi2-/- ESCs, and luciferase activity was measured at day 3 of differentiation. We found
that both reporter constructs were down-regulated in the female Rnfi2-/- and Rex] over-
expression cell lines compared to a wild-type control female cell line (Figure 4H).

Figure 4: continued

A} Xist RNA-FISH (FITC) on day-3-differentiated WT and Rexf+/- male ESCs. B) Quantification of Xist
clouds In A {n=100, error bars represent 95% Wilson confidence interval). ) Xist RNA-FISH (FITC) on
day-3-differentiated female WT, Rex? over-expressing clones 1_3 and 1_11, and Rnfi2-/- ESCs. D)
Top panel: nuclear extracts of WT, transgenic FLAG-V5-REX1 lines 3 and 11 and Bnf12-/- ESCs were
immunoblotted with REX1 antibody {open tiangle: endogenous REXI1, closed triangle: FLAG-V5-
REX1}. ACTIN was used as & loading conirol. Bottom panel: quantification of Xisé clouds in C (n>200}.
Average percentage of cells with Xist clouds is shown. E} Xist and Rex? qPCR analysis of Anfi2/-
ESCs 72h after transfecticn with a Rex? shRNA construct or a controf vector. F) qPCR analysis of
Rext, Xist and Tsix expressicn in undifferentiated and day-3-differentiated WT and the Rex1_3 and
Rex1_11 clones. G) gPCR analysis of Rex¥ and Xist expressicn in day-3-differentiated male Tsix-stop
ESCs, after transient transfection with a Rex? or control (mock) axpression vector. H) Upper panel,
schematic representation of constructs used in the luciferase reporter assay: empty vector, Xist
promoter {Xistluc) and Xist promoter + proximal part of exon 1 (Xist-2p-luc) constructs. Lower panel:
luciferase activity of the different constructs In WT, Rex1_3 and Rex1_11 clones, and Anf12-/- female
ESCs, tranfected with the corresponding reporter constructs and differentiated for 3 days. All data in
(D,EF.G and H) represent the average = s.d (n = 3). 1) The XCI regulatory network. Prior to
differentiation of ESCs Xist is repressed by Tsix dependent and independent mechanisms, regulated by
different factors, The RNF12 protein level is low leading to repression of Xist and activation of Tsix,
respectively. Upon differentiation, the RNF12 nuclear protein concentration increases, resulting in an
enhanced rate of degradation of REX? and subsequent activation of Xfst. J) Phylogenstic tree, showing
the presence or ahsence of XCl, Xist, Anf12, Yy1 and Rex{ in different species {n.d., not determined,
n.a. not applicable).
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Down-regulation was more prominent for the JXist-2p-luc construct in all cell lines,
suggesting that REX1 represses Xist through the Xisz promoter and its downstream region.
Taken together with the previous findings [989], we suggest that REX] inhibits XCI by
repression of Xisz, and by activation of Tsix. This leads to a model in which, upon ESC
differentiation or during development, an increased RNF{2 concentration results in a
decrease in the nuclear REX1 concentration. Because RNF12 is X-encoded, this effect will
be more pronounced in differentiating female cells compared to male cells, allowing de-
repression of Xist in female cells only (Figure 41).

Recently, Rex! homozygous knockout ESCs and mice have been generated [997,
999]. Although no effect on XCI has been reported, Rex/-/~ embryos were born at a sub-
Mendelian ratio [999]. From the present study, we would expect that the thresheld for
initiation of XCI might be lower, in both male and fermale Rex/-~ embryos compared to
wild-type embryos, resuiting in aberrant initiation of XCI. The fact that some live Rex/-/-
offspring was generated, indicates that additional factors, possibly acting downstream or
independent of RNF12, exert control over the XClI process. Interestingly, Rex/ is present
only in placental mammals, representing a retro-transposed copy of Yv/, a gene also
implicated in the regulation of XCI1 [1000] (Figure 4J). Rex/ is not present in marsupials,
which also lack Xisr mediated XCI. This suggests co-evolution of Xist and Rex/ in
conjunction with the appearance of an Xl mechanism which requires Xist. In contrast to
REX1, we found that YY I expression is not up-regulated in Ruf!2-/~ cells (Figure 3B}). Co-
immunoprecipitation experiments using HEK293 cells indicate that YY1 and RNFI2
interact (Supplementary Figure 10), but YY1 is not ubiquitinated by RNF12. Although
our findings do not preclude a role for RNF12 mediated control of YY1 they clearly
emphasize that the RNF I 2-mediated control of REX1 concerns a specific interplay, which
does not cccur between RNFI12 and YY1, which evoived afier a retro-transposition event
generated the Rex! retrogene. We propose that the origin of Rex/ has played a key role in
the evolution of random XCI in placental mammals.
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Methods Summary

REX{ was identified as an RNF12 interaction partner by mass spectrometry analysis on
FLAG affinity purified FLAG-RNF12, isolated from nuclear extracts of day 3
differentiated FLAG-R#fI2 transgenic ESC lines treated with the proteasome inhibitor
(MG 132). Protein purificaticn and mass spectrometry analysis were done as described in
[1001]. For the ubiguitination assay in HEK293 cells, the cells were transiently transfected
with polyethylenimine (PEI) (Polysciences Inc.) with the indicated expression vectors. The
REX1 ChiP and ChiP-sequencing (ChiP-seq) experiments were performed as described in
[1002] with minor modifications. RNA-FISH was performed as described in [179]. For the
iuciferase reporter assay, ESCs were transfected with the indicated vectors, using
lipofectamine 2000 {Invitrogen). Firefly and Renilla luciferase activity were measured
using a Dual-Luciferase reporter assay system {Pramega). A fult description of the methods
can be found in the Supplementary Informaticn.
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Supplementary Information

Methods

Plasmids and antibodies

The coding sequences of Rnfl2, Rex! and Yp! were amplified from mouse ESC cDNA and
cloned into a TOPO blunt vector (Invitrogen). RNF12AC24 gng RNF124 amine
acid mutants were generated by PCR site-directed mutagenesis. For mammalian expression,
the wild-type and two mutant Rnf12 coding sequences were subcloned into pCAG-FLAG, a
CAG-driven expression vector containing a FLAG-tag (a kind gifi from D. van den Berg)
and pEGFP-N3 {Clontech) vectors; Rex] and Yy/ were subcloned into pCAG-FLAG-VS
and Rex/ also into a modified pCherry-C1 vector (kind gifts from H. Lans). Rex/ cDNA
and Rnfl12 ¢cDNA and truncated forms were subcloned into pGEX-6P-1 (GE Healthcare)
vector for expression in bacteria. For the Rex/ knock down experiments, a mouse Rexl
shRNA sequence ACGGAGAGCTCGAAACTAA [989] was cloned into pSuper-GFP-Neo
{Oligoengine) and a pSuper-GFP-Neo-control-shRNA was used as a control.

For the tuciferase reporter constructs, DNA fragments containing the REX1 binding sites
within the Xist promoter alone (Xisf-luc, nt -548 to +47) or including the Xist promoter
distal region (Xist-luc-2p, 1t -548 to +2161) were amplified by PCR and cloned into the
promoterless pGL4.10 [luc2] vector {Promega). All constructs were checked by DNA
sequencing. Antibodies used were against V3 (Invitrogen), Flag-M2 (Sigma), NANOG
(Calbiochem), OCT4 (Santa Cruz), SOX2 {R&D systems), REX1 (Abcam and Santa Cruz),
SUZ12 (Upstate), RNF12 (Abnova), YY1 (Santa Cruz), Ubiguitin {Enzo) and B-ACTIN
(Sigma).

Cell culture and DNA transfection

Mouse ESCs were grown and differentiated as previcusly described [179]. FLAG-Rnrfl2
and FLAG-V3-Rex] transgenic ESC lines were generated by electroporation of Rufl2+/-
[174] and wild-type female ESC lines FI 2-1 (129/Sv-Casi/Ei), with pCAG-FLAG-Runfi2
or pCAG-FLAG-V3 vectors followed by puromycin selection. F1 2-1, FI 2-3 (129/Sv-
Cast/Ei), 1.3 (16xms2), Raf12+/-, and Rnfi2-/~ ESC lines have been described [174, 911].
Male 1.3 Rufl2 over-expressing ESC lines were generated as described in Jonkers et al.
[174]. The El4dtg2a control and Rex/-+/- male ESC line with a gene trap insertion in intron
3 of Rex/ has been previcusly characterized [998], and was obtained from BayGenomics
(gene trap clone no. XB238). ESCs were transfected using lipofectamine 2000 (Invitrogen),
according to the manufacturer’s instructions. For the Rex/ knock-down experiments, Raff 2-
/- ESCs were transtected with pSuper-GFP-Neo Rex! shRNA or control vectors and afier
24 h GFP positive cells were sorted by FACS and 48 h later cells were harvested for RNA
isolation. HEK293 cells were cultured under standard conditions in DMEM (Dulbecco's
modified Eagle's medium) supplemented with 10% (v/v) FCS (fetal calf serum) and
penicillin-streptomycin, and transfected with polyethylenimine (PEI) (Polysciences Inc.).
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Nuciear extract preparation

Unless otherwise indicated, cells were treated with preteasome inhibitor (15 pm MG132,
Sigma) for 3 h before harvesting. We also tested the effect of the proteasome inhibitor
epoxomicin (1 puM). ESCs and HEK293 cells were scraped from the culture dishes in ice
cold PBS plus protease inhibitor (Roche). Embryoid bodies (EBs) grown in suspension,
were collected by centrifugation, and washed twice in ice-cold PBS plus protease inhibitor,
Nuclear extracts were prepared as described in [1003] but instead of dialysed, were diluted
11 with buffer 0 (20 mM Hepes pH 7.6, 20% glycerol, 1.5 mM MgCl2, 0.2 mM EDTA,
0.5 mM DTT, 15 pM MGI132 and protease inhibitors). To confirm phosphorylation of
RNF12, female ESCs nuclear extracts were incubated for 30 min at 30°C in the presence or
absence of lambda protein phosphatase (New England Biolabs).

Protein purification and mass spectrometry

Protein purification and mass spectrometry analysis were done essentially as described in
[1001]. Briefly, nuclear extract from Flag-Raf!2 ESCs at day 3 of differentiation or FLAG-
V5-Rex/ undifferentiated ESCs were incubated with Flag M2 antibody-agarose beads
{Sigma) for 3 hours at 4°C, in the presence of Benzonase (Novagen). Bound proteins were
eluted with Flag-tripeptide {Sigma}. Eiutions were pooled by TCA precipitation, proteins
were separated by SDS-PAGE and the gel was stained with the colloidai blue staining kit
{Invitrogen). Mass spectrometry analysis was performed on a capillary liquid
chromatography system (Nanoflow LC-MS/MS 1100 series; Agilent Technologies)
coupled to a mass spectrometer (LTQ-Orbitrap; Thermo Fisher Scientific).

GST pull-down assays

Recombinant GST-Rex/, GST-Rufl2 fuil-length ¢DNA and the truncated forms were
expressed at 20°C overnight in £, cofi BLZ1 (Invitrogen). Cells were harvested and flash-
frozen. 50 mL lysis buffer (25 mM Hepes pH 7.6, 10% glycerol, 0.5 M NaCl, 0.01% NP-
40mM, 4 mM DTT, 2.5 mM MgCi2, 30 uM ZnCl2, 0.15 mg/ml lysozyme and protease
inhibitors) was added per litre of culture. After senication, soluble GST fusion proteins
were bound to glutathione-sepharose beads {(GE Healthcare) and analyzed by Coomassie
staining. For in vitro binding assays, the GST tag was removed from the GST-REX fusion
protein though enzymatic digestion with PreScission Protease (GE Healtheare).
RNF12-bound beads were equilibrated in buffer 100 (20 mM Hepes pH 7.6, 10% glycerol,
130 mM KCI 1.5 mM MgCi2, 0.2 mM EDTA, 0.02% NP490, 0.5 mM DTT, protease
inhibitors) and incubated for 2 hours at 4°C in the presence of Benzonase (Novagene) with
nuclear extracts of HEK293 cells transiently expressing V35-tagged Rex| protein, or with
0.3 ug recombinant REX1 protein. Nuclease Benzonase was added to the extract to show
DNA-independence of the REX1-RNF12 interaction. Bound proteins were eluted with
sample buffer and analyzed by immunoblotting.

Immunoprecipitation

Undifferentiated female and male ESC nuclear extracts were incubated for 2 h with REX1
antibody or control rabbit IgG (Santa Cruz), followed by addition of protein A Sepharose
{Amersham) for 1 h. After washing, bound proteins were eluted with SDS sample buffer
and analysed by immunoblotting with RNF{2 and REX] antibodies.
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Ubiquitination assays

For the ubiquitination assay in HEK293 cells, the cells grown in 10-cm dishes were
transiently transfected for 48 h with 2 pg wild-type or mutant Rxf72 expression vectors, in
the absence or presence of 2 pg Vi-tagged Rex! or Yyl expression vectors. Where
indicated, cells were treated with proteasome inhibitor MG132 (15 pM for 3 h, Sigma) or
epoxomicin (1 pM for 6h, Sigma) before harvesting. Cells were collected by scraping in ice
cold PBS and nuciear extracts were prepared as described above. To detect protein
expression, 10% of the nuclear extracts were used for immunoblotting with antibodies
against REX1, YY1 or RNF12, and ACTIN was used as a loading conirol. To recover V5-
tagged REX] and Y'Y, 15 ul of V5 antibody-agarose beads (Sigma) were added to the
nuclear extracts and the mixture was rotated for 1.5 h at 4 °C. The beads were washed with
buffer 150 (20 mM Hepes pH 7.6, 10% glycerol, 150 mM KCI, 1.5 mM MgCI2, 0.2 mM
EDTA, 0.02% NP4¢, 0.5 mM DTT, protease inhibitors). Bound proteins were eluted with
sample buffer and visualized by immunoblotting. Co-immunoprecipitated RNF12 was
detected with RNF12 antibody and poly-ubiguitinated REX 1 with V5 and Ub antibodies.
The in vifro ubiguitination assay was carried out by adding recombinant REX! (1 pe),
GST-Raf12 wild-type or mutant (0.5 ug), E1 (55 ng UBEI, Boston Biochem), EZ {300 ng
UbcH5a, Boston Biochem) and His-Ub (2 ug, Sigma) to ubiguitination buffer (30 mM Tris
pH 7.5, 150 mM NaCl, 5 mM MgCl, 2 mM ATP, | mM DTT and protease inhibitors) to a
final volume of 30 pl. The reactions were incubated at 30 °C for 1 h, terminated by boiling
for 3 min with sample buffer, and reseolved by SDS-PAGE gel followed by immunobloting
with anti-Rex1 antibody.

Quantitative real-time PCR

Total RNA was extracted by using Trizot (Invitrogen) and then reverse transcribed by with
Superscript 11 reverse transcriptase (Invitrogen) according to the manufacturer's
instructions. Reai-time PCR was performed using SYBR Green (Sigma) in a CFX384 real-
time PCR machine (Bio-Rad). Actin was used as a normalization control. All qPCR data
represents the mean + s.d. of triplicate samples performed on cDNA isolated from three
independent experiments. The primer sequences used for qPCR are listed in the
Supplementary Table 3, and Supplementary Table 2 list the primers used for ChiP-
qPCR.

Immeunofiuorescence staining

ESCs were grown on coverslips without feeders and fixed with 4% paraformaldehyde for
L0 min at room temperature. Subsequently, cells were permeabilized with 0.4% Triton X-
100 in PBS for 10 min at RT and blocked with 10% goat serum in PBST (PBS with 0.05%
Tween 20) for 30 min at RT. The coverslips were incubated with REX1 antibody overnight
at 4°C, After washing with PBST, cells werce incubated with the secondary antibedy, Alexa
Fluor 488 goat anii-rabbit 1gG (Molecular Probes) for 1 hour at RT. After a final wash with
PBS, coverslips were mounted with Vectashicld Plus DAPI (Vector L.aboratories). images
were acquired using a [uorescence microscope {Axioplan2; Carl Zeiss).
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RNA-FISH

RNA-FISH was performed as described in [179] with minor modifications. Pre-plated
female ESCs were seeded on gelatin-coated coverslips without feeders in EB differentiation
media (IMDM + Glutamax (GIBCO), 15% FCS8, 50 ug/ul ascorbic acid, NEAA, penicillin-
streptomycin, 37.8 ul/l monothioglycerol (97%)). At day three of differentiation, cells were
fixed and subjected to RNA-FISH. Xist clouds were counted for three different coversiips
per cell line analyzed. The Xist probe was a 5.5kb Bgllf ¢cDNA fragment covering Xisz exon
3-7. The Tsix probe was a 5.1 kb Sali-Sacll fragment of 7six intron 3.

ChiP and ChiP-sequencing

The ChIP and ChiP-sequencing {ChlP-seq} experiments were performed as described
[1002] with minor modifications. Briefly, female ESCs expressing V3-tagged REX1 and
control wild-type ESCs were grown without feeders to 80% confluence (3107 cells per
ChlIP or 1-10° cells per ChiP-seq). For ChlP-seq and ChIP (where indicated), the cells were
ireated for 3 h with proteasome inhibitor (15 pwm MG132, Sigma) before chromatin was
cross-linked for [0 min at RT with 1% formaldehyde. The cross-linking reaction was
stopped by addition of 0.125 M glycine. Sonicated chromatin was immunoprecipitated with
60 pl of pre-blocked V5 antibody-agarose beads (Sigma) for each ChiP-seq. Purified ChIP-
DNA was prepared for sequencing on a HiSeq 2000 sequencer (Illumina).

The data was analyzed using a combination of bioconductor packages {Shortread, ChlP-
Seq, and MACS). lllumina reads (36bp) were aligned against the mouse genome (M
mseudus NCBI build 37) using Solexa Genome Analyzer ELAND Software. Aligned reads
were imported, filtered, normalized and coverage was calculated using Shortread and ChiP-
Seq packages. The resulting coverage graph was visualized using the USCS Genome
Browser. The significance of peaks was calculated using MACS package. Peaks with a foid
change of >=4 and fdr<=0.001 were iaken as significant.

Luciferase reporter assay

ESCs were seeded into 24-well plates in differentiation medium and after 24 h transfected
with 0.8 pg of the indicated vectors, using lipofectamine 2000 (Invitrogen). To normalize
for transfection efficiency, a GL4.74 (hluc/TK) vector (Promega) expressing Renilla
luciferase was co-transfected. Firefly and Renmifler Tuciferase activity were measured 48 h
posi-transfection using a Dual-Luciferase reporter assay systemn (Promega} according to
manufacturer's instructions. Three independent experiments were performed in tripiicate,
and the data are shown as the mean + s.d.
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Supplementary Figure 1: Burification of FLAG-tagged proteins

A) Purification of FLAG-RNF12 by FLAG-affinity from nuclear extracts of wild-iype (WT) and two FLAG-
RNF12 transgenic ESC lines were immunoblotted with RNF12 and FLAG antibodies. Inputs and elution
fractions from the FLAG-RNF12 and control cell lines are shown. B) Proteins from A were resolved by
SDS-PAGE and stained with Coomassie. C) Nuclkear extracts of WT and two FLAG-V5-REX1
transgenic ESC lines were immunablotted with FLAG and VE antibodies, ACTIN was used as a loading
control. B} Purification of FLAG-V5-Rex1 by FLAG-affinity from nuclear exiracts of WT and two FLAG-
VB-REX1 transgenic ESC lines were immunobilotted with FLAG antibody. Inputs and elution fractions
from the FLAG-V5-REX1 and control cell lines are shown. E) Proigins from D were resolved by SDS-
PAGE and stained with Coomassie. F} Nuciear extracts of undifferentiated WT ESC were incubated in
the presence (+) or absence () of APPase and immunoblotied with RNF12 antibody {running positions
of the unphosphorylated and phosphorylated forms of WT RNF12 are indicated with 0 and =).
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Suppiementary Figure 2: Mapping of RNF12-nteracting domains with REX1

A) Schematic representation of GST-RNF12 recombinant protein and the different truncation mutants
used in B. NLS: nuclear localization signal; RING: RING finger domain. Relative level of binding of the
different GST-RNF12 mutants tc REX?1, from the experiment in B, is indicated. B) GST pull-down with
immabilized WT GST-RNF12 or the indicated truncated recombinant GST-RNF12 proteins from nuclear
extract of HEK293 cells transfected with a V5-Rex1 expression construct. Upper panel: ingut and bound
fractions were analysed by immuncblotting with V5 antibody o detect REX1 binding fo recombinant
RNF12. Bottom panel: eluted control GST and the different GST-RNF12 truncated recombinant proteins
were detected by SDS-PAGE and Coomassie staining. The black dots poini to GST and the various
GST-RNF12 proteins. €} ESCs were transiently transfected with WT RNF12 and the twe catalytically
inactive RNF12 mutants in the presence or absence of the proteasome inhibiter (MG132). "Mock” refers
to the empty plasmid. Nuclear extracts were prepared and analysed by immunoblotting with RNF12 and
FLAG antibodies (running position of WT RNF12 and FLAG-RNF12 is indicated with m.o, the
phosphorylated forms with m, ). ACTIN was used as a loading control.
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Supplementary Figure 3: Expression analysis of RNF12-GFP and REX1-Cherry in fransgenic
HEK293 cells

A), B), HEK2S3 cells seeded in a 12 well plate were transfected io test the expression constructs, with
0.6 pg of REX1-Cherry fusicn expressicn vector A or 1.8 pg of WT or cataiytically inactive mutant
RNF12-GFP expression vectors, B. C) FACS analysis of HEK293 cells transfected with REX1-Cherry
only. B} Upper panels show FACS analysis of HEKZ293 cells transfected with a RNF12-GFP vector, or
two mutant RNF12-GFP fusion constructs. Bottomn panels show the FACS profile of HEK293 cells co-
transfected with REX1-Cherry in combination with either WT RNF12-GFP, or two different mutants
RNF12-GFP. Shown in © and D is Cherry exprassion on the Y-axis, and GFP expression on the X-axis.
The gated fractions represent the GFP positive, Cherry-high and Cherry-low cell populations.
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Supplementary Figure 4: REX1 ubiquitination assay in HEK293 cells

Left botiom panels show nuclear protein extracts of HEK293 cells co-transfected with the indicated
expression constructs for V5-REX1, WT RNF12, or the catalytically inactive RNF12™4 %74 1 tant.
immunabiots were probed with the indicated antibodies. Right bottom panels show the same
transfections, but cells were treated with 1 uiM epoxomicin for 6 hours before protein harvest. Upper
panels, V5-tagged REX1 was immunoprecipitated with anti-V5 agarose beads and analysed by
immunoblotting to detect the poly-ubiguitinated REX{ with V5 and ubiquitin antibodies. RNF12 co-

immunoprecipitated with REX1 was detected with RNF12 antibody.
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Supplementary Figure 5: REX1 is polyubiguitinated by RNF12

A) V5-affinity purification from nuciear extracts of HEK293 cells co-transfected with Rnf72 and V5-RexT
expression constructs or Rnf12 only in the conirol. 48 hours after transfection, cells were treated with
MG132 for 3 hours before protein harvest. Purified proteins were resolved on a SD3-PAGE gel and
stained with Coomassie. Putative bands representing RNF12, REX1 and poly-ubiquitinaied REX1 are
indicated. B) Sequences of the REX1-ubiquitinated peptides, identified by mass spectrometry, with the
diglycine-modified lysine highlighted in red. Mass spectrometry analysis was done as described in ihe
Metheds section, with the modification that D2-iodoacetamide was used as alkylating agent to block
cysteine residues. C) Amino acid sequence of mouse REX1. Highlighted in alternating black and grey
are the peptides theoretically obtainable after trypsin digesiion. Underlined are ihe peptides actually
detected by mass spectrometry. Putative target lysines for ubiquitination are indicated in red. Green-
shaded regicns mark the four zinc finger domains and ("} marks the residues known to bind DNA. B}
Table shows the ubiquitin sequence with the seven lysine residues highlighted in red and the
polyubiquitin finkages that were present in the V5-REX1-RNF12 sample.



Chapter 6: RNF 12 initiates XCI by targeting REX 1 for degradation

a b
Rnf12 Rnf12
WT o/~ /- WT - 4/
13 o owT
. o || ol e | RNFT2 I ROF12+/-
v
REX1 3
[« 1}
- [}
vy %0.5
)
[«¥}
[a

NANOG

L ACTIN

-MG132

o

Anfi2 trg.

(58}

oy Xist 25
., O Rnfi2

5
Q =
n w
5 @
= 2
o 73
é a

o
‘5 I =
> =
W o
= L
i Z
) —
2 £

[n's

ion

[

—_

<1% 9% 8% Xist
217 611 229 nr ol

mock BNF12 H5694, dell0aa
C5T3 A

mutant RNF12

Supplementary Figure 6: RNF12 and REX1 protein leveis show a reciprocal correlation

A) RNF12, REX1, YY1, NANOG and SUZ12 protein levels were compared by immuncbloiting of
nuclear extracts from undifferentiated WY, Rnf12-- and Rnfi2+/- female ESCs in the absence or
presence of MG132. ACTIN was used as a loading contrel. B} WT and Rrf12-/- female £SCs have a
similar RexT mRNA level. Rex7 expression was analysed by gPCR in WT and Rnf12-/- undifierentiated
ESCs and at day 3 of differentiation. C) Nuclear extracts of wild-type and Rnf12 transgenic male ESC
lines 15 and 21 were immunoblotted with REX{ and RNF12 antibedies. ACTIN served as a loading
centrol. Bottom panels show the percentage of cells with Xist clouds at day 3 of differentiation, and the
total number of cells counted for each cell line. B} Male ESCs transiently transfected with an empty
vector, or vecters expressing WT or two mutant forms of RNF12 were differentiated for 3 days. Xist
RNA and Rnf12 expression was determined by qPCR. All data represent the average expression + s.d.
(n=3)

I~
U
In



Chapter 6. RNF12 initiates XCI by targeting REXI for degradation

arale 20 kb s 1
e s | Isaana | [P W0 I gacar | Mg |
i
REXT
s bt o bt as ace e Bl A PO | g]. :
e . . . . o o

: H—_
e i | (R A eyl REIRER

o Dot wa wl s gl el gt gt L

REX1 REXT
; _ A
Q% L % ] T It
- 13 It ] | | )
g0
70 21 -M ortrol
- M S-REXT
I G+ ontrel

B + WG 3ZVA-REK]

Relarive ensichment
Helative entichownt

g1 i p
s, Q0 Teiv W Tois Toin_K

i
; _ Taie_M Amylese
4359 1354 4354 =251 1348 #3356 -1

w314

Supplementary Figure 7: Detailed view and confirmation of REX1 binding sites in the Xist-Tsix
region

Upper panel: REX1 binding pattern in the Xist/Tsix gencmic region in female ESCs, as determined by
V5-REX1 ChiP-sequencing. ldentified sequence reads were plotted relative to genomic location and
visuaiized using UCSC Genome Browser. L.ocation and transcription start sites (arrows) of the Tsix and
Xist loci are indicated. Middle panels: higher magnification of the REX1 binding profile around the
DXPas34 region and the Tsix start site (left) or the Xist start site (right). Distance from the Xisf
transcriptional start site is indicaied in kbs and genomic areas amplified in the V5-REX1 ChIP
experiments (lower paneis} are indicated by a red dot and the letters A to O. Lower panels: V5-REX1
ChIP using V5-REX1 expressing ESCs or control ESCs in the presence or absence of MG132. Relative
enrichment over the Amylase negative control genomic region is indicated. Amplified regions are
indicated in the middie panels, and the distance (in kbs) of the amplified regions from the Xist start site
is indicated. All data represent the average expression + s.d. {(n = 3}.
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Supplementary Figure 8: Expression analysis of Rex1 over-expression ESC lines

A) Immuncblots with nuclear extracts of undifferentiated WT and Rex1 over-expression cell lines 3 and
11 detecting OCT4, NANOG, and SOX2. ACTIN was used as a loading control. B}, C) Quantitative-
PCR analysis of pluripotency markers Oct4, Sox2, Nariog, K2, Kif4 and Daxi, and differentiation
markers, Fgf5, Otx2, Nesfin and Eomes in undifferentiated and day-3-differentiated WT and the Rex1_3
and Rex1_11 clones. Shown is the average expression £ s.d. (= 3).
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Supplementary Figure 9: Xist and Tsix expression in wild type and REX1-over-expression cell
lines

A) Xist and Tsix RNA-FISH (bottom panel Tsix in rhodamine; middle panel: Xist in FITC: top panel:
merged Xist-Tsix signals and DNA stained with DAPI) on day-3-differentiated female WT, two Rex?
over-expressing transgenic £ESC lines and Rnf12-/- ESCs. B} Quantification of the Xist and Tsix RNA-
FISH experiment described in &. C} The percentage of Tsix positive and negative alleles within the
fraction of Xist negative alleles described in A Shown is relative percentage of all observed
combinations of Xisf and Tsix expression {n > 100 per celi line).
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Supplementary Figure 19: RNF12 binds but does not ubiguitinate YY1

Ubiquitination assay in HEK293 cells, left bottom panels show nuclear protein extracts of HEK243 cells
co-transfected with the indicated expression constructs encoding VB-YY 1, V5-REX1, WT RNF12, or a
catalytically inactive RNF12 mutant. immunoblots were probed with the indicated antibcdies. Right
bottom panels show the same transfections, but in the presence of MG132. Upper panels, V5-tagged
REX1 or V5-YY1 were immunoprecipitated with anti-V5 agarose beads and analysed by immunotliotting
to detect the poly-ubiquitinated forms, if present, with V5 and ubiquitin antibodies. RNF12 co-
immunoprecipitated with REX1 or YY1 was detected with RNF12 antibody.
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Abstract

Dosage compensation of X-linked genes in placental mammals is accomplished by
random inactivation of one X chromosome in female XX cells. X chromosome
inactivation (XCI} is initiated by up-regulation and ¢is-spreading of X-encoded Xist RNA
along the inactive X chromosome {Xi). The X-encoded XCl-activator RNF12 directs dose-
dependent frans-activation of Xist, possibly assisted by direct interaction of the X
chromesomes in the form of X-pairing. Here we show that XCI is initiated without all
known X-linked elements required for X-pairing, and in male nuclei of XX-XY
heterokaryons, indicating that XCI is regulated by frans-acting diffusible factors. The
continuous presence of RNF12 is found to be required for establishment of the Xi, and the
cis-acting elements Jpx, Fix and Xpr lower the RNF12 threshold for Xist activation. Our
resuits support the presence of a ¢is-X inactivation center (cis-XIC) encompassing all the
elements regulating Xist in cis, and a trans-X1C covering all trans-acting activators of XCI.

introduction

Evolution of the heterologous X and Y sex chromosomes has confronted mammalian
species with a need for dosage compensation of X-encoded genes in female XX cells,
which is achieved by inactivation of one of the two X chromosomes. In mouse, two forms
of X chromosome inactivation (XCI) are found. Early cleavage stage female mouse
embryos display an imprinted form of inactivation of the paternally inherited X
chromosome. This is maintained in the extra-embryonic tissues, but the paternal X is
reactivated in the inner cell mass of the blastocyst, atter which random inactivation of either
the paternal or maternal X chromosome is initiated around day 3.5 of female embryonic
development. The inactive state of the Xi is stable and clonally propagated. Two
overlapping X-linked, non-coding and cis-acting genes, Xist and Tsix, play key roles in
initiation of XCI in the mouse. Xiss is up-regulated on the future inactive X ¢hremosome
(Xi), and the transcribed Xist RNA coats the Xi in c¢is, thereby attracting chromatin
modifying complexes involved in silencing [84-85]. Tsix is a negative regulator of Xist,
generating transcripts in antisense direction and in conflict with Xisz transeription, which
prevents XCI of the future active X chromosome (Xa) eariy during development [118, 136].

Xist and Tsix represent the master switch locus regulated by ¢is- and frans-
acting regulatory elements and genes involved in the repression or activation of XCl.
Chromatin conformation capture studies indicated that Xistr and Tsix are embedded in two
distinct topelogical associated domains (TADs) of 500 and 200 kb respectively [1004].
Interestingly, Xist and Tsix positive regulatory genes and elements reside within the TAD
that harbors the gene they regulate. Two non-coding genes Xire and Tsx are located within
the 7six TAD, and gene ablation experiments indicated that these genes promote Tsix
expression in cis {136, 1003]. Mutation of two other non-coding genes Jpx and Fix, residing
within the Xisf TAD, revealed these genes to be involved in the activation of Xist [1006-
1007]. The Xist and Tsix TADs are separated by a boundary element, involved in CTCF
recruitinent, and removal of this boundary results in partial merging of both interaction
domains and dysregulation of XCI [1004, 1008]. These studies underscore the important
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roles of the higher order chromatin structure as well as cis-interactions of elements and
genes in the activation of Xist or Tsix. However, it is important to note that the cis-
interacting landscape cannot distinguish between male XY and female XX cells. In
contrast, frans-acting factors are instrumental in the determination of the number of X
chromosomes present in a nucleus, and subsequent initiation of XCI if more than one X is
present per diploid genome [179, 910]. Trans-acting factors can be separated in two classes,
inhibitors and activators of XCI. In models described before [910, 987], XCl-inhibitors are
autosomalily encoded and repress Xis7, whereas activators of XCl are X-linked and promote
Xist expression. In addition to exerting control over Xist, the actions of some of these
inhibitors and activators include reciprocal actions on 7six.

XCl is closely linked to loss of pluripotency towards cell differentiation. The
pluripotency-associated factors NANOG, OCT4, REXI1, SCX2 and KLF4 have been
identified as XCl-inhibitors in mouse ES cells, involved in repression of Xist [191], or
activation of Tsix [186, 989). In addition, the ubiquitously expressed transcriptional
regulators YY1 and CTCF were reported to suppress XCl by activation of Tsix, through
binding to the cis-acting positive element DXPas34 [193]. It is likely that XCI is blocked in
undifferentiated ES celis and in the peri-implantation mouse embryo through different
pathways acting in parallel, but converging to suppress Xist RNA production and
accurnulation. Autosomally-encoded gene products will be expressed at equal levels in
female and male cells, and hence will not be sufficient to accomplish initiation of XCI
exclusively in female cells. Rather, this requires X-encoded activators which can reach a
higher expression level in undifferentiated female cells with two active X chromosomes,
compared to XY male cells. Recently, we identified X-encoded RNF12 as an XCl-activator
[174, 911]. The RnflZ gene is located just 500 kb upsiream of Xiss, which is relevant
because this location may ensure rapid silencing of Ruf72 on the future Xi soon after
injtiation of XCI. RNF12 is an E3 ubiquitin figase, catalyzing dose dependent breakdown of
REXI by targeting REX1 for proteasomal degradation in differentiating ES cells [1009]. In
undifferentiated ES cells, REX1 inhibits Xist and stimulates Tsix transcription, thereby
blocking initiation of XCI. Cne single transgenic capy of Rufi2 is sufficient to lower the
REXI protein level, leading to intiation of XCI in a high percentage of transgenic male ES
cells. Reciprocally, the REX1 protein level is up-regulated in Raf12"" and Rufi2" female
ES cells, resulting in a significant reduction in initiation of XCL In developing wild type
mouse embryos or upon ES cell differentiation in culture, RNF12 expression is up-
regulated resulting in breakdown of REX1. This breakdown of REXI is more prominent in
differentiating female cells, which have two active copies of Ruf72. This RNFI2/REXI
mechanism is in full agreement with the proposed stochastic nature of the initiation of XCl
[179], and aiso explains that bi-allelic initiation of XCI in most cells is prevented by
spreading of Xist and silencing of XCl-activator genes on the future Xj in cis.

It is anticipated that full control of the mitiation of XCI involves a high level of
complexity, where new factors and interactions await identification. The presence of XCI-
activators acting independent of RNF12 is indicated by the observation that XCI is initiated
in some Rnfi2"" female ES cells [174, 958]. Several non-coding genes and elements,
located in close proximity to Xist, have been implicated to exert XCl-activator activity.
These include the non-coding genes Jpx and Fix, which are up-regulated upon ES cell
differentiation and partiaily escape XCI. Deletion of Jpx has been reported to result in a
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severe loss of XCI, leading to massive cell death [1006]. This phenotype was rescued by
introduction of a Jpx transgene, but also by mutating 7six which interacts with endogenous
Jpx in cis, supporting a role for Jpx in frans- and in cis-activation of Xist. A deletion of Ftx
negatively affects expression of both Xist and Jpx, but this has only been analyzed in male
cells, which impedes making a distinction between cis and trans effects [1007]. Finally, an
intriguing mechanism was indicated by the identification of the Xpr region and its
postulated suggested role in pairing of the two X chromosomes at the onset of XCI [187].
The available evidence indicates that X-pairing might play a role in counting or sensing the
nmumber of X chromosomes present in a nucleus, but the molecular mechanisms for pairing
remain elusive. It can be questioned whether pairing is a cause or consequence of XCL

In this study, we have addressed the role of X-pairing in XCI. We find that XCT is
initiated also in the absence of all elements known to be required for pairing. Moreover, in
the absence of direct physical interaction of wild type X chromosomes, XCI was still
initiated, indicating that XCI is regulated by diffusible trans-acting factors. Our studies also
reveal that Jpx, Frx and Xpr activate Xist exclusively in cis. This precludes a role for Jpx
and Fix as XCI-activators able to distinguish between male and female cells, in contrast to
X-encoded and trans-acting RNF12. The present results provide evidence for a functional
division of the X inactivation center in two paris: a cis-acting Xic, involved in cis-
regulation of Xist, and a frans-acting Xic, which regulates the XCI initiation process.

Resulis

Cis elements required for activation of Xist

In previous studies, we have demonstrated that RNF12 activates the initiation of XCI by
dose-dependent breakdown of REX1, a transcription factor which takes part in repression
of Xist and activation of Tsix [174, 911, 1009]. In other words, trans-acting RNF12
eliminates REX1, leading to activation of Xist. In male cells, the concentration of X-
encoded RNF12 (in combination with other trans-acting factors) is insufficient to activate
Xist. In agreement with this, & single copy of an autosomally-integrated Xist/Tsix BAC
RP23-338B22 transgene did not initiate autosomal spreading of Xist upon male ES cell
differentiation (Figure 1A, B, C). Enforced expression of RNF12 is sufficient to allow
activation of Xisr and initiation of XCI in male ES cells [174]. To test this for the autosomal
transgene, we introduced an additional BAC RP24-240J16 transgene covering Rnf/2 into
the Xist/Tsix BAC RP23-338B22 ransgenic male cells (Figure 1A). Integration and Rrfi2
over-expression was verified by qPCR analysis, and we differentiated the ES cells for 3
days to analyze Xist expression by RNA-FISH (Figure 1D). The Xist/Tsix transgenic ES
cell line harbors 16 copies of a bacteriophage ms2 repeat sequence allowing distinction
between the endogenous ms2+ and autosomal Xist (ms2-} RNA sequences. As expected,
the Rnfl2 transgenic Xist/Tsix BS cell lines showed robust Xist accumulation in 3-9%
(single-copy Rnfl2) or 15-42% (multi-copy Rnfl2) of the cells, emanating from the
endegenous Xisr locus. In contrast, we did not observe Xist spreading from the autosomal
Xist/Tsix BAC transgene (Figure 1C and 1D). We conclude that the Xist/Tsix BAC RP23-
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Figure 1: XCl in male Xist/Tsix transgenic ES cells

A) Schematic representation of the region encompassing the known regulators of XCI. The location of
the Xist and Tsix TADS, the ms2 repeat sequences in Xist, and the BACs used for targeting and
transgenesis experiments are shown below. B) Combined Xist (FITC) and ms2 (Rhodamine Red) RNA-
FISH on day 3 differentiated male single copy Xist/Tsix transgenic ES cell line nr 4 (DAPI is blue). C)
Quantification of autosomal and X chromosomal spreading of Xist in day 3 differentiated Xist/Tsix only
transgenic ES cell lines and quantification of XCI in day 3 differentiated double transgenic Rnf12
Xist/ Tsix ES cell lines generated by Rnf12 transgenesis of Xist/Tsix transgenic ES cell line nr 4. D)
Combined Xist (FITC) and ms2 (Rhodamine Red) RNA-FISH on day 3 differentiated male Rnfi2-
Xist/Tsix double transgenic ES cell line nr 12 (DAPI is blue).

338B22 transgene lacks important sequences required for the proper activation of Xist.
BAC RP23-338B22 covers Jpx, but other putative XCl-activator sequences including Frx
and Xpr, and also most of the Xist TAD, are missing (Figure 1A), which may explain the
lack of transgene activation. However, there also could be an important role for the
genomic environment, in the activation of Xist, as is indicated by YAC transgene studies
using female ES cells, which have shown that multi-copy but not single-copy Xist/Tsix
transgenes initiate autosomal Xist spreading [175].

Deletion of the Xist chromatin interaction domain

Chromatin conformation capture studies indicate that Xist is located within a 500 kb
interaction domain spanning from Xist through to Ruf12 [1004]. To analyze the role of this
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domain in Xist activation, we generated female ES cell lines lacking the complete Xist
interaction domain but leaving Xist and a 5 kb upstream region intact. Polymorphic F1
Cast/Ei / C57Bl/6 female ES cells were generated containing a conditional C57Bl/6
Xis?™™* allele (Figure 2A and 2B). These Xist"** ES cells were targeted with an RnfI2
BAC vector, targeting a Nhel RFLP located in exon 5 of Rafi2, and introducing a lox
sequence (Supplementary Figure 2A). All sequences from in between Xist and Jpx up to
and including Rnfl2 (Jpx, Ftx, the Xpr region, and Rnf/2) were removed by transient
expression of Cre recombinase, yielding A(Jpx-Rnfl2) in which Xisr was still present
{Figure 2C and Supplementary Figure 1).

To test whether the A(Jpx-Rnfl2) deletion resulted in an XCI phenotype we
analyzed undifferentiated and embryonic body (EB) differentiated +/A(Jpx-Rnfl2) ES
cells. We did not see a morphelogical difference or a difference in cell viability and
proliferation between wild type and +/A{Jpx-Rnfl2) undifferentiated and differentiated ES
cells analyzed at different time points after the start of differentiation, althcugh we found
some variation between sub-clones (Figure 2D and Supplementary Figure 2B, 2C and
2D). Previously, we have shown that XI is reduced in Rnf]f" female ES cells [174, 911].
Xist RNA-FISH expression analysis confirms this finding and indicates an even further
reduction in XCI in +/A(Jpx-Rnf12} ES cells at all ime points analyzed (Figure 2E and
2F). Blastocyst injection of the heterozygous A(Jpx-Rnfl2) female ES cells resulted in
+A(Jpx-Rnfl2)male chimaeric mice which expressed Xist (Supplementary Figure 3A
and 3B). Expression of Xist, measured by qPCR analysis with RINA isclated from different
organs, was lower than in wild type {emnale control samples but corresponded with ES cell
contribution to the chimaeric animals (data not shown). These results contrast with findings
presented in a previous study indicating loss of XCI in Jpx*" female cells, resulting in
massive cell death [1006). This Jpx™" phenotype could be rescued by introduction of a Jpx
transgene, suggesting a role of Jpx in frans in the activation of Xist. To test whether the
effect of the heterozygous A(Tpx-Rnfl2) mutation was c¢is or trans, we performed allele
specific RT-PCR analysis on Xist RNA isolated from day 3 differentiated +/A{Jpx-Rnf12)
and wild type female ES cells. In wild type female F1 Cast/Ei / CS7TBI0 ES cells, XCI is
skewed with a preferential inactivation of the C57Bl/6 X chromosome, visible as a 70%-
30% expression ratio of C57Bl/6-Cast/Ei Xist RNA (Figare 2G). In accordance with our
previcus studies [174, 958], Rufl 2% female ES cells have completely skewed XCI, at the
present level of detection, in favour of inactivation of the C57Bl/6 X chromosome carrying
a ARnfl2 deletion (Figure 2G). In these cells inactivation of the wild type Cast/Ei X
chromosome would lead to a Rufi2 null cell, which may be selected against, or which may
not be able to maintain Xist expression due to the absence of RNF12. However, in the
present +A(Jpx-Rnfl2) cells, we find severe skewing in favour of Xist expression from the
mutant C57/B1/6 X chromosome, but we also detected some expression of Xist from the
wild type Cast/Ei X chromosome, at day 3 of differentiation (Figure 2G). At different time
points after initiation of ES cell differentiation of wild type cells and +/A(Jpx-Rnf12) cells,
this partial loss of complete skewing towards Xisr expression from the mutant allele is
detectable during initiation of XCI, at days 3-10 of ES cell differentiation (Figure 2G).
This finding might point to a repressive role for Jpx, Fix and Xpr in trans. Alternatively,
there could be a role for the region encompassing these genes in the activation of Xist in cis.
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Figure 2: Generation of the +/A(Jpx-Rnf12) ES cell line

A), B) Map showing the location of the primers used to genotype the ES cell clones. C) PCR analysis
on genomic DNA of Xis#'™* Rnf12”* ES cell clones after transient Cre expression using primer
combinations indicated in A and B. D) Pictures of day 3 and day 7 differentiated +/A(Jpx-Rnf12) and
Xisf™* control ES cells. E) Xist RNA-FISH (FITC) on day 5 differentiated +/A(Jpx-Rnf12) and Xisf™*
ES cells (DAPI is blue). F) Quantification of relative number of Xist clouds in +/A(Jpx-Rnf12), Rnf12""
and wild type ES cells at different time points of differentiation. G) Allele specific expression analysis of
Xist by amplification of an Xist length polymorphism comparing day 3 differentiated wild type, Rnf12""
and +/A{Jpx-Rnf12) ES cells (top panel, C57/Bl/6 is black rectangle, Cast/Ei is open rectangle). The
bottom panel and graph show the relative expression and quantification of Xist emanating from the

targeted A(Jpx-Rnf12) C57/BI/6 allele and wild type Cast/Ei allele analyzed at different time points after
differentiation.
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Jpx, Fix and Xpr act in cis to activate Xist

To investigate if Jpx, Fix and Xpr act in cis or in trans to either activate or repress Xist,
respectively, we introduced BAC transgenes in +/A(Jpx-Rnfl2) ES cells covering Rafi2
(RP24-240116), Xpr (CT-474E4)}, or both Jpx and Fre (RP23-100E1) (Figure 1A). Positive
clones with a transgene insertion were identified by qPCR on genomic DNA of expanded
clones (data not shown), followed by RT-qPCR analysis to verify transgenic expression of
Fre, Jpx and Rafl2 on RNA isolated from day 5 differentiated ES cell clones. We also
performed RFLP RT-PCR analysis, discriminating between endogenous and transgenic Jpx,
Frx, and Rnf12 expression (Figure 3A, 3B and 3C). 8lc1642, which overlaps with the Xpr,
is not expressed in ES cells, precluding verification of these clones by expression analysis,
but DNA-FISH was performed to confirm the presence of this and the other transgenes
{(Supplementary Figure 4). RT-gPCR analysis of Xést expression in +/A(Jpx-Rnf12) day 5
differentiated ES cell clones expressing transgenic Xpr, Jpx—Ftx, or Rafi2 transgenes,
showed up-regulation of Xist expression only in clones with an Rnf72 transgene integration
(Figure 3D and Supplementary Figure SA-D). Introduction of the Rafl2 transgene, as a
second transgene, into the A{Jpx-Rnfl12) ES cells transgenic for Xpr or Jpx—Fix resulted in
up-regulation of Xist in most of these double transgenic ES cell lines {Supplementary
Figure 6A and 6B), providing a contrel excluding negative frams action of Xpr or Jpx—Fix.
These results clearly show that Xpr, Jpx and Fix play a role only in ¢és, in contrast to Ref/ 2,
which encodes a true activator of XCI which activates Xist in trans.

Next, we determined the origin of Xist RNA in +/A(Jpx-Rnf12) ES cells harboring
different Re/f712 integrations, by RFLP RT-PCR analysis on day 5 of differentiation. Clearly,
the Rnfl2 transgenes induced preferential up-regulation of Xist expression from the Cast/Ei
wild type X chromosome (Figure 3E). Such an effect was not observed in Xpr and Jpx-Fix
transgenic +/A(Jpx-Rnf12) ES cell lines (Supplementary Figure 6C and 6). This result
provides a strong indication that frans-activation by RNF 12 of Xist located on the mutant X
is severely compromised. This is confirmed using the Jpx—Frx and Xpr transgenic A(Jpx-
Rnf12) ES cells recued with a Ruf72, where allele specific RT-PCR detecting Rnf72 and
Xist showed preferential up-regulation of Xist emanating from the wild type CastvEi X
chromosome (Supplementary Figure 6E and 6F).

Next to Xisr, we looked at expression of Tsix, compared to other flanking genes,
RT-qPCR analysis at different time points of differentiation of +/A(Jpx-Rnf12) female ES
cells showed a clear up-regulation of Tsix expression (Figure 3F). In contrast, expression
of NaplL2, a gene which is located centromeric te Xisf, within the 7six TAD, was not
affected (Figure 3¥). Down-regulation of Frx expression in these +/A{Jpx-Rnf12) ES cells
(Figare 3F) is explained by loss of one allele. To test whether removal of Tsix transcription
in cis would restore initiation of XCI on the A{Jpx-Rnfi2) allele, we replaced the
transcriptional start site of Tsix by a mCherry gene and a stop cassette by insertion and
subsequent loopout of a neo targeting cassette. Proper targeting was verified by RFLP
mediated gDNA PCR to detect the neo insertion and subsequent locopout (Supplementary
Figure 7). With RT-qPCR analysis, we found a reduction of 7six expression in +/A(Jpx-
Rnfl12)-ATsix ES cell lines carrying this deletion (data not shown). Xist RNA-FISH studies
on two different +/A(Jpx-Rnf12}-ATsix ES cell lines at different time points of
differentiation showed an aimost complete rescue of the XCI phenotype of the +/A{lpx-
Rnf12) cells {Figure 3G). Taken together, the results indicate that activation of Xist and



Chapter 7: Initiation of XCI is regulated by trans-acting activators and cis-acting elements

A

O

51 Ftxdays i Xistday 5
£ wT = BWT
Rnf12 +fAUpx-RAf12) & “ g RAf12 4/~ p 08 E@ ] RnfT_J2 +/-
o JpwF I ransgene 5% B+ JpeReT1Z) B0 B3 +/A0 p-Rnf1 2)
WT 35 58 13 12144 16 21 ] .‘ i
=3 = 048
e s £ £
[=} =3
= = i
g o 04
8 g .
& &
i
31 %0,1 -

SOEWEN G222
. gy

Rnf12 +/ALIDX-Rnf12) T Rnf12 +/A(Jpx-Rnf12}
H- Rnf12 rransgens AN -4
WT 35 58 6 13 14 22 23 24 WT E 2 8 1314 22 23 24
s MW e wcop olaD R GHERR @ony sl s _:. . . Lo
e e CS7/BUE

- Cast/Bij =77

11

G

. b Frx L EWT

25 2,5 ; 8 1064 .

= Tsix , Map1L2 ‘ 25 ] [ 8 BE/Cas 15 /AL Ex-Anf12)

j g?g;fgs WT g?gé‘;‘?s iWT T29/Cas £ A R 12) ATsix-1
L 35 5 as L1 +/ A o Bf12) g g | B4/ p-Rnf12) ATsix-

5° 0 +radpxrnfizy 2 U AJpeRRRZ) Upecfinfia) BN AUERRZ) AT

= ]

Ly 1.5 Z

= = . =

g - 15 T

g ‘ E

% 0,5

3 7 o 3 5 7 o 3 5 7 5

days differentiation days differentiation days differentiation days differentiation
Figure 3: Rnfi2, and not Xprand Jpx/Fix activate XCl in frans.

A), B} Allele specific expression analysis of Jpx (&) and Rnf12 (B) (129/5v / C57/BI/6 is black rectangle,
Cast/Eil is open rectangle), indicating expression of fransgenic Jpx (129/Sv) and Rnf12 (129/Sv} in
JpxiFix and Rnf12 transgenic +A(Jpx-Rnf12) ES cells. C} qPCR analysis of Fix expression, normalized
to Actin expression, in day 5 differentiated Jpx/Fix transgenic ES cell clones. D) Xist expression
normalized to Acfin, on Xpr, Jox/Fix, and Rnf12 fransgenic ES cell clones differentiated for 5 days. E)
Allele specific expression analysis of Xisf in day 5 differentiated Rnff2 transgenic +/A{Jpx-Rnf12)
clones. F) qPCR expressicn analysis of Tsix (left panel), Nap7L2 {middle panel), and Fix (right panel),
normalized to Actin, at different time points after initiation of differentiation of C57/Bl/6 / Cast/Ei and
129/Sv / Cast/Ei wild type and +/A{Jpx-Rnf12) ES cells. G} Quantification of relative number of Xisf

clouds in wild type, +/A(Jpx-Rnf12), and two +/A{Jpx-Rnf12} ATsix ES cell lines, at differant time paints
affer start of differentiation.

initiation of XCI on the X chromosome carrying the A(Jpx-Rnfi2) ailele is counteracted by
upregulation of Tsix neighboring the deletion, meaning that the Jpx, fx and Xpr region

play an important role in setting up a cis-environment to overcome 7six mediated
repression of Xisf activation.
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Initiation of XCI does not require previously identified pairing
elements

One mechanism that has been advocated to explain mutual exclusive initiation of XCI on
either one of the two X chromosomes in female cells involves transient co-localization and
pairing of the X chromosomes upon ES cell differentiation [182-183]. This X-pairing
process is guided by different genetic elements on the X chromosome, including Tsix, Xite
and the Xpr region [182-183, 187]. In view of our above findings, providing evidence for a
role for Jpx, Fix and Xpr in cis, we have reinvestigated the importance of X-pairing in a
novel experimental set-up.

First, to test whether XCl is eliminated in the absence of all elements known to be
implicated in X-pairing, we introduced a Xire targeting cassette to obtain Cre mediated
deletion of the region from Xite through to and including part of Rafl2, which is identical to
the present Jpx-RnfI2 deletion but includes an extra 70 kb sequence to incorporate Xist,
Tsix, and Xite into the deletion (Figure 4A). Proper targeting of this cassette was verified
by Southern blotting (Figure 4B). Different Xite-neo (AJpx-Rnf12) positive clones were
expanded, followed by Cre mediated loopout of the intervening sequences yielding
+/A(Xite-Rnf12) ES cell lines (Figure 4C). Two different +/A(Xite-Rnf12) ES cell lines
were EB differentiated and fixed at several time points to analyze XCI. As would be
expected based on the X-pairing model, Xist RNA-FISH analysis indicated that Xist cloud
formation in differentiating ES cell lines was severely compromised by the heterozygous
deletion A(Xite-Rnf12) (Figure 4D and 4E). In addition, the Xist clouds looked more
dispersed, as if Xist targeting to the Xi was disturbed. This is not explained by loss of one
Rnfl2 allele, because the XCI phenotype s more pronounced than what we observed in the
+A(Jpx-Rnfl12) cells (Figure 2E).

The above findings show that loss of all elements known to be involved in X-
pairing leads to an XCI phenotype, but loss of X-pairing might not be the only possible
explanation for this phenotype, as XCI in these +/A{Xite-Rnf12) ES cell can only occur on
the wild type X chromosome, which might lead to RnfIZ silencing in cis, and hence a
failure of XCI maintenance. Since pairing cannot be directly experimentally addressed in
the +/A(Xite-Rnf12) ES cells, as all regions known to pair are deleted and can thus not be
followed by DNA-FISH to observe their movements in the nucleus, we proceeded as
follows. We generated male/female ES cell heterokaryons and we monitored XCI upon
differentiation (Figure 5A). Our previous studies with XXYY and XXXY tetraploid
synkaryons indicated that XXYY ES cells never initiate XCI upon differentiation, whereas
XXXY ES cells initiate XCI on one of the X chromosomes [179], in agreement with cells
always maintaining one X active per diploid genome. We aimed to investigate if XCI in
XX-XY heterckaryons with two diploid nuclei would proceed as observed for XXXY
tetraploid synkaryons, with one X being inactivated. To generate the XX-XY and XY-XY
heterokaryons, the plasma membranes of male and female ES cells were labelled with the
viable dyes DD and DiO. Cells were allowed to recover for two days and then fused with
polyethylene glycol followed by FACS analysis to sort the double positive heterokaryons,
which were plated out in EB medium (Figure 5B). Heterokaryons were differentiated for
2.5 and 5 days and fixed for immuno-RNA-FISH analysis. We made use of a male ES cell
line that harbors a ms2 tagged Xist gene, allowing discrimination between Xist expression
in the male (ms2+) and female (ms2-) nucleus. Immuno-RNA-FISH was performed
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Figure 4: Loss of XCl in +/A(Xite-Rnf12) ES cells.

A) Map and location of targeting cassette, the lox sites for Cre mediated recombination, and primers
used for genotyping analysis. Also shown in A are the Spel restriction sites and probe used for
Southern analysis to identify 5' Xite targeted ES cell clones (B). C) Cre mediated loopout was confirmed
by PCR analysis using primer sets depicted in A. D) Xist RNA-FISH (FITC) on day 5 differentiated
Xist?™, +/A(Jpx-Rnf12) and two +/A{Xite-Rnf12) ES cell lines (DAPI is blue). E) Quantification of
relative number of Xist clouds in cells shown in D and in Rnf12" cells.

detecting ACTIN, to discriminate between synkaryons and heterokaryons, and Xist-ms2 to
identify male nuclei that initiated XCI. The number of heterokaryons found was 7.9% and
1.5% for day 2.5 and day 5 differentiated heterokaryons, respectively. The decrease in
heterokaryons during the differentiation process is most likely the result of cell death and
fusion of nuclei, forming synkaryons. Examination of the remaining XX-XY heterokaryons
showed male nuclei with Xist-ms2 clouds, which we never observed in XY-XY
heterokaryons (Figure 5C, and Table 1A and 1B). By quantification of the ms2+ nuclei,
we counted that 6.6% and 25% of the male nuclei in the available heterokaryons had
initiated XCI at day 3 and day 5 of differentiation, respectively (Table 1A and 1B). These
percentages are expected based on random XCI with an equal probability for each one of
the three X chromosomes to initiate XCIL. In XXXY tetraploid synkaryons, 18% and 76% of
the cells have been found to initiate XCI on one X chromosome, at days 3 and 5 of
differentiation, respectively [179], meaning that the chance to be randomly inactivated at
these time points is 6% and 25.3% for each one of three X chromosomes per two diploid
genomes, as is the situation in the present XX-XY heterokaryons. This result indicates that
in the present XX-XY heterokaryons, initiation of XCI and counting happen normally, even
in male nuclei where physical contact between the X chromosomes is absent.
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Figure 5: X-pairing not required for XClI

A) Male and female ES cells were DiD and DiO labelled and fused to form XY-XX heterokaryons, which
were FACS sorted prior to differentiation. Initiation of XCI in the male nucleus of XY-XX heterokaryons
indicates that pairing is not required for XCI initiation. B) FACS analysis after fusion of DiD and DiO
labelled XX and XY cells, C) Immuno-RNA-FISH analysis detecting ms2 tagged Xist (FITC) and ACTIN
(Rhodamine Red), in the XY nucleus of a XY-XX heterokaryon.

The above-described initiation of random XCI in the male nucleus of XX-XY
heterokaryons excludes a role for X-pairing in counting and initiation of XCI. Rather, the
results are explained by regulation of random XCI in trans through diffusible factors which
can pass across nuclear membranes. Therefore the XCI phenotype in differentiating
+fA(Xite-Rnf12) ES cells cannot be attributed to an X-pairing defect.

Rnf12 expression is required for maintained Xist expression

As described above, dysregulation of XCI in +/A(Xite-Rnf12) ES cell lines is more
pronounced than what we observed in the +/A(Jpx-Rnf12) cells. This is not explained by
total loss of the possibility for the X chromosomes to engage in pairing in the +/A(Xite-
Rnf12) cells, and requires a different explanation. A continuous requirement for RNF12
throughout the early phases of the XCI process may explain skewing towards inactivation
of the X chromosome carrying an RnfI2 mutation, such as observed in the heterozygous
Rnf12*72%" cell line, on a mixed Cast/Ei / 129/Sv background. This predicts that reciprocal
targeting of the Cast/Ei allele to obtain Raf72*"“*'™ ES cells would lead to preferential
inactivation of the X carrying the Cast/Ei allele. To test this, we targeted female F1 2-1
Cast/Ei /129/Sv with a Cast/Ei specific targeting vector for Rnfi2, and PCR screened for
properly targeted clones making use of a RFLP which is destroyed upon targeting
(Supplementary Figure 8A). In addition, we targeted the remaining functional Cast/Ei
RufI2 allele in +/A(Jpx-Rnf12) ES cells to determine whether Rnfi2 is required to initiate
XCI in +/A(Jpx-Rnf12) cells (Supplementary Figure 8C). Analysis of the latter
ARnf12/A(Jpx-Rnf12) ES cells indicated a severe down-regulation of XCI at all time points
during ES cell differentiation, reinforcing that RNF12 plays a crucial role in the XCI
initiation process (Supplementary Figure 8D and E). Examination of XCI by Xist RNA-
FISH for the differentiated Rnf12"““YF ES cells did not reveal a difference compared to
Ruf12"715Y ES cells, showing reduced initiation of XCI at all time points tested for both
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m 0,
female XX 151 10 68% female XX 12 3 25%
maleXms2Y x maleXms2Y x
male Xms2Y 12 0 0% male Xms2Y 14 0 0%
Table 1

Number of heterckaryons analyzed, and the number and percentage of XmeY-XX and XmeY-XY
heterokaryons with an ms2 coated X chromosome at day 2.5 (A) and day 5 (B} of differentiation.

type of cells (Figure 6A and Supplementary Figure 8B). Allele specific expression
analysis indicated that, as expected, Cast/Ei Xist is preferentially up-regulated in Rnf12""
s cells (Figure 6B). However, skewing of XCI in the Raf72* "™ celis was found to be
less pronounced compared to Rnﬂ2”"}29f5" and +/A(Jpx-Rnf12) cells. We think this reflects
the different allele specific thresholds to initiate XCI, which is higher for the Cast/Ei allele
[910].

In the present +/A(Xite-Rnfl12) ES cells, Rnfi2 is expressed from the wild type
Cast/Ei X chromosome pricr to and during the early stages of XCI, but this expressicn will
be lost when XCI is initiated on that wild type chromosome, which is the only option
available, since the mutant X chromosome lacks Xist. This loss of RNFI12 is expected to
lead to a higher concentration of REX1 resulting in repression of Xist on the wild type X
chromosome. To test this hypothesis, we generated a Xist""“*RnfI2"" cis compound
knockout ES cell line with both mutations located on the same X chromosome. These ES
cells can only induce XCI on the wild type Cast/El X chromosome rendering the cells
RNF12 null upon XCI. If continued expression of RNF12 is required for proper initiation
of XCI, then Xist"™¥*Rrf12*" ES cells should also show a block in XCL Xist'®* Rnf12"" ES
cells were generated by targeting the Xist-2lox C57Bl/6 allele with an Rnf12 targeting
cassette using Xist”™* ES cells. Targeting was verified by RELP PCR analysis detecting
loss of an Nhel RFLP located in exon 5 of Rnfi2. Cre mediated loopout of Xist was
performed by transient transfection of a Cre expression cassette and proper recombination
was verified PCR using genomic DNA (Figure 2B). Several Xist""“*Rnf12*" ES cell lines
were EB differentiated and analyzed at different time points by Xist RNA-FISH, We found
a severely reduced Percentage of Xist"*Ruf12*" cells, compared to wild type control cells
and Xist"™ Rnf12"" ES cell lines (Figure 6C). In addition, as in the A(Xite-Rnf12) cells,
Xist clouds in Xist"*RnfI2*" cells were dispersed, as if Xist could not properly
accumulate, or representing cells which accumulated Xisr followed by a shut-down of the
Xist promoter. Qur results indicate that Xist"*RnfI2*" cells initiate XCI on the Cast/Ei X
chromosome harboring the intact Xisf allele, but that initiation leads to silencing of Ruf/2 in
cis resulting in a block in XCI. The same block in XCI is likely to explain the XCI
phenotype of +/A(Xite-Rnf12) ES cells. To test whether this phenotype could be rescued
we introduced an Rnfl2 transgene into our +/A(Xite-Rnf12) ES cells. Transgene copy
number was determined by qPCR, and transgene expression by RELP RT-PCR (Figure
61)). Indeed analysis of EB differentiated Rrfi2 rescued A(Xite-Rnfl12) ES cells showed
robust up-regufation of Xist. Xisf clouds looked robust and localized at the Xi, indicating
that Ruf12 is the limiting factor.
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A) Quantification of the percentage of cells with Xist clouds at different time points of differentiation, in
wild type and Rnf12" cells with a targeted 129/Sv or Cast/Ei allele. B) Allele specific expression
analysis of Xist detecting a length polymorphism, comparing wild type, +/A(Xite-Rnf12), Rnf12+ CasVED
Xist"™* | +/A(Jpx-Rnf12)-ATsix ES cell lines at different time points of differentiation. C) Quantification of
percentage of wild type, Xist"™*, and four different Xist"”’* Anf12™* ES cell lines at day 3, 5, 7 and 10 of
differentiation. D) Allele specific expression analysis of Rnf12 transgenic +/A(Xite-Rnf12) ES cells
shows expression of transgenic Anf12 (129/Sv) in most clones. E), F) Xist RNA-FISH (FITC, F) and

quantification of percentage of cells with Xist clouds (E) on wild type, +/A(Xite-Rnf12), and Anf12
rescued +/A(Xite-Bnf12) ES cell lines.
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These findings indicate that Rnfl2 is crucial for the XCI process to be initiated and is
continuously required to allow spreading of Xist and establish the inactive state of the Xi.
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Discussion

Co-activation of Xist, Jpx and Fix

Knowledge about cis- or frans-activating activity of regulators of XCI is crucial to
understand the XCI counting and initiation process. Cis-acting elements and genes are
important regulators of Xist activity by regulating Xisr directly or indirectly through 7Tsix.
However, cis-acting information will not allow the cell to discriminate between male and
female, which is determined by the dose dependent action of frans-acting XCl-activators
and -inhibitors. The recent decade, several cis-acting sequences have been identified to
regulate Xist or Tsix, and 3C and 5C studies indicated that Xist and Tsix reside in different
neighboring chromatin interaction domains [992, 1004]. Jpx, Fix and Xpr reside in the Xist
TAD, and previous expertmental data confirmed a positive regulatory role for these
elements in activation of Xist [187, 1006-1007]. Our study indicates that this same region
acts in cis to regulate Xist. Transgene studies do not reveal any frans-acting activity of this
region, which contrasts a recent study suggesting a role for Jpx in the regulation of XCI in
trans [1006]. Although we cannot exclude the possibility that cur deletion masks the effect
of the mutation of a single gene, the lack of detectable rrans-acting activity in our transgene
assays indicates that the predominant function of Jpx, Frx and Xpr is the cis-activation of
Xist.

One key question is how Jpx, Ftx and Xpr regulate Xist. In our study we find that
Xist expression is severely compromised on the X chromosome with a A(Jpx-Rnfi2)
deletion. Intreduction of an autosomally integrated Rafi2 transgene shows preferential up-
reguiation of Xist from the wild type X chromosome, indicating that the threshold to initiate
XCI on the A(Jpx-Rnf12) X chromoseme is very high (Figure 7A). By removing Tsix in
cis we were able to reduce the threshold allowing increased initiation of XCI. These results
indicate that Jpx, Ftx and Xpr counteract the repressive action of Tsix by activating Xist but
only when the concentration of frans-acting activators is sufficient.

To facilitate initiation of XCI Xist, Jpx, Frx and Xpr may act synergistically by co-
activation. Indeed, chromatin conformation capture studies indicate that these genes form
an interaction hub together with Xist and not Tsix, which may lead to co-activation through
a mass action model [1010]. In support of such a model, the disruption of Frx results in
down-regulation of both Jpx and Xisr [1007]. This would mean that the additive activity of
promoters and regulatory elements within the Xist TAD is crucial in the regulation of Xist,
suggesting that the individual role of the Xpr region may be small, because SIc/6A2 is not
transcribed in our differentiation assays. In addition, co-activation through promoter
contacts may indicate that there is no function for the Jpx and Frx RNA in activation of
Xist, supported by the absence of trans-activation activity of Jpx-Fix transgenes. This may
alsc explain the poor conservation of the exon-intron structure of these genes throughont
the mammalian class; however our current knowledge does not preclude a function for the
RNAs in the activation of Xist. Insertion of premature stop cassettes in the first exons of
both genes will be instrumental to answer this question.
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Figure 7: Cis and trans-activating properties of the X inactivation center

A) Upon differentiation or development the concentration of XCl-activators exceeds the threshold
allowing initiation of XCl. In Rnf12*" ES cells the activation level is lower compared to wild type cells.
For the A(Jpx-Bnf12) allele the threshold for XCl to be initiated is higher than for the wild type allele, but
deletion of Tsix in cis results in a drop of the threshold for Xist activation on the resulting A(Jpx-Rnf12)-
ATsix allele. B) In +/A(Jpx-Rnf12) cells initiation of XCI on the mutated allele results in a silencing of
Tsix in cis lowering the threshold (dashed line) for maintained Xist expression similar to the threshold for
the A(Jpx-Rnf12)-ATsix allele. C) Initiation of XCl on the wild type X will also results in silencing of Tsix
in cis and a drop in the threshold (dashed blue ling), but silencing of the single functional Rnfi2 allele
will result in down-regulation of Rnf12 reaching a level insufficient to maintain XCl, and subsequent loss
of the Xi. This circle may repeat itself several times.
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A role for pairing in XCi?

Several studies have indicated that both X chromosomes come in close proximity prior to
the initiation of XCI [182-183]. Initial reports showed a significant percentage of cells with
both XIC’s located within a 2 pm distance at the onset of XCI. More recently, time lapse
imaging studies even revealed a short complete overlap of both XICs prior to Xist spreading
[184]. Several elements, including Xite, Tsix and Xpr have been implicated in regulating
this pairing process, which also requires active transcription and CTCF [182-183, 186-187].
In this study we addressed the question whether pairing is required for XCI to be initiated.
Initiation of XCI in male nuclei in XX-XY heterokaryons, and initiation of XCI in cells that
fack all cis-elements identified to be crucial for the pairing process, indicate that pairing is
not required for XCI initiation. Pairing may therefore reflect changes in transcripticnal
activity of genes located within the Xist and Tsix TADs, and may be the consequence of the
XCI process. This is supported by the finding that transcription is required for pairing to
occur, and the absence of pairing after CTCEF knockdown could reflect the disturbed
activation of the XCI process. Active genes are preferentially located in the nuclear interior
whereas silent gene loci reside in the nuclear periphery, and transtent activation of Xisz, and
other genes within the Xist TAD, on both X’s may lead to relocation of the loci. In addition,
association of co-regulated genes has been reported for the globin and other erythroid
specific genes that are preferentially recruited to a limited number of transcription factories
enriched for shared transcription factors [1010]. Similarly Xist and possibly Jpx, Ftx and
Xpr could transiently share the same, in number restricied, transcriptional interactomes.
These inter X chromosomal associations will happen by chance and could likely explain the
pairing process reported for XCI.

RNF12 expression crucial for maintained Xist expression
The near absence of XCI in RnfI2” ES cells indicates a crucial role for Rnf/2 in the
initiation of XCI. In this study we find that also after Xist up-regulation Rrfi2 is required to
maintain Xist expression and establish the Xi. In +/A(Xite-Rnf12) and Xist" " Rnf12*" cells
accumulation of Xist on the wild type X chromosome will shut down the single functional
Rnfl2 gene in cis. Rapid down-regulation of the RNF12 protein level due to auto-
ubiquitination will result in up-regulatton of REX1 which in turn leads to repression of Xisz
and activation of Tsix. Within the early window of XCI initiation, XCI is reversible and loss
of Xist coating, visible in our +/A(Xite-Rnf12) and Xist"'“*RnfI2"" cells as dispersed
signals after Xist RNA-FISH, probably results in reactivation of the Xi, allowing RNF12 to
increase and start XCI again (Figure 7C). In +/A(Xite-Rnf12) and Xist”"*Ruf12*" cells
this vicious circle never allows spreading of Xist in most cells. The low amount of cells that
do show dispersed spreading of Xist could be explained by the presence of other activators
of XCI, or represent cells that have not silenced Rnff2 yet.

Our findings indicate that the loss of Rnf/ 2* embryos with a maternally inherited
ARnfI2 allele may not be attributed to a defect in maternal storage [981], but may be
related to a loss of Xist expresston from the paternal X chromoesome due to silencing of the
functional Rnfi2 allele. Simitarly, in Rufi2™" ES cells initiation of XCI on the wild type X
will therefore lead to reactivation of the X, explaining completely skewed XCI towards
inactivation of the mutated X chromosome (Figure 7B). Only when the threshold to initiate
XCI on the mutated allele is raised by deletion of the cis-regulatory region in the +/A(Jpx-

256



Chaprer 7: Initiation of XCi is regulated by trans-acting activators and cis-acting elements

Rnfl2} cells we were able to detect some cells that initiate XCI on the wild type X.
However, this effect was only transiently present, probably because only cells that initiate
XCI on the A(Jpx-Rnfl12) allele continue to maintain XCI. Previously we have shown that a
small percentage of female XX cells initiate XCI on both X chromosomes and stop dividing
[179]. The present results indicate that these cells are not lost from the population, but
reactivate one or both X chromosomes to result in cells with onty one single Xi. The fact
that only few +/A(Xite-Rnf12) and Xist"""“Runf12'" cells show Xist spreading underscore
the robust feedback mechanism involving close proximity of Ruf72 to Xist, but also the
high turn over of both RNF12 and its target REXI. The high percentage of cells with two
XIST clouds in rabbit and human female pre-implantation embryos [379] could represent a
stage where feedback is absent, but can quickly be resolved by activation of the missing
component such as REX1 or other proteins involved in the feedback mechanism.

A cis- and trans-X inactivation center

The X inactivation center was determined by genetic studies involving X-autosome
translocation products or trunctated X chromosomes in mouse and human cells that either
indicated the presence or absence of XCl. These studies delineated a 10 Mb region in
mouse and a 700 kb region in hurman to be required for XCI1 [1011]. Both the mouse and
human XIC encompass the Xist and Tsix TADs, which are remarkably conserved in both
species [1004, 1012]. Most of the gene interactions are restricted within the TADs and are
much more abundant than inter TAD interactions, suggesting that the Xisr and Tsix TADs
most likely represent the cis-regulatory region required for XCI and represent ihe cis-XIC.
Our findings support this and indicate that ail important Xis7 regulatory elements reside
within the Xisf TAD. However, in order to regulate Xis/ and Tsix in a sex specific manner
trans-acting cues are crucial. Activators of XCI can be located anywhere on the X
chromosome, although close proximity to Xist would facilitate a rapid feed back
mechanism preventing XCI on both X chromosomes. The #rans-XIC therefore could
encompass multiple regions on the X chromosome involved in activation of the XCI
process. Our studies indicate that RNF12 is an important activator of XCl in random XCI,
but initiation of XCI in Raf12"" cells indicates that more activaiors might be present.
Further studies need to address how many other activators are involved in initiation of XCI.
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Methods :

ES celi cuiture, generation of knockout cell lines and transgenesis

Wild type ES cells and culture media for ES cell culture and differentiation have been
described {211]. To generate the deletion cell lines, a female Xist 2lox ES cell line,
containing a wild type Cast/Ei X chromosonie and a C37B1/6 X chromosome with a floxed
Xist allele [95] was used. Rnfl2 was targetted using the previously described BAC
targetting vectors and methods [[74, 9117, thereby introducing an additional lox site on the
C37B¥/6 X chromosome. Correct targetting was verified using an RFLP based screening
method and Southern blotting [958]. Transient expression of Cre was used to delete either
only Xist or the Jpx/Fix/Xpr region. Correct deletion was verified using PCR using the
primers described in Table 1, and confirmed by DNA-FISH. To target Tsix, a BAC
targetting vector was created which replaced the transcriptional start site of Tsix by
mCherry, thereby abolishing Tsix transcription. Correct targetting was verified by PCR. To
remove Xite and Tsix sequences, a pXite DTA Hygro TK vector was used to insert a lox
site upstream of Xite [179] in the cell ling already deleted for Jpx, Fix, Xpr and mutated for
Rufl2. After verification of correct targetting by Southern blotting [179], transient Cre
expression was used to loopout Xite, Tsix and Xist, which was detected by PCR analysis.
For rescue experiments, the previously modified BAC transgenes covering Rufi 2, Jpx/Fex
or the Xpr [174], with either neomycin or puromycin selection were used. Copy number of

transgenes was estimated using gPCR on genomic DNA, as previously described [174,
911].

Expression analysis

Expression analysis was performed by gPCR, as previously described [911], using the
primers listed in Supplementary Table 1.

Generation of experimental heterokaryons

Male (1.3) [92] and female (F121) mouse ESCs were labelled with Vibrant 1,1°-
dioctadecyl-3, 3, 3°, 3° tetramethylindodicarbocyanine (DiD} and 3,3
dioctadecyloxacarbocyanine perchlorate (DiO) cell labelling solutions (Molecular Probes,
Invitrogen), respectively. Cells were resuspended at §-10° cells/mi in DMEM and labelied
with 5 ul/ml of dve at 37°C for 15 min. After washing, cells were allowed to recover for
two days in ES cell medium on MEFs. ES cells were then preplated and mixed in a 1:1
ratio, washed, and fused with 30% polyethylene glycol (pH 7.4) (PEG 1500; Roche
Diagnostics) at 37°C over | min before dilution. Cells were washed and cultured in ES-
media overnight in gelatinised culture dishes. Differentiation was started after 12 hours, by
washing and addition of EB-medium. After |2 hours of differentiation, DiD+Di0O+ cells
were FACS sorted using a FACSAria cell sorter (BD Bioscience). The DiO+DiD+ sorted
cells were plated out on chamber slides in EB-medium and differentiated for additional 48
hours {day 2.5} or 108 hours (day 5} prior to fixation.
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Fluorescent in situ hybridization and immunofluorescence

Procedures, probe labelling and probes for RNA-FISH have been described [174, 911]. For
DNA-FISH, BAC CT7-474E4 and RP23-100E1 were used to detect the Xpr and Fra/Jpx
region, respectively. For immuno-FISH, cells were fixed for 10 minutes using 4%
PFA/PBS, permeabilized using 0,1% Triton-X100 for 5 minutes, and post-fixed for 5
minutes with 4% PFA/PBS. Detection of MS2 Xist in male nuclei occured with a
Digoxygenin-labelled MS2 probe [92]. ACTIN was detected using a mouse-anti- f-ACTIN
antibody (Sigma).

Cell proliferation assays

For cell proliferation analysis, equal amounts of cells were allowed to differentiate on
gelatinised culture dishes. Cells were washed, trypsinized, and viable cells were counted at
the different time points indicated. For EB differentiation, cells were collected at different
time points, and DNA was isolated and concentration meassured. All meassurements and
countings were performed in triplicate, on three independent differentiations.
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Supplementary Figure 1

Map of part of the Xic showing the location of the FISH probes used in the panels below to detect the
deletion of the Xpr region in undifferentiated +/A{Jpx-Rnf12) ES cells (Xprin FITC, Xist in Rhodamine
Red, DAPI is blue).
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Supplementary Figure 2

A) Map showing the RAnfi12 locus and restriction sites used for Southern blotting analysis to identify
clones with the proper integration of the neo targeting cassette. B) Cell proliferation analysis during ES
cell differentiation of wild type and +/A(Jpx-Rnf12) ES cells. C) Clonal variegation in cell differentiation
was found in wild type and +/A(Jpx-Rnf12) ES cell clones, with clones that differentiated poorly (+), and
others differentiating very well (+++). A pmCherry expression construct was used for selection of
targeted clones. Dy Amplification of a microsatellite marker {DXmit 65) indicating the presence of both X

chromosomes after differentiation of +/A(Jpx-Rnf12) ES cell clones. Shown below are the differentiation
characteristics per clone.
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Supplementary Figure 3

A) Wild type / +/A(Jpx-Rnf12) chimaeric male mice, showing a high percentage of ccat colour
contribution. B} Xist expressicn analysis normalizad to Actin, determined by qPCR analysis with RNA
isolated from different organs of two different male mice chimaeric for the female +/A{Jpx-Rnf12) ES
cells (B=brain, Sp=spleen, L=liver, H=heart, St=stomach, K=kidney, Li=liver).
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Supplementary Figure 4

DNA-FISH analysis on +/A(Jpx-Rnf12) and Jpx/Ftx and Xpr transgenic +/A(Jpx-Rnf12) ES cell lines,
using BAC probes detecting the Jpx/Fix (E1, BAC RP23-100E1) or Xpr transgene (E4, BAC CT-474E4)
and endogenous sequences.
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Supplementary Figure 5

Xist RNA-FISH (FITC) on Xpr, Jpx/th and Rnf12 transgenic +/A(Jpx-Rnf12) ES cell lines fixed at day 2
(A) and 5 (C) of differentiation (DAPI is blug). (B,D) Quantification of the percentage of Xist clouds in (A)
and (C), comparing transgenic ES cell lines with wild type, Rnf12" and +/A{Jpx-Rnf12) ES cell lines.
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Supplementary Figure 6

A) DNA-FISH analysis on A(Jpx-Rnf12), Xpr and Rnfi2 double transgenic undifferentiated ES cells,
with Xpr (FITC) and Anf12 (Rhodamine Red) probes (FISH signals are indicated with triangles). B)
Quantification of percentage of Xpr+Rnf12 and Jpx/Fix+Rnf12 double transgenic ES cells with an Xist
cloud at day 5 of differentiation. Also shown are the percentage of Xist clouds in the founder cell lines
with the Xpr and Jpx/Ftx transgenes alone (dashed bars), and wild type, Anf12"" and +/A(Jpx-Rnf12)
ES cell lines. C), D) Allele specific Xist expression analysis with RNA from Xpr (C) and Jpx/Fix (D)
transgenic ES cells differentiated for 5 days (targeted A(Jpx-Rnf12) C57/81/6 allele is black rectangle,
wild type CasVEi is open rectangle). E) Endogenous (black rectangles) and transgenic {open rectangle)
Jpx expression in day 5 differentiated Jpx/Fix+Rnf12 double transgenic ES cells. F) Allele specific RT-
PCR analysis detecting an Xist length polymorphism (top panel, black rectangle: targeted A(Jpx-Rnf12)
C57/Bl/6 allele, open rectangle: wild type Cast/Ei), and an Nhel RFLP located in Rnf12 (bottom panel,
endogenous Anf12 black rectangle, transgenic Anf12 open rectangles).
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Supplementary Figure 7

A) Scheme showing the strategy for targeting of Tsixin the A{Jpx-Rnf12) ES cell line. The first exon of
Tsix is replaced by a Cherry sequence, stop cassetle and a floxed neomycin selection marker, The
selection marker is then looped out by fransient expression of Cre. Location of primers is indicated. B)
PCR amplification of a length polymorphism in Tsix. Targeting of the C57BI/6 Tsix allele results in loss
of the high molecular weight band, as found for clone 19 and 28. C) Cartoon showing location cf primers
used fo verify correct loopout of the selection casseite after transient Cre expression. D} PCR
amplification of different fragments using primers shown in € on genomic DNA extracted from +/4 {Jpx-
Rnf12) ATsix clones after transient Cre expression, confirming locpout of the selection cassette in
several clones indicated in red. E) PCR analysis on a selected group of clones from D using primers
confirming the presence of Xistin the looped-out clones. Clone 11 and 4 were used for further analysis.
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Supplementary Figure 8

A) PCR amplification of a genomic fragment in Rnf12. Targeting of an Nhel RFLP present on the
Cast/Ei allele, results in a loss of the high molecular weight band. DXmit65 and DXmit44 primers
amplifying X-linked micro-satellite repeat sequences indicate the presence of both the 129/Sv and
Cast/Ei X chromosomes. B) Xist RNA-FISH (Rhodamine Red) on day 3, 5 and 7 differentiated Rnf12™"
CalEl ES cells (DAPI is blue). C) PCR amplification across the targeting cassette integration site in
Rnf12, shows loss of both alleles in ARnf12/A(Jpx-Rnf12). D) Xist RNA-FISH (Rhodamine Red) on day
3, 5, 7 and 10 differentiated ARNnf12/A{(Jpx-Rnf12) ES cells (DAPI is blue). E) Quantification of relative

number of wild type, A(Jpx-BRnf12), and ARnf12/A(Jpx-Rnf12) ES cells with Xist clouds during
differentiation.
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Supplementary Tabel 1: Primers used in this study:

Primer Forward Purpose Digest | Ref

2Lox R (K) CATGAGAATTGCTCCATCCA PCR loopoul analysis

2Lox F () GOCCAGTTICTGACACCCTA PCR loopout analysis

X prom [.{1.) TTCTGGTCTTTGAGGGCAC PCR loonout analysis

X intr 3R (G) CACTGGCAAGGTGAATAGCA PCR loopout analysis

SLOX R (P) ACCCTTGCCTYTTCCATETT PCR logpout analysis

Nhe GenA I (M) | GCCTTCGAACATCTCTGAGC Rafl2 RFLP Nhel 174

Nhe GenA R (N) GAGCCGGACTAATCCAAACA Ruf!2 RFLP Nhel 174

mXist] 1-3L (1) CAGTGGTAGCTCGAGCCTIT Xist RFLP Bsrgl 911

mXistl 1-3R {1) CCAGAAGAGGUAGTCAGACG Xist RFLP Bsrgl | 911

JpxUp () CGGCGTCCACATGTATACGTCC Jpx RELP Nlalll 1006

JpxL.o {D) TAGGAATUGAGCCTCCCCAGCCT Jpx RELP Nlalll | 1006

DXMitl 71 for TAGAATTTTCAGGTGTTTGTYTGC 1P differing Cas/Bl6

(3

DXMItL 71 rev TGAGTATGCATGGGCACATT L1 ditfering Cas/Bl6

{r)

NS1E (A) GOTAACAATTTTCCCGCCATGTG Tsix RILP Mnll 137

NS19(B) GGAAATAAACGGAACGCAGTACC T3ix RFLP Mnll 137

Xite C (O} GGACATTTTGTCCTGGCAGT detection loopout 179
Nite-Xist

DXMit55 for CTGCTTCCAGAATATTATCACTACICC LP differing Cas/IB16

DXMits5 rev AAAACATCCATTTATGTTAACACACA LP dilfering Cas/Bl6

DXMitd4 for TCTAAAAGCATGCCAAATTGG 1P diftering Cas/Bl6

DXMitdd rev TTCCTATCGCTCAGGTTTTTG P differing Cas/Blo

h-actin for ACTATTGGCAACGAGCGGTTC qPCR 174

b-actin rev AGAGGTCTTTACGGATGTCAACG qPCR 174

Xist for GOCCTCAAGAAGAAGGATTGC gqPCR 174

Xist rev GGGATTGITTGTCCCTTTGG GPCR 174

Tsix X9 for TGACCAGTACCTCGCAAGTTC qPCR 191
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Chapter 8: Loss of random and imprinted XCI in Rnfl2 mutant mice

Abstract

En mammals the dosage of X-linked genes is cqualized in male and female cells by
inactivation of one X chromosome in every female somatic cell. In mouse imprinted X
chromesome inactivation (XCI) leads to inactivation of the paternal X chromosome in all
extra-embryonic tissues, and precedes random XCI which is initiated in the embryo proper
just after implantation. X-encoded Xist is up-regulated on the inactive X chromosome {Xi),
and Xist RNA spreads in cfs, thereby silencing the X chromosome by recruitment of
chromatin remodeling complexes. Rufi2 is an X-linked regulator of Xist, and Rwnfl2
knockout studies in mice have indicated that Rrf72 is required for imprinted XCI. Here we
study the role of Rnf72 in imprinted and random XCI in the mouse. By analysis of pre-
implantation Rnf72 knockout embryos we found that Rufl2 regulates imprinted XCI by
activation of Xisr, and not through repression of its negative regulator Txix. Examination of
XCl in Raf12"" adult mice indicates that random XCI is initiated in a very small pool of
cells. In addition, for several X-linked genes we found a partial loss of XCI, suggesting that
Rufi2" mice are chimaeric animals with cells subject to normal XCI, and cells that
partiatly or completely lost XCI. Loss of XCl is the consequence of inactivation of the wild
type X chromosome in Raf12" mice leading to Rnfi2 null cells which cannot properly
establish the Xi. The loss of XCI phenotype in Raf12" mice is age related, and in time cell
selection processes resuit in an increase of cells which normally inactivated one X
chromosome, Our findings indicate that, in a chimaeric context, female mice can life with a
partially inactivated X chromosome, without clear phenotypic conseguences.

Introduction

The gene expression dosage and changes in these expression levels are instrumental in cell
fate decisions and development. This is illustrated by the restricted development of most
aneupleid mammalian embryos, and even the presence of one extra relatively small
chromoseme 21 leads to Down syndrome in human. The evolution of the mammalian sex
chromosomes, and the concomitant loss of more than thousand genes from the Y
chromosome forced the up-regulation of dose sensitive genes on the remaining X
chromosomal copy. This form of dosage compensation would lead to over-expression of X-
linked genes in female cells, which is prevented by inactivation of one X chromosome in
every female somatic cell [30]. In mammals X chromosome inactivation (XCI) is present in
two forms. Imprinted XCI is found in all extra-embryonic tissues of the mouse and leads to
inactivation of the paternal X chromosome (Xp) [53]. Imprinted inactivation of the Xp in
the mouse is reversed in the inner cell mass (ICM) [52, 54], followed by a round of random
XCI which is initiated at around 3.5 days post coitum (E5.5). So far, no evidence has been
presented indicating imprinted XCI in other eutherian species, suggesting that the imprinted
form of XCi may have evolved specifically in the mouse.

XCI is very robust involving several lavers of epigenetic modifications that
maintain the inactive state through a near infinite number of cell divisions. In human more
than 15% of the genes located on the X escape or partially XCI, aithough this pattern is
very variable [240]. Escape of XCl correlates with the evolutionary history of the sex
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chromosomes, with genes added later to the X more cften escaping XCI. In mouse only a
small number of genes escape XCI suggesting that evolution of XCI may be more advanced
in this species.

The XCI process is directed by cis-acting genes located within the X-linked cis-X
inactivation center (XIC), regulated by trans-acting activators and inhibitors of XCI [987].
The eis-XIC encompasses several non-coding genes, most of them conserved in all
eutherian species. Xist encodes a 17kb long functional RNA transcribed from the inactive X
chromosome (Xi), which coats the Xi in ¢is thereby recruiting factors involved in the
establishment of the Xi [74, 84-85]. In mouse, another non-coding gene Tsix acts as a
negative regulator of Xist [118-119]. Tsix fully overlaps with Xisr and is transcribed in anti-
sense direction and both the act of transcription and the resulting RNA have been
implicated in Xist repression, either by transcriptional interference or recruitment of
chromatin remodelers to the Xisr promoter. Female specific activation of Xist is
accomplished by the dose dependent action of X-encoded activators of XCI involved in the
activation of JYisr and repression of Tsix [179, 189, 910], Inhibitors of XCl counteract the
XCl-activator activity by activation of 7sir and repression of Xiss.

Rnfl2 encodes the single identified XCl-activator so far [174, 911]. RNFI2 is a
ring finger proiein directing the dose-dependent breakdown of the pluripotency factor
REXI1 [t00%], which is a repressor of Xisr and activator of Tsix [989, 1009]. Upon
differentiation of ES cells or in the epiblast of the developing embryo the concentration of
RNF12 is higher in female compared to male cells, resulting in sufficient REX1
degradation to allow activation of Xist in female cells only. Stochastic initiation of XClI is
followed by spreading of Xist in cis and silencing of one copy of Rrf72. Robust feed back
through the fast turn-over of RNFIZ and REX! prevents initiation of XCI on both X
chromosomes in maost cells. Homozygous Raff2 knockout ES cells show a loss in XCI
[911], whereas heterozygous Rnf/2 ES cells show skewed XCI in favor of inactivation of
the mutated X chromoscme [174]. These studies indicated that Rafl2 is continuously
required during the early stages of XCL. Initiation of XCI on both X chromosomes will lead
to a loss of RNF12 expression, followed by REX| stabilization and reactivation of the Xi’s
in the time window where XCI is reversible. In heterozygous Rnfi2” ES cells
differentiation therefore results in completely skewed XCI towards inactivation of the
Rufl2 mutant X chromosome. Similar results have been obtained in the mouse which
shows non-random expression of RNF12 in all tissues suggesting completely skewed XCi
1981]. These studies also indicated that female mice were only born when the mutated
Rufl2 allefe was inherited through the paternal germ line. Inheritance of a mutated Rufi2
allele through the maternal germ line [eads to loss of imprinted XCl and embryos die
shortly after implantation due to defects in development of extra-embryonic tissues. Loss of
imprinted XCI has been attributed to a lack of maternal RNF12 storage, but could possibly
be atiributed to a lack in maintained expressicn of RNF12 in the pre- and peri-implantation
embryo.

Here we study the role of Rafi2 in imprinted and random XCl. Imprinted XCi
results in exclusive inactivation of the paternal X chromosome (Xp). Nevertheless, in
female embryos with two maternal X chromosomes, delayed initiation of XCl on the
maternal X has been reported [1013]. In Rruf/2™ pre-implantation embryos we never
detected initiation of Xist from the maternal X (Xm). In addition, maternal inheritance of
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the Rrf72 mutation feads to down regulation of Xis7 and not Tsix expression. These findings
suggest a dose dependent role for Rufi2 in activation of Xist in imprinted XCI. We also
investigated random XCI in the adult Rrf12™" mouse, and our findings suggest that XCl is
initiated in a small pool of celis that make up the embryo and adult mouse. Interestingly,
Rnf12"" mice show a loss of XCI which varies per tissue and per mouse. Loss of XCI
decreases with age suggesting selectior: against cells with two active X chromosomes or
cells with a partially inactivated X chromosome. Our findings suggest that cells with two
active X chromosomes, or cells with a partially inactivated X chromosome can survive in a
chimaeric environment together with cells that properly initiated XCI.

Resuits

Generation of the Rnf12 knockout mouse

To study the role of Ruf/2 in XCI in vivo we generated Rufi2 knockout mice by blastocyst
injection of Rrf12"" and Rnf12" ES cells. These potymerphic Cast/Ei / 129/Sv ES cell fines
were generated by BAC targeting of the 129/8v allele to generate Ruf72"" "™ ES cells
[174], and targeting of the second Cast/Ei Raf72 allele resulling in Rnf1 2P0 EQ cells
[911]. Our previous studies indicated that XCl is severely down-regulated in differentiating
Rnf}’Q"”" ES cells, with clonal expansion of a few cells which properly up-regulated JXis¢
[911]. Te our surprise we obtained male and female founders with a high coat color
contribution of Rxf7 2" ES cells. Allele specific PCR amplification of a BsrGI RFLP in Xisz
was performed with genomic DNA isolated from different organs of a Ruf/2" chimaeric
male. BsrGl digests the Cast/Ei allele, not present in wild type cells, and our analysis
indicated that the contribution of Ruf72” ES cells varied per tissue (Figure 1A). Xist
expression analysis by qPCR on RNA isolated from different organs of one male Rnf12"
chimaeric mice showed that Xist was activated, suggesting that in vive initiation of XCl is
more robust than in differentiating Rnf127 ES cells (Figure 1B).

Ruf1Z" chimaeric female mice were bred with wild type males, and 1 out of 5
female founders gave Raff2" " and Rpf12Y""™ offspring. No female offspring was
observed with a heterozygous Rufl2 mutation (n=17 litters, 103 pups, 6 male knockouts, 97
wild type animals). Interbreeding of different genotypes confirmed previous findings which
showed that male Rrf72 knockout mice are born at a Mendelian ratio, whereas transmission
of the Rinf12 mutation through the female germ line is lethal (Figure 1C, maternal genotype
is always shown first). Interestingly we observed one female animal with a maternally
inherited Ruf12 knockout allele indicating that some embryos do survive. This may be
explained by a small number of extra-embryonic Raf727" cells reported to initiate XCI
[981] which may be sufficient {o support embryo survival. In this embryo imprinted XCI
may have been reversed leading to Xist aciivation on the Xm, as is found in embryos with
two uniparental maternally inherited X chromosomes [1013]. We decided to study this
finding in more detail.
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Figure 1: Analysis of Rnf12 knockout mice

A) Contribuiion of Rnf12" cells to a male chimaeric animal was determined by allele specific
amplification of a BsrGl RFLP in Xist. The top band is Rrif12” specific, the bottorn two bands represent
a mix of digestion products from one wild type and one Rnf12" X chromosome. BY Quantification of the
relative contribution of Rnf12" cells to a male chimaeric animal shown in & and qPCR expression
analysis of Xist per organ. Shown is the relative Xisf expression compared to wild type females. C)
Offspring cbserved in different crosses of wild type, Rnf12™ " and Rnf12 ™™ mice (* ali A/+ fernale
mice inherited the ARNf12 (puro) allele from father)

Rnf12 is required for pre-implantation development

Inheritance of a mutated Ruf72 allele through the maternal germ line was reported to be
embryonic lethal due to a loss of imprinted XCI leading to a defect in the development of
extra-embryonic tissues [981]. In that study Raf12"" mice were generated by crossing wild
type males with Ruf7 27" females harboring an oocyte specific Cre expression cassette
[981]. Cre mediated knockout of Raf127°¥?° in the developing oocyte leads to complete
depletion of RNF12 during oocyte maturation, and the loss of XCI phenotype was therefore
attributed to a lack of the maternal storage of RNF12. Interestingly, maternal inheritance of
a ARnf12 allele and not the wild type allele in oocytes from Ruf72"" females leads to
embryonic lethality. The first and second meiotic divisions happen very late during oocyte
maturation. Therefore in oocytes of Rnf72"" female mice maternal storage of RNF12 will
be similar in oocytes carrying the ARnf72 and wild type allele, and cannot explain the
Rufl2 phenotype. To better understand the loss of Ru/72"" animals with a maternally
inherited ARnf12 allele, we crossed Ruf72Y"" and wild type male mice with Raf72""%
female mice and studied imprinted XCI in the resulting pre-implantation embryos.
Fertilized oocytes were isolated and allowed to develop in vifro until E3.5 and 4.5 and both
RNA and DNA was isolated from single embryos. All possibie genotypes were observed in
normal Mendelian ratio’s indicating no loss of RefJ 27"O¥ 0V and Rif 127" embryos at
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Figure 2: Xisf but not Tsix expression affected in the Rafi2™ and Rnf12” embryo

A) The number of day E3.5 and E4.5 pre-implantation embryos with different genotypes obtained in
different crosses involving wild type, Rnf12" ™% and Rrf12" ™™™ mice is shown. No difference between
day E3.5 and E4.5 pre-implantation embryos was found and therefore the data were pooled {for all
genotypes the maternally inherited allele is shown first) B) Xist and Tsix gPCR expression analysis on
pre-implantation embryos obtained after mating Rnf12™ ™ and Rrff2™Y mice. The values shown
represent the average per genotype with standard deviation. C) As in B but with pre-implantation
embryos obtained by mating Rnf12™ ™ and Rnaf12"" and by mating Rnf12""* and Rnf12'%9 " mice. D)
Allele specific expression analysis detectin%ﬁ)length polymorphism in Xist does not reveal maternal Xist

expression in Rnf12™ % and Rnfr2t™= " pre-implantation embeyos (@, Xist expression frem the
maternal and paternal allele, respectively).

this stage of development (Figure 2A). qPCR analysis indicated down regulation of Xist in
Rnf1 70000 aid Ruf 127" embryos compared to wild type embryos (Figure 2B and
2C). No down regulation was observed in RnfI2"" and Rafi2""®""® embryos, indicating
that the reduced expression of Xisr cannot be attributed to differences in maternal storage as
all embryos were derived from Raf72"%% gocytes. Analysis of Tsix expression by gPCR
did not reveal a difference between all obtained genotypes, suggesting that the main role of
Rufi2 in imprinted XCI is the regulation of Xisz. Although imprinted XCI results in
exclusive inactivation of the Xp, female embryos with two uniparental maternal X
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Figure 3: XCl is initiated in a smal! poo! of celis in Rrfi2” mice

A} Allele specific Xist expression in F1 C57Bi/§ / CasVEi in different organs of two wild type mice. St,
stomach. B} Quantification of allele specific Xist expression wild type mice shown in A. st, stomach C},
D} As in (A,B) but performed with different organs of three Rnf12"™ mice, the ARnf12 aliele(pure) is
tocated on the paternally inherited Cast/Ei X chromosome

chromosomes show delayed initiation of XCI around the blastocyst stage. Reversal of XCI
could explain the reported initiation of XCI in a small number of cells of Rrf72" embryos.
We therefore performed allete specific RT-PCR analysis of Xist and found exclusive
expression of Xist from the paternal X chromosome in our Rafl2"™" and Rufy 270V (huio)
embryos, indicating that XCl is never initiated on the Xm (Figure 2I2). This suggests that
the RNF12 expression level, which is twice as high in embryos with an uniparental
maternal X chromosome, may be limiting factor for the activation of Xist on the Xm.

Non-random expression of Xist in adult mouse

Our previous work involving Raf12” ES cells has indicated that besides a role for Raf12 in
imprinted XCI, Ry#72 is also required for random XCI [911]. Also heterozygous Rafl2™"
ES cells showed delayed and less robust initiation XCI compared to female control ES cell
lines [174]. These findings predict that XCI may be initiated in a smaller pool of cells in
Rnf12"" and Rnfi2" chimaeric animals. Xist up-regulation in Raf72"" and chimaeric Ruf12"
" mice may be explained by clonal expansion of cells which initiated XCI and cell seiection
against cells with two Xa’s may mask the effects of Rnf!2 on random XCI. To test whether
XCl is indeed initiated in a smaller pool of cells in Ruf72'"" mice we isolated RNA from
different mouse organs of Rnf72'" and control mice. The ARnf12 (puro) allele in the mice
we studied was located on the paternally inherited Cast/Ei chromosome allowing allele
specific amplification of an Xist length polymorphism by RT-PCR. Although XCI is
random, several inter strain mouse crosses result in skewed XCI in favor of one of the X
chromosomes due to differences in the strength of the Xce [445]. This Xce has been
genetically pinpointed to a 1.8 Mb region on the X chromosome partiaily overlapping with
Tsix but not Xisz [448-449]. In wild type female mice we consistently found skewing of Xisz
expression towards expression from the C37BV/6 allele, with an expected skewing ratio of
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Figure 4: Loss of XCl in Rnf12* mice

A) Analysis of allele specific Xist and MeCPZ2 expression in different organs of two wild type F1 C57BI/6
/ Cas¥/Ei mice, shows preferential expression of C57/BI/6 Xist and reciprocal expression of MeCP2. This
reciprocal expression pattern is absent in Anf12” mice (B). C) Quantification of allele specific Xist,
MeCP2 and G6PD expression in brain and stomach of several wild type and Rnf12"" animals. D) Allele
specific expression analysis of MeCP2, in Anf12" Xisf™ trans-compcund mice, shows completely
skewed XCI of the ARnf12 harboring Cast/Ei X chromosome.

65%/35% (Figure 3A and 3B). In different tissues of three different heterozygous Rnf12*"
) knockout mice, obtained through crosses of Ruf12 " males with wild type females,
we found significant deviation of the expected 65%/35% skewing ratio (Figure 3C and
3D). This finding suggests that in our Rnfl/2" knockout mice random XCI was initiated in
a smaller cell population leading to a larger patch size detectable in our analysis.

Loss of XCl in adult mice

The high contribution of Rnfl2” cells in our chimaeric mice, and Xist up-regulation in
Rnf12" cells was unexpected based on ES cell differentiation studies and suggest that
additional cues, not present in our ES differentiation protocols, are directing the XCI
process. However, when comparing the relative contribution of Rafl2” cells in different
organs and the level of Xist expression, we noticed that Xist expression is less robust
compared to female cells, suggesting an XCI phenotype (Figure 1B). Also, our previous
studies indicated that continuous expression of RnfI2 is required for persistent Xist
expression and proper establishment of the Xi. Therefore in differentiated RnfI2™" ES cells
Xist expression is completely skewed towards expression from the mutated allele. In
contrast, in our RnfI2*" mice we did not find severe skewing of Xist expression towards
expression from the mutated X chromosome.

To test whether random XCI was properly initiated in Rafl2*" " mice we
isolated RNA of different organs and performed allele specitic RT-PCR analysis. In the
tested Rufi2*" ®™ mice the mutated ARnfI2 (puro) allele was located on a Cast/Ei X
chromosome, whereas the wild type X chromosome was C57Bl/6 derived,
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providing sufficient RFLPs for allele specific expression analysis. In all organs of wild type
animals we found preferential expression of C57BI6 Xist, and the expected reciprocal
expression pattern for the X-linked genes Hprt, MeCP2, Atp7a and G6PD (Figure 4A and
data not shown). In Rufi2*" ™ mice expression of Xist fluctuated with in some organs
preferential expression from the C57Bl/6 and in other organs from the Cast/Ei X
chromosome. Expresston analysis of the X-linked genes, Hprt, MeCPZ2, Atp7a and G6PD,
indicated that the expected reciprocal expression pattern, compared to Xisf, was almost
absent (Figure 4B and data not shown). Quantification of allele specific expressicn
confirmed loss of XCI in RafI2" ™™ mice, showing a clear deviation of the expected
65%/35% ratio in most organs of different animals. In contrast to wild type animals in most
organs of RafI2" ® for most X-linked genes, expression was in favor of the CS7BI/6
allele. Our studies do not reveal whether loss of XCI is chromosome wide or only affects a
subset of X-linked genes. However, the differences we found in deviation from the
expected 65%/35 ratio in between X-linked genes in the same organ suggest that loss of
Xl is variable and may not be a chromosome wide phenomenon.

To better understand the XCI phenotype in Rafi2* ®™ mice we crossed Rafi2"
males with female mice carrying a heterozygous Xist™™* mutation. In the resulting
Rrf12" @) i pans.compound mice Xist can only be activated on the ARmfI2
Cast/Ei X chromosome. If the Ruf12*" ® muration affects silencing of the ARnfI2 Cast/Ei
X chromosome this should have resulted in expression of X-linked genes located on the
Cast/Ei X chromosome. Allele specific expression analysis of MeCP2, Atp7a and G6PD
showed complete and exclusive imactivation of the ARnfIZ2 Cast/Bi X chromosome,
suggesting that the loss of XCI in our RrfI2*" ® mice must be attributed to the a lack of
XCI initiation on the wild type C37Bl/6 X chromesome (Figure 4D and data not shown).

Survival of cells with 2 active X chromosomes, or 1 active and 1 partially active X
chromosome may be supported by the presence of cells in the near vicinity that properly
initiated XCI in a chimaeric context, However, in time cells with two Xa’s may be selected
against. We tested this hypothesis by analysis of X-linked gene expression in different
organs of mice sacrificed & weeks after birth and of mice sacrificed at 11 weeks or later.
We found that in older mice Xist expression was mote biased towards the Cast/Ei X
chromosome harboring the ARrfI2 allele (Figure SA-E). In addition, comparison of Hprt,
MeCP2 and G6PD expression between these age groups indicated a better correlation
between Xist expression and reciprocal X-linked gene expression. This effect was found in
all tested organs, suggesting selection against cells which lost or partially lost XCIL. In
addition, a shift in Xist expression towards expression from the ARnfl2 harboring X
chromosome suggests that cells which initiated XCI on the wild type C57B1/6 X
chromosome are lost from the population (Figure 5D and 5E). This is consistent with in
vitro studies which indicate that Xiss spreading is only obtained on the ARnfi2 X
chromosome in RnfI2" ES cells.

(puro)/Y
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Discussion

Female specific activation of Xist is directed by the dose dependent action of X-encoded
activators of XCI. Rnf12 encodes an important activator of XCI, involved in imprinted XCI
in mouse and in random XCI in ES cells [174, 911, 981, 1009]. In this study we
investigated the role of Rrufl2 in vive, by studying pre-implantation and adult Rrf72 mutant
mice. Our studies support previous findings that Rnfi2 is required for imprinted XCI.
Interestingly, one RufI2" female mouse was born with a ARnfI2 allele inherited from the
mother. Allele specific Xist expression indicated that the survival of this embryo cannot be
attributed to a switch in Xist expression leading to XCI of the maternal X chromosome, as
is found in embryos with two maternal X chromosomes [1013]. In a published study, in
RnfI2™ mice obtained through cre mediated knockout of Rrfl2 in Raf12¥*™°* oocytes
only a few cells were reported to initiate imprinted XCI [981]. Our analysis on single
embryos indicated that Xist expression in Rnf/2™ embryos is down-regulated, but only by
20%. This finding might be explained by dispersed Xisr expression, not located to the X
chromosome. Our previous work indicated that in Rafi2™ Xisf™ cis-knockout ES cells,
cells only initiate XCI on the wild type X chromosome leading to silencing of the single
functional Rnfi2 allele, which in turn leads to repression of Xist. In these cells Xist is
visible as dispersed clouds, and Xist therefore might be stable and detectable in our
expression analysis even when detached from the X. Alternatively, the mild effect of the
maternal Rnfl2 mutation on Xist expression in our Rrfl2™ mice may indicate a role for the
maternal storage of RNF12 in imprinted XCI, as oocytes in our study are only 50%
depleted for RNF12 in contrast to the previous studies that involved oocytes that were
devoid of RNF12. However, as most of our RnfI2"" embryos and not the RnfI2**
littermates are lost during development this indicates that the maternal storage cannot
explain the Rnfl2 knockout phenotype. Nevertheless, maternal storage of RNF12 may
explain the survival of one Rnﬂ?pr mouse with a maternally inherited ARnfI2 allele. In this
embryo maternally inherited RNF12 may have supported initiation of imprinted XCJ, in
sufficient cells to successfully support embryonic growth. Further analysis of pre-
implantation embryos by Xist RNA-FISH should reveal which of these non-mutual
exclusive options is most likely.

Figure 5: continued

A) The ratio of aliele specific Xist expression In the heart plotted against the reversg ratio of allele
specific expressmn of G6PD (left panel) or MaCF2 (right panel). Shown are wild type animals (red), 6
week old AnfiZ”" mice (dark blue), and Anf1Z” mice older than 11 weeks {light blug). B), C) As in (A)
but performed with RNA isolated from stomach (B}, and fung (C}. D) The average ratio of allele specmc
Xist expression per animal, and per investigated group {>11weeks Anf12" mice, 6 weeks Anf1Z™ mice,
and wild type mice). As in (D) with the average of the ratios obtained for the G6FPD, MeCFZ and Afp7a.
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XCI in the embryo proper is random with respect to the parental origin of the X
chromosome. However, several mouse crosses result in skewed XCI due to differences in
the strength of the genetically determined Xce, located distal to Xisf. In the mouse crosses
analyzed in this study the C57Bl/6 X chromosome is more likely to be inactivated than the
Cast/Ei X chromosome. This skewing of XCI is detectable in all tissues, suggesting that
initiation of XCI happens in a relative large pool of cells. Interestingly, in our Raf72" mice
allele specific Xisr expression fluctuates between the tissues of the same mouse but also
between the same tissues of different mice. This finding suggests that in the Ruf/2™" mice
XCl is initiated in a relative small pool of cells that make up the embryo. Studies involving
ES cell injections of a limited number of cells in tetraploid blastocysts have indicated that
injection of one ES cell is sufficient to support the development of a viable animal [1014].
Also in these animals the pool of cells contributing o the peri-implantation embryo where
XCI is initiated is small, but this situation is compatible with life. Whether cells that
activate Xist are the only cells that contribute to the developing embryo or if a mosaic of
Xist positive and negative cells is present in Raf12" mice needs to be determined by Xis
RNA-FISH on post-implantation embryos and adult mice.

Qur finding that XCI is partially lost at the loci we tested is very surprising. So far
it is unclear whether cur Ruf72™" mice are chimaeric animals with XaXi cells and cells with
two Xa’s and/or with cells with one Xa and one partially activated X chromesome. RNA-
FiSH and allele specific RNA-sequencing experiments need to be performed to answer this
question. Although cells without a late replicating X chromosome have been described in
the early developing embrye, previcus studies involving Xist™ mice and our analysis of
Xist™ Rnfl2™ trans-compound mice, indicated that XCl was fully skewed towards
inactivation of the wild type X chromosome without detectable escape of XCI. The loss of
Xist'” embryos which inherited the mutated Xist allele through the male germline also
indicates a requirement of imprinted XCI for the proper development of extra-embryonic
tissues. These findings suggested a strict requirement for dosage compensation. However,
the observation in human that a high percentage of genes partially escapes XCl suggests
that the dependence on XCI may be less strict than anticipated. [nterestingly, requirement
of XCI for embryonic development, for instance through an ICM specific knockout of Xisr,
has never been tested. Although this embryonic Xist knockout will most likely not be
viable, homozygous Xist knockout cells may contribuie to a wild type embryo in a
chimaeric context, and this possibility should be addressed experimentally.

Analysis of XCI in Raf12"" ES cells indicated the preferential initiation of XCI on
the mutated Rpf12 aliele. in these cells activation of XCI on the wild type allele results in
RNF12 null cells, leading to repression of Xist and subsequent reactivation of the Xi.
Within the time window where the Xi can be established repeated initiation of XCI will
eventually lead to, almost exclusive XCI of the AR#f/2 harboring X chromosome. In our
Rnf12"" knockout mice we do not find preferential XCI of the ARn/72 allele, and XCI even
seems to be more skewed towards inactivation of the wild type C57Bl/6 X chromosome.
This effect may be explained by differences in allele specific thresholds for XCI to be
initiated in vitre and in vivo favoring initiation of XCI on the C37Bl/6 chromosome in vivo.
Also the time window in which XCI can be initiated and the silencing mediated feedback of
RNFi2 action may be different in the developing embryo compared to differentiating ES
ceils. Nevertheless, our data do support the preferential loss of XCl in cells that initiated
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XCl on the wild type X chromosome. First, Xist"™ Rnfi2"" compound mice show
completely skewed XC1 of the mutated X chromosome, indicating that the RNFI12
expression level is sufficient for proper silencing of the mutated X chromosome. Second,
comparison of young and old mice showed increased silencing of all tested loci in older
mice, and a concomitant Joss of cells with Xisr expression emanating from the wild type X
chromosome. The reported expression of RNF12 in all cells in Rry"l.?"“f' knockout female
mice, even saggests that XCi is incomplete on nearly all wild type X chromosomes [931].
Although we cannot exclude a possible selection against RNF12 null cells ag an explanation
for a decrease in cells showing Joss of XCI, we think that the normal development of Rrff 2"
¥ and the high contribution of Rrf12" ES cells to male chimaeras argues against this
option. We therefore conclude that in the developing Rafi 27 embryo, XCI is incomplete in
cells or a pool of cells that initiate XCI on the wild type X chromoseme. In time, cells
subject to loss of XCI involving dose sensitive genes will be selected against. In addition,
cells which properly established an Xi may have a proliferative advantage, and both
processes may lead to a near normal dosage of X-encoded genes in older Ruf72"" mice.
Several questions remain to be addressed, for instance do the Rnf72"" mice show a
phenotype? So far, we have not noticed any behavioral or other abnormalities, but a more
thorough examination is required to address this question. The fact that mice do survive
with loss of XCI of at least a few genes that we tested so far, hint at possible therapies to

alleviate X-linked disorders in heterozygous phenotypic woman by reactivation of the
inactive X chromosome.

(]
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Material and Methods

Mice

All animal experiments were in accordance with the legislation of the Erasmus MC Animal
Experimental Commission. To generate Ruf/2 mutant mice, Rnf72+/- and Rafi2-/- ES cells
were used for blastocyst injections, and constituted embrvos were transferred to
pseudopregnant mice. For genoiyping of Raf72 mutant mice, the fellowing primers were
used: Nhe GenA F (gccticgaacatctetgage), Nhe GenA R (gagecggactaatccaaaca), Puro
detect R (agcaaaaacaggaaggceaaa), Neo detect F (acatitccecgaaaagtge). To assess Cast/Ei
contribution, RFLP PCR was performed using primers mXissl [-3L (cagtggtagctcgagecttt)
and mAXist! 1-3R (ccagaagagggaglcagacg), followed by digestion with Bsrgl. Results were
confirmed using primers detecting length polymorphisms distinguishing between C37B1/6

and Cast/Ei: DXMit35f (ctgcttecagaatattateactactee), DXMit55rev
{(aaaacatccatitatgitaacacaca), DXMitd4for (tctaaaageatgecaaattgg) DXMit44 rev

(itcctatcgetecaggtttitg),  Xist LP 1445  (acigggtettcagegteay and  Xist LP 1446
{gcaacaacgaattagacaacac).

Embryo coliection, DNA and RNA from singlie embryos

All procedures were performed according to the institutional animal care and approved
animal use committee protocols, In brief, female mice were synchronized with Follugon
and Chorulon, mated and sacrificed the day following mating. Zygotes were isolated from
the ampulla and cultured in KSOM until they reached the blastocyst stage. Blastocysts were
collected for RNA and DNA analysis between 96 and 108h post Chorulon administration.
Individual blastocysts were transferred to 0.2 ml PCR tubes and stored in lysis buffer
(Stratagene) at -80°C until further processing. RNA and DNA was extracted using the
Absolutely RNA Nanoprep Kit (Stratagene, #400753). To enable genotyping, DNase
treatment was omitted from the manufacturer’s protocoi. One tenth of the RNA/DNA elute
was utilized for genotyping, whereas the remainder was reverse transcribed mto ¢cDNA
using random hexamers and Superscript 11 reverse transcriptase (Invitrogen, #18080-051)
following the manufacturer’s protocol. Allele specific discrimination for Xisf expression
between the two polymorphic X-chromosomes was performed as described previously
[174], using the primers described above. For the guantitative analysis of Actin, Tsix and
Xist expression, all samples were analyzed in triplicate in a 10 pl final reaction volume
using the BioRad CFX 384 Real-time System. The reaction mixture contained SYBR Green
PCR Master Mix (Applied Biosystems, #43069155), primer (either Actin, Tsix or Xis) and
2.5 pl of cDNA. After an initial hold at 94°C for 2 min, reaction mixtures underwent 40
cycles of 30 sec at 94°C, 30 sec at 60°C and 30 sec at 72°C. Standard curves were
generated using mouse ES cell ¢cDNA. All samples were normalized against Actin
expression and compared to mean expression levels of three female wildtype blastocysts.
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RT-PCR and gRT-PCR analysis of mice tissues

To assess XCl skewing, hybrid female mice were sacrificed by cervical dislocation, parts of
organs were collected, snap-frozen and triturated using micro-pestils in | m! of Trizol
reagent {Invitrogen). After an additional centrifugation to clear debris, 700 p! was added to
300 pl fresh Trizol, and RNA was purified following manufacturer’s instructions. RNA was
reverse-transcribed with SuperScript I (lnvitrogen), using random hexamers. Allele
specific Xist expression was analyzed by RT-PCR using the primers mentioned above. To
determine allele specific X-linked gene expression of Atp7a, Mecp? and Gépdx, primers
335 moF3930 (agggcaaacgigtagcaatggtag) and 336 moF4812 (agagctigitctaactcactgtict)
were used for Am7e  amplifying a length polymorphism, [995], primers
(catgotagctgpeatpttage) and (geaatcaattetactttagageg), for Mecp? amplifying a Ddel RFLP
in MeCP2, and primers (ggagtgatgaactcagggaage} and (atgtagetggpttiactggige) to amplify a
SerFI RFLP in G6PD. PCR products were gel purified and digested with the indicated
restriction enzymes and analyzed on a 2% agarose gel stained with ethidium bromide.
Allele specific expression was determined by measuring refative band intensities using a

Typhone image scanner and ImageQuant sofiware. qRT-PCR was performed as described
before [911]
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Abstract

Balanced expression of X-linked genes in male and female placental mammals, is
accomplished by inactivation of one of the two X chromosomes in female somatic
cells. In mice, X chromosome inactivation (XCl) is regulated by the X-transcribed non-
coding Xist RNA, and spreading of Xisz results in silencing of X-linked genes in cis. Xist
gene transcription is under control of inhibitors and activators of XCI which coordinate the
proper expression of Xist in the epiblast of the developing female embryo, or upon
differentiation of female ES cells in culture. In contrast to the mouse, initiation of XCI in
human is less well studied, because human embryos are rightly protected from such studies
and human ES celis (hES} appear to represent a post-XC1 state. Studies on XCl in human
induced pluripotent stem (hiPS) cells might provide an option to study XCIL However,
using human iPS cells, conflicting results have been cbtained, some investigators reporting
reactivation of the inactive somatic X chromosome during reprogramming, whereas other
studies concluded that the inactive X (Xi) remains silent. Here, we have generated a series
of hiPS cell lines from female fibroblasts heterozygous for large X-chromosomal deletions,
subject to skewed inactivation favoring inactivation of the deletion carrying X
chromosome, XCI analysis of the iPS cell lines showed that approximately 70% of the cells
have lost markers of the Xi. Single cell RT-PCR on iPS cells revealed bi-allelic expression
of several X-linked genes, in most cells within each cell line, We also found a large
population of hiP§ cells carrying the X-chromosomal deletion expressing X/ST from the
wild type X chromesome, which is not expressed in the fibroblasts used to generate the
hiP§ cells. Analysis of allele specific methylation at the X-linked androgen receptor locus
in the hiPS cells showed initiation of XCI on the X that is active in the founder fibroblast
cell line. Taken together, these findings indicate robust reactivation of the inactive X
chromosome in hiPS cell lines, under the present experimental conditions. However, it is
also indicated that these, and other, culture conditions may not allow various hES and hiPS
cell lines to maintain two X chromosomes active.

introduction

XCl is required in eutherian females 1o compensate for potential dosage differences of X
chromosomal genes between female XX and male XY cells [30]. in mice, XCI is first
initiated in the pre-implantation embryo, where it is imprinted, leading to inactivation of the
paternal X chromosome. Imprinted XCI is reversed in the inner cell mass (ICM), prior to
subsequent random XC! in the differentiating celis developing from the epiblast, in which
either the maternal or paternal X chromosome is silenced [987]. XCI is an epigenetic
process, and a key factor controlling XCI is the Xist gene, which is transcribed into a
functional but non-ceding RNA [74, 84-85]. Transcribed from the X-linked gene, Xist RNA
is able to spread along the X chromosome in c¢is, thereby atiracting chromatin modifiers
which induce heterochromatization and sitencing of the X chromosome [97-99]. Mono-
allelic expression of Xisf is accomplished by the action of X-encoded XCl-activators and
autosomally encoded XCl-inhibitors, A two-fold increased expression of XCl-activators in
female cells results in stochastic activation of XCI [174, 911]. Several ES cell pluripotency
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factors have been identified as inhibitors of XCI and the interplay of the pluripotency factor
network [191, 1009] ensures proper deveiopmental control of XCI {for review [910, 987]).

Most of the insights in XCI regulation have been obtained from studies using
mouse ES cells. These cells, which are derived from the ICM of a blastocyst, contain two
active X chromosomes when female, and undergo XCI upon in vitro differentiation. For
studies on human XCI, a good model system for XCI is lacking. Although recently novel
insights have been obtained using human embryos [368, 379], these experiments are
difficult to perform, and, for ethical reasons, the use of human embryos for research
purposes has been widely restricted. Contrary to mouse ES {mES) cells, most human ES
(hES) cell lines are in a post-XC} state, and are prone to epigenetic fluidity {361]. Although
several hES cell [ines show two active X chromosomes and undergo XCI upon
differentiation (Class 1 celfs), these cells are prone to undergo XCl even in the
undifferentiated state (Class [I cells), and a remarkable variation exists between cell lines
and different subclones, even among different laboratories [359-364, 1015]. Peculiar, some
hES lines have lost X/ST expression, but do not show evidence of X reactivation (Class {11
cells) [361, 363]. These findings might have lmplications for differentiation potential and
disease modelling [361], and can likely be influenced by the derivation conditions, as hES
cell lines with two active X chromosomes have been obtained under low oxygen conditions
[1G16], and with the addition of chemical compounds [1017-1018]. Therefore, it seems
likely that the variation observed regarding the Xl state in hES cells is a reflection of
suboptimal cufture conditions, in which from the derivation onwards, cells having two
active X chromosomes are lost and gradually progress to a more progressed state, in which
XCI has been initiated. Alternatively, hES cells might represent a more advanced and
differentiated state compared to mouse ES cells, so that XCf in the hES cells has occurred
already prior to or during ES cell derivation [394]. Human ES cells show striking
similarities, regarding morphology, culture conditions and gene expression, to mouse
epiblast stem cells (mEpiSCs), which are developmentally more advanced than mES cells,
and are characterised by the presence of an Xi, suggesting that hES cells might also
represent a more differentiated state compared to mouse ES cells [386-387].

In 2006, Takahashi and Yamanaka discovered that over-expression of defined
pluripotency factors in fibroblasts can result in reprogramming towards a pluripotent state,
which they referred to as induced pluripotent stem (1PS) cells [61]. These cells share all key
properties with ES cells, including self-renewal and differentiation potential, and have a
similar gene expression profile as hES cells [¢1, 63]. The derivation of these cells from
human fibroblasts [64-66] offers the promise of generating patient-specific stem cells which
might be used in future cell replacement-based therapies and disease modelling. Besides
these potentiai advantages for translational medicine, hiPS cells offer opportunities for
basic research on establishment and maintenance of pluripotency, and might offer a useful
novel model to study XCI in human cells, as in the mouse, it has been shown that the Xi of
fibroblasts becomes reactivated during the reprogramming process, followed by random
XCI upon differentiation of these mouse iPS cells [67-68].

Recently, several studies have investigated the XCI state of female hiPS cells. The
first systematic analysis of multiple femaie hiPS cell lines derived from four different
fibroblast populations under two reprogramming strategies, using either polycistronic
lentiviral or retroviral vectors expressing OCT4, SOX2, KLF4 and C-MYC, has shown that
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all these hiPS cell lines retain the Xj derived from the starting fibroblasts [1019]. Analysis
by RNA-FISH and RT-PCR of several fully reprogrammed female hiPS cell lines did not
detect evidence for bi-allelic gene expression from the X chromosomes. 1t was therefore
concluded that during reprogramming of human cells the Xi is not reactivated, resulting in
the non-random XCI observed in the hiPS cell lines due te clonal outgrowth of a single
fibroblast which started the reprogramming process. Similar results have been obtained in
studies of Rett syndrome hiP§S cells established from female patients, were non-random
XCI in the hiPS celis enabled the derivation of isogenic hiPS cells, in which either the
mutant or wild type X chromosome was inactive [1020-1022]. Another study found that all
hiPS cell lines derived from one and the same fibroblast population with random XCI,
always showed inactivation of the same X chromosome, which indicated that activity of a
particular X chromosome might have a selective advantage during the reprogramming
process [1023]. In contrast to these findings, another study of Rett syndrome hiPS celis
showed that the Xi can be reactivated during reprogramming of fibroblasts, as all cells in a
population of undifferentiated hiPS cells from a heterozygous Reti mutation carrier
expressed the intact X-encoded MECP2 protein (MECP2 mutations are the cause of most
cases of Rett syndrome), and did not show markers for inactive heterochromatin [1024].
Upon neural differentiation, these ceils underwent random X chromosome inactivation,
resulting in @ mosaic population of cells with or without expression of MECP2, which also
showed the presence of X/ST clouds, indicative of an Xi. Another study even reported that
different hiPS cell lines with signs of either reactivation or maintenance of XCI could be
obtained from the same fibroblasts [1025]. These lines only seem to differ based on
expression of X-linked genes, whereas the level of reprogramming as assessed by gene
expression analysis and the ability to form teratomas was similar. Studies investigating the
global gene expression of the X chromosome in hiP§ cells further support that at least some
hiP§ cell lines might reactivate the somatic Xi [1026].

Taking together, it is still not clear whether iPS reprogramming can resull in
reactivation of the inactive X chromosome in human cells. Here we analyze established
hiPS cell lines, and novel hiPS cell lines derived from female carriers of heterozygous large
X chromosomal deletions showing non-random XCI, and from a patient with a 47, XXX
karyotype. These hiPS cell lines were generated using a polycistronic lentiviral vector
encoding OCT4, SOX2, KLF4 and C-MYC, and a dTomato transgene which becomes
silenced upon complete reprogramiming. Although XCI analysis at early passage showed
that approximately 30%-40% of the cells have hallmarks of an Xi, including X/ST cloud
formation and heterochromatin markers, a significant portion of cells showed absence of
these marks. This might be indicative of either loss of Xi markers comparable to Class Il
hES cells, or might reflect that X reactivation has occurred. Single cetl expression analysis
indicated gene transcription from both X chromosomes in many cells. As expected, the X
chromosome harboring a deletion expressed X7ST in the founder fibroblast population, but
we detected XIST expression from the wild type X chromosome in a significant percentage
of hiPS cells derived from these fibroblasts. Taken together, the present study provides
evidence that X reactivation does occur during the course of reprogramming of human cells
towards hiP§ cell lines. However, this may not be a stable condition. Further research will
be required to obtain hES and hiPS cell lines, and culture conditions, which can maintain
two X chromosomes active.
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Results

X chromosome inactivation in established hES, hiP8 and hLRS celis
Human ES and IPS cells may provide a suitable model system to study XCI, and we
therefore decided to investigate the XCl state of established hES and hiPS cell lines.
Immuno-RNA-FISH experiments on female hES cell line H9 showed that the majority of
nuclei (-95%, N=200, data not shown) did not show markers of an Xi. Less then 5% of the
nuclei analysed at passage 53 showed the presence of focal X787 accumulation (hereafter
referred to as X/ST clouds) (Figure 1A). These X/ST clouds co-localized with a DAPI-
dense, heterochromatic region (Barr body), enriched for H3K27me3, and depleted for
H3K4me3 and H3K9-acetylation, which are hallmarks of an epigenetically silenced X
chromosome. Although X757 was not detected in the majority of H9 nuclei, the remaining
nuclei also showed a Barr body, suggesting the presence of an Xi. To further characterize
the XCI state of H9, we performed the human androgen receptor (HUMARA} assay {480].
This assay makes use of the fact that inactivation of the X chromosome results in
methylation of the androgen receptor gene. When undigested DNA is amplified by PCR
with primers covering a polymorphic repeat in the androgen receptor gene, two peaks will
be visible, representing the two different alleles. Upon digestion with a methylation-
sensitive restriction enzyme, only the methylated and hence inactivated allele will be
amplified by PCR. Therefore, after digestion, a randomly inactivated population of cells
will still display two peaks, whereas a non-randomly inactivated population will show one
dominant peak. Analysis of the methylation state at the human androgen receptor gene in
H9, showed preferential methylation of & single allele in DNA obtained from the culture,
indicating that all nuclei have a clenal origin with the same Xi (Figure 1B). These results
suggest that H? belongs to the Class HI hES cell lines, in which the majority of cells have
lost XIST expression, but maintained the Xi. The presence of Class 11l nuclei and the post-
XCI state of the H9 cell line is in agreement with earlier reports on XCI in H9, which
showed a high level of variation in XCI between laboratories [363-364, 1027-1028].

We next investigated the XCI state of a previously generated and characterized
hiP§ cell line derived from a female carrier heterozygous for a mutation of Lesch-Nyhan
syndrome (HPRT deficiency, LN-hiPS) [1029]. This cell line was established using
lentiviral transduction of fibroblasts with inducible vectors encoding OCT4, SOX2, KLF4,
C-MYC and NANOG, and was propagated in the absence of expression of these exogenous
factors. Immuno-RNA-FISH analysis detecting X7ST and NANOGG or X/ST and KLF4
{Figure 1C) showed that more than 99% of all nuclei analyzed showed an X/ST cloud
(N=200). This indicated that this cell line also represents a post-XCI state, and similar
results were obtained when this cell line was cultured under hypoxic conditions (5% 02} or
in the presence of doxycylin for four weeks, to further induce reprogramming (data not
shown). HUMARA analysis indicated that also this cell line was subject to complete snon-
random XCi, in which presumably the X harboring the mutant HPRT allele, was
preferentially inactivated (data not shown).

We next analyzed whether we could establish a more naive pluripotent state which
might result in reactivation of the silent X chromosome. To this end, we differentiated the
LN-hiP§ cells by embryonic body (EB} formation in suspension culture for one week, and
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Figure 1: XClI in established human ES cell line H9, hiPS cells and hLR5 cells

A) Immuno-RNA-FISH detecting X/ST (Rhodamine Red), and H3K27me3, H3K4me3, or H3K9
acetylation (all FITC) in human ES cell line H9 analyzed at passage 53. DNA is counterstained with
DAPI (blue). Xi's are indicated with an arrow head. B) HUMARA analysis with DNA from the H9 hES
cell line. Prior to Hpall digestion, PCR amplification of a polymorphic repeat in the androgen receptor
gene detects both parental alleles (262 and 272 bp, respectively). After Hpall digestion, only the 262 bp
allele is detscted. A methylated allele will be protected against Hpall digestion and can be amplified,
indicating that the 262 bp allele is preferentially inactivated in H9 ES cells. C) Immuno-RNA-FISH
detecting XIST (Rhodamine Red), and either NANOG or KLF4 (all FITC) in LN-hiPS analyzed at
passage 17. DNA is counterstained with DAPI (blue). D) Cartoon showing the strategy followed in the
secondary reprogramming experiment. LN-hiPS cells were differentiated, and differentiated cells were
subjected to a second round of reprogramming, by addition of doxycyclin (Dox) which induces
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plated EBs on gelatinised culture dishes to allow outgrowth of differentiated cells. After a
further 4 weeks of differentiation, differentiated progeny was obtained, which mainly
consisted of terminally differentiated fibroblast-like cells which did no longer show
expression of pluripotency factors, including NANOG and OQCT4 (data not shown). These
cells were then subjected to a secondary round of reprogramming (Figare 1D), by the
addition of doxycyclin, to induce expression of the 5 reprogramming factors which were
originally used to generate the LN-hiPS cell line, aiming to obtain cells in a more naive
pluripotent state. This was done either under hypoxic (3% 02) or normoxic (20% 02}
conditions, with either human ES cell medium (condition 1), human ES cell medium
supplemented with the histone deacetylase inhibitor valproic acid [1030] {condition 2),
human ES cell medium supplemented with Kenpaullone which replaces KLE4 [1031]
(condition 3), human ES cell medium supplemented with the GSK38 inhibitor CHIR
(condition 4), human ES cell medium with valproic acid, Kenpaullone and CHIR (condition
5) or a medium supplemented with human LIF (condition 6), to obtain so-called hLRS cells
[973]. Using these conditions, we noted morphological changes within 2 weeks, and for
most conditions colony-like structures emerged. No difference in colony formation was
found between different oxygen conditions. After picking of colonies, only stable clones for
conditions 1 and 6 could be obtained. Two cell lines obtained from condition 1, grown after
withdrawal of doxycyelin, still showed all hallmarks of a post-XCT state, with more than
59% of the cells showing an XIST cloud (data not shown). Six female hLRS cell lines were
obtained from condition 6, of which three were derived under hypoxic conditions. These
cells represent a metastable, more mouse-like state, which requires the continues expression
of 5 exogenous pluripotency factors induced by doxyeyclin in the presence of human LIF
[973]. Previous work has shown that in this state, hLRS cells grow in mouse-like, dome-
shaped colonies, and show expression of mouse-specific pluripotency surface markers, and
can be highly efficiently genetically modified. A switch in culture conditions towards
standard human ES cell medium and withdrawal of doxycyclin can transfer these cells to a
standard, basic FGF dependent hiPS cell state [973]. To investigate the XCI state of the
generated hLRS cells, RNA-FISH was performed, detecting XIST expression. Despite their
mouse-like characteristics, more than 99% of cells still showed an XIST cloud (N=200 per

cell line, 6 cell lines analyzed, Figure 1E}, indicating that also these cells represent a post-
XCT state.

Cell lines with non-random XCI for hiP§ formation

Our experiments so far with established hiPS cells and hIL.RS cells indicated that upon
reprogramming the somatic inactivated X chromosome does not become reactivated. To
exclude the possibility that this is due to a cell line specific effect (e.g. specific to the LN-
hiP$ cell line), or might be caused by the method used to reprogram this cell line (with 5
inducible facters), we decided to establish novel female hiPS cell lines. To this end, we
screened cell repositories for cell {ines harboring large deletions on one of the X
chromesomes. Due to secondary selection, X chromosomes with large deletions are

Figure 1: continued

expression of the reprogramming factors. See text for details. E) RNA-FISH detecting XIST {FITC) in
female hLRS5 cell line 2 analyzed at passage 2. DNA is counterstained with DAP! (blue).
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preferentially inactivated in female carriers of such deletions, because otherwise such a
female cell would become nullisomic for genes which are located in the deleted area due to
inactivation of the wild type allele, which is a cell lethal condition. This non-random XCI
could help identitying cells which have reactivated the Xi in hiP'S cells, as expression of an
informative transcript in hiPS cells differing between the two X chromosomes not
expressed in the skewed fibroblast population would be diagnostic for a reactivation event,

To obtain skewed fibroblast cell lines with large X chromosomal deletions, cell
lines were collected through different sources, and the gene content was further
characterized by MLPA analysis, SNP array and DNA-FISH. Results for this analysis are
summarized in Supplementary Table I, and examples of the analysis are shown in Figure
2. Here we focus on fibroblast lines which were used to generate hiPS cell lines, namely
X12, X14, and X15 (Figure 2A), and a cell line derived from a patient with triple X
syndrome {47,XXX). The latter cell line was used as a control, but also could be an
interesting model to study XCl initiation in case of X chromosomal aneuploidies. When
analysed by RNA-FISH, 99% of all fibroblast of cell lines X12, X14 and X15 showed one
XIST cloud per nucleus (Figure 2C and data not shown, N=200 cells analyzed per cell
line). In the 47,XXX fibroblast, two inactive X chromosomes were found in almost every
cell (Figure 2C), in agreement with the rule that all but one X chromosome become
inactivated per diploid genome [163]. To analyse whether indeed a single X chromosome
was preferentially inactivated in the fibroblast populations harboring large X chromosomal
deletions, we perfermed the HUMARA assay. In all celi lines harboring large deletions, we
detected almost exclusively one allele after digestion with the methylation sensitive enzyme
Hpall, indicating non-random XCI favoring inactivation of one of the two X chromosomes
{Figure 2D and data not shown). In the 47, XXX fibroblast cell line, random XCI was
observed (data not shown). Preferential inactivation of one X chromosome in fibroblast
lines X12, X14 and X15 was confirmed by RFLP RT-PCR analysis of an SNP in XIST,
which always showed mono-allelic expression (Figure 2E). Also expression of several
tested X-linked genes shewed completely skewed XCI (data not shown). We conclude that
the selected fibroblast lines are subject to non-random XCI, most likely silencing of the X
carrying the deletion.

Generation of hiP$S cell lines

To gengrate hiPS cells, X12, X15 and 47, XXX fibroblasts were transduced with a
polycistronic lentiviral vector expressing OCT4, SOX2, KLF4 and C-MYC and a dTomato
reporter [1032]. Upon transduction, transduced fibroblasts express dTomato (Figure 3A,
B). These fibroblasis were plated on MEFs, and cultured in the presence of human ES
medium. After approximately 10 days, small clusters of cells appeared which started to
develop a human ES cell morphology. These clusters gradually lost the expression of the
dTomato reporter (Figure 3B), which indicated proper silencing of the lentiviral transgene,
required to establish fully reprogrammed hiP§ cells. Six dTomato negative colonies were
picked per cell line 22 days post-transduction, and expanded. The established cell lines
showed a characteristic human ES cell morphology (Figure 3C), had a stable 46,XX
karyotype (47, XXX in case of lines derived from the 47 XXX fibroblasts) and expressed
key endogenous pluripotency factors including NANOG and REX! (Figure 3D, E, and data
not shown).They also stained positive for the pluripotency associated surface markers CD9
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and GCTM2, as determined by FACS analysis (Figore 3F). Upon EB differentiation, all
cell lines expressed markers of all germ layers (Figure 3G), confirming that these cells
were completely reprogrammed and had differentiation potential (Figure 3H).

Early passage female hiPS cells show reactivation of the Xi

The established novel female hiPS cells from fibroblasts cell lines X 12, X15 and 47, XXX
were subjected to immuno-RNA-FISH analysis at passage 3-5 prior to cryopresetvation, to
investigate the XCI status of these cell lines. This analysis showed that only 30% of the
nuclei within the various cell lines showed XIST expression (Figure 4A, D, E). Contrary to
the results obtained with the LN-hiPS cell line described above, which showed more than
99% of nuclei with hallmarks of an Xi, more variation was observed in the low passage iPS
cell lines, with many celis showing absence of XI8T clouds (Figure 44, C, D). In hiPS cell
lines generated from 47, XXX fibroblasts, many cells did not show Xi markers, or only
showed signs of one Xi (Figure 4B, E). In all cell lines, analysis of heterochromatin
markers associated with the Xi, including enrichment of H3K27me3 and depletion of
H3K4me3 and H3K9 acetylation, indicated variable staining, with many cells not
displaying all characteristic Xi features (Figure 4B). Also, Barr bodies were detected in a
minority of cells. Strikingly, in many colonies, cells with all Xi hallmarks were most often
found at the edges or in the center of the colonies, were most of the differentiated cells are
found. In contrast, cells without XIST and associated Xi markers were found in a donut
shaped region surrounding the middle of the colonies {Figure 4A, C).

Figure 2: continued

A) Ideogram of the human X chromosome. Location of genes analyzed in this siudy is indicated. The
red lines indicate the deletions in the X12, X14 and X15 fibrcblast cell lines. Also the location of the four
BAC probes, used in B, is indicated. B) DNA-FISH on metaphase chromosomes of X12 and X1i5
fibroblasts, using BAC probes 1, 2, 3 and 4. Magnification of X chromosomes is shown in the insert.
Hybridization with BACs located in the deleted area results in a single signal, whereas hybridization with
BACs located proximal to the deletion results in two signals. Note that deleted chromosomes are also
shorter, compared fo the wild type X chromosome. C) BNA-FISH detecting XIST (FITC} in X12, X15
and 47 XXX fibroblasts. DNA is counterstained with DAPI (blue). X12 and X15 showed a single XIST
cloud in almost every cell, wherzas two XIST clouds are observed in 47, XXX fibroblasts. D) HUMARA
analysis with DNA from X15 fibroblasts. Prior to Hpall digestion, PCR amplification of a pelymorphic
repeat in the androgen receptor gene detects the two parental alleles (262 and 292 bp, respeciively).
After Hpall digesticn, only the 262 bp allele is detected, indicating that this allele is preferentially
inactivated in X15 fibroblasts, confirming skewed XCl in this fibroblast celt line. E) PCR and RT-PCR
analysis with DNA and cDNA from X12, X14 and X15 fibroblast cell lines, amplifying an RELP in XIST.
PCR products were digested with Mfel, to discriminate between both alleles, Polymorphic alleles are
present in X12, but not in X14 and X15. RT-PCR shows that X/ST is mono-allelically expressed in X12

fibroblasts. Note: for genomic PCR primers are used that amplify a longer amplicon, compared o the
RT-PCR.
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Figure 3: Generation of hiPS cell lines from skewed fibroblast populations and 47,XXX
fibroblasts

A) Schematic overview of the lentiviral reprogramming cassette used. A multicistronic cassette
consisting of OCT4, KLF4, SOX2 and C-MYC is surrounded by self-cleavage sites, and under control of
the Spleen Focus Forming Virus U3 promoter. dTomato is fused to this cassette using an IRES.
Adapted from [1032]. B) Upon transduction of the reprogramming cassette, transduced fibroblasts
express dTomato (left panel). Upon reprogramming, the lentiviral cassette becomes silenced, resulting
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These results could be explained by: 1} loss of one of the X chromosomes; 2) loss
of XIST expression and Xi markers in hiP§ cell culture, similar to findings with hES lines;
or 3) X reactivation, potentially only in a limited, more pluripotent sub-population. The first
possibility was excluded by karyotyping, which did not detect a number of cells with X
chromosome aneuploidies sufficiently high to explain lack of XJST in a high percentage of
our hiPS cell lines (data not shown). To distinguish between the last two possibilities, we
first analysed the methylation pattern of the inactive X chromosome by HUMARA
analysis, focussing on lines derived from X12 and X15 fibroblasts. If the established hiP$S
cells still carry the same Xi present in the starting fibroblast, HUMARA analysis should
detect completely skewed non-random methylation of the androgen receptor. In contrast,
reactivation of the X chromosome in all cells would lead to an absence of methylation at
the androgen receptor gene. Unfortunately, partial reactivation cannot be detected and will
be masked by cells with an Xi. Nevertheless, if all or a sub-population of hiP$ cells, after a
transient reactivation, start another round of inactivation, for example due to spontaneous
differentiation in the culture, methylation of the second allele might be detectable, as long
as selection against these cells is not too strict and does not result in immediate elimination.
HUMARA analysis with genomic DNA of undifferentiated X15 hiP'S cell lines showed the
initial 100:0 skewing ratio (Figure 4G), which was also observed for the original fibroblast
cell line, compatible with either an absence of X chromosome reactivation, or reactivation
of a portion of cells which cannot be detected by this method. However, in undifferentiated
X12 hiPS§ cell lines, we also observed methylation, in some clones up to 12%, of the second
androgen receptor allele located on the wild type X chromosome (Figure 4F, G). This
finding indicates that the X12 hiPS cells have started XCI on the wild type X chromosome
in a sub-population of cells. We next performed allele specific expression analysis of XIST
with RFLP RT-PCR analysis on X12 hiPS cells, the only hiPS cell line with an informative
XIST SNP. On a total populaticon level we detected XIST expression from both X
chromosomes (Figure 4H). This supported the findings with the HUMARA analysis,
indicating that XIST up-regulation and X inactivation has occurred after initial X
reactivation in X12 hiPS cell lines. The fact that we only detect this reversal of inactivation
in clones derived from X12 and not X15 cculd indicate that selection against cells having
inactivated the wild type X chromosome is less stringent in this cell line, which might
correlate to the smaller deletion in X12 compared to X 15 fibroblasts (Figure 2A).

Figure 3: continued

in the gradual loss of dTomato expression from emerging hiPS cells, indicating proper reprogramming.
C) Representative picture of a hiPS cell colony from X12 hiPS cell line 2 obtained after reprogramming
of the X12 fiproblast cell line. D) Karyogram of X12 hiPS cell line 2, showing no Kkaryotypical
abnormalities compared to the starting fibroblast cell line E} gRT-PCR analysis of pluripotency factors in
X12 hiP8 cell lines {C1-6). Expression of these factors in hES cell line {H9) served as a control, and
was set at 100%. Resulis are normalized to GAPDH. Results for X15 and 47 XXX clones were similar
(data not shown). F} FACS analysis of pluripotency asscciated surface markers CD9 and GCTM2
in X12 hiPS cell lines. Cther generated cell lines showed similar results (data not shown). G}
Representative picture of EBs derived from X12 hiPS celi line 2 after 8 days of differentiation. H) gRT-
PCR analysis of differentiation associated markers in day 8 EBs from X12 hiPS cell lines (Ci2, 4 and 5}.
Differentiated hES cell line H9 served as a control, and its gene expression was set at 100%. Results
are normalized for GAPDH. Other generated cell lines showed simitar results (data not shown).
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Figure 4: XCl analysis of hiPS cells

A) Immuno-RNA-FISH analysis on X12 hiPS cell line 1 detecting XIST (Rhodamine Red) and H3K9
acetylation (FITC), and X12 hiPS cell line 3 detecting X/ST (Rhodamine Red) and H3K27me3 (FITC).
Shown are cells in the cell dense donut shape middle region of the colony, which most often do not
show signs of an Xi, and cells from the edge of the colony, which have undergone XCl. B) Immuno-
RNA-FISH analysis detecting X/ST (Rhodamine Red) and H3K27me3 with 47 XXX hiPS cell line 3.
Pictures indicate the variability in XCl and associated markers, with cells having inactivated only one X
chromosome, cells showing only H3K27me3 staining without XIST signal, or only XIST staining without
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Bi-allelic expression of X-linked loci, and reversal of XiST expression.
The presence of X/ST negative celts within colonies at an early passage of the above hiP$S
cell lines supported our findings on the whoie cell populations with the HUMARA assay
and XIST expression analysis, and indicates the presence of undifferentiated hiPS cells with
a reactivated Xi resulting in bi-allelic expression of X-linked loci. As these cells represent a
sub-population of the complete culture, including spontaneous differentiated ceils,
undifferentiated XaXa hiPS cells might be underrepresented in the RT-PCR analysis of the
complete culture. We therefore performed single cell RT-PCR analysis, in which we
detected expression of RFLPs in the X-linked genes XIST, SUVAR3IOHI and (6PD,
discriminating between the two X chromosomes. X 12 hiPS cell line 2, X12 hiPS cell line 4
and 47, XXX hiPS cell line 4, which were at passage 25 and had been continuously in
culture, were stained with antibodies against the pluripotency associated surface markers
SSEA4 and Tral-81, and double positive single cefls were sorted in 96-well plates. The
double positive fraction represented approximately 40% of the total viable cell fraction
{Figure 5A), and qPCR analysis showed increased expression of the pluripotency markers
in pooled double positive sorted cells {(Figure 3B). Double positive cells were sorted in
lysis buffer, and single cell RT-PCR was performed using a one step cDNA synthesis
procedure using primers amplifying the pool of genes of interest. A nested PCR was then
performed followed by restriction digestion to distinguish between expression from the
different alleles. Interestingly, analysis of X/ST in the X12 hiPS clones showed that up to
16% of all cells analysed {N=96 per cell line, 2 cell lines analysed) did not show expression
of X/ST, but did show expression of at least one other X-linked gene (Figure 5C, D).
[nterestingly, whereas in the original fibroblast population only X/ST allele A was detected,
which was detected in 41% of single hiPS cells analysed, up to 18% of analysed cells
showed expression of X/ST allele B. Since hiPS cells originate from a single transduced
fibroblast, this reversal of XIST expression indicates that during the course of
reprogramming the X chromosome must have been reactivated, after which X/ST
expression must have started from the alternative allele. Another 25% of cells even showed
bi-allelic X/ST expression.

Figure 4: continued

H3K27me3. £} Example of two colonies of X12 hiPS cell clone 1. Center part showing differentiation is
delineated with the inner red circle. The middle part of the colony, between the two red circles, mainly
contains ceils which do not show signs of an Xi (see 8). Left panel insert shows a typical cel! found in
ihe area with differentiating cells, whereas insert on the right shows a typical cell found in the middle of
the colony. D} Quantification of immuno-RNA-FISH analysis of representative hiPS cell lines obtained
from X12 (clones 1-4) and X15 {clone 2) fibroblasts. Percentage of cells with an XIST cloud and
H3K27me3 accumulation, XIST cloud only, or H3K27me3 accumulation only is shown. E} Quantification
of immuno-RNA-FISH analysis of representative hiPS cell lines (2-4) obtained from the 47 XXX
fibrotlast cell ine. Percentage of celis with one XIST or two XIST clouds is plotted. F} HUMARA
analysis with DNA from X12 hiPS cell line 2. Prior to Hpall digestion, PCR amplification of a
polymorehic repeat in the androgen recepfor gene detects both parental alleles (275 and 278 bp). After
Hpall digestion, the larger allele is preferentially amplified, but the smaller allele is still detectable,
showing that two different X chremosomes are subject to XCl in this population. G) Quantification of all
HUMARA analyses performed with different hiPS cell lines. H} Allele-specific RT-PCR analysis of XIST.
PCR products were digesied using Mfe! to distinguish between both parental alleles. X12 hiPS cell lines
2 and 4 show bi-allelic XIST expression, which was not found in the original fibroblast line (compare to
Figure 2E).
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Figure 5: Single cell RT-PCR analysis on piuripotent hiPS cells

A) FACS analysis of hiPS cell stained for the pluripotency associated surface markers SSEA4 and
Tra1-81. B} qRT-PCR analysis of the pluripotency factor NANGG in all living sorted cells, SSEAT-Trat-
81 double negative cells, in CD9+/GCTM2+ double positive cells and in SSEAT+/Tra1-81+ double
positive cells for 47, XXX clone 4 and X12 clone 2 hiPS cell lines. Results are normalized for GARDH.
Unsorted HY served as positive control.

C) Single cell RT-PCR analysis of SSEAT+/Tra1-81+ sorted cells from X12 hiPS cell line 2, passage 25.
Shown are the cells numbered 49-80. Allele-specific expression of XIST and SUVAR39HT was
assessed. ATP6ST expression served as a conirol. PCR products for XIST and SUVAR39H1T were
digested with Mfel and Msp! to distinguish between both parentai alleles (indicated with A and B,
respectively). D} Circle diagram showing the distribution of allele specific XIST expression for
SSEA1+/Tral-81+ sorted celis from X12 hiPS cell fines 2 and 4. N=96 cells per cell fine. E} As for D, but
now SUVAR39HT is assessed. F) As for D, but now G6FPD is assessed in hiPS cell line 47, XXX clone 4.
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Although we cannot exclude that part of this fraction consists of doublet cells, many of the
same cells displayed mono-allelic expression of SUVAR39HT (17% of the bi-allelic XIST
positive cells), which would not be possible if these samples would be a mixture of two
cells with a different active X chromoesome, since then also bi-allelic SUVF39HT expression
should be detected. Possibly, cells with bi-allelic X/ST expression could represent cetls with
low level XIST transcription, as we did not observe a high percentage of cells with two
XIST clouds by RNA-FISH analysis (Figure 4). These cells could also represent cells
which have not yet reactivated the X chromosome, but have up-regulated X/ST from two
alleles. When allelic expression of SUVAR3I9OH! was assessed, 54% and 77% of cells
analysed of X12 hiPS cell line 2 and 4 respectively showed bi-allelic expression (Figure
5E). The remainder of the cells either did not express SUVARIOH! (13% and %), or
expressed allele A (24% and 15%) which was also found in the fibroblast population,
whereas expression of only allele B was not found. As SUVAR39HT was previously found
to be subject to XCI [577], bi-allelic expression indicates that both X chromosomes are
active in these cells. Similar results were obtained in the analysis of the 47, XXX clone 4
cell line, in which a considerable amount of cells showed bi-allelic expression of G6PD
(41%) (Figure 5F). We conclude that reactivation of the Xi occurs during the
reprogramming process and is detectable in hiPS cells. Future experiments need to establish
whether differentiation of hiP8 cells leads to initiation of XCI, which would make our hiPS
celt lines a good in vitro model system to study human XCI.

Discussion

Here we have investigated the XCI state of female hiPS cells derived from fibroblast
cultures with completely skewed non-tandom XCl. Our studies are the first to show that at
the single cell level reprogramming of human cells into hiPS cells results in X chromosome
reactivation. This reactivation is visible as a large percentage of nuclei which lost hallmarks
of the Xi {e.g XIST expression and associated markers) and showed bi-allelic expression of
X-linked loci. Bi-allelic expression of different X-linked loci indicates that the Xi is
reactivated in at least a farge fraction of our hiP§ cell lines. In a significant fraction of cells
we also detect X/ST expression from the X/ST allele which was not active in the starting
fibroblast culture. Human iPS cell lines share a clonal origin, and therefore this switch in
XIST expression indicates retrogpectively that during the reprogramming process,
reactivation most likely has occurred, followed by initiation of XCI on a different allele
compared to the progenitor cell.

A recent study has shown that upon proleonged passaging of female hiPS cells X/ST
expression can be lost, which is accompanied by de-repression of dosage compensation,
which the authors call “erosion of XCI™ [[033]. This epigenetic erosion is irreversible, and
is accompanied by a loss of differentiation characteristics, which might be important for
disease modelling procedures, as results obtained with early and late passage hiPS cells
might differ. It has also been shown that this erosion also results in a higher expression of
cancer-related X chromosomal genes, which indicates that assessing the XCI state of hiPS
celis should be a benchmark for future clinical applications [1034]. Similar results have
been obtained with a large panel of hES and hiPS cells, which showed accumulation of
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aberrant methylation of X-linked genes leading to gene activation [1035}. Derepression of
genes located on the Xi has also been observed in hES cell lines upon loss of XIST
expression [1016], and has been reported in studies involving gene expression profile
comparison of multiple female hES and hiP8$ cell lines [1026]. The Jatter authors conciude
that there are three different classes of hiPS cells, the first class which does not reactivate
the X chromosome upon reprogramming, a second class which is completely reactivated,
and a third class which shows partial reactivation of X-linked loci. The last group consists
mainly of genes in the proximity of the X inactivation center, which may be most
dependent on X7ST. Global gene expression profiling assesses the complete heterogeneous
population of cells, and partial reactivation processes could likely be explained by a
minority of cells in the culture which are completely reactivated. Future studies should
therefore focus on gene expression profiling on single, pluripotent hiPS cells, and our
analysis of single cell RT-PCR of female hiPS cells sorted on the presence of pluripotency
associated surface markers represents an important step in this direction.

At present, we cannot formally exclude that the bi-allelic gene expression of
SUV39HT and G6PD which we report, is based on a progressive grosion of XCI, as we
performed our single cell analysis at a relatively laie passage {p25). To this end, we are
currently repeating our analysis with novel lines derived from the same fibroblasts, at
earlier stages of reprogramming, even in reprogramming cultures prior to the selection of
colonies. Results of this ongoing analysis should provide us with a definitive answer
whether bi-allelic gene expression is also found at earlier passages, or is only observed after
erosion of epigenetic features of the Xi happening upon prolonged culturing. Despite these
pitfalls, several lines of evidence argue that the bi-allelic gene expression we observe is a
result of the reactivation process. First, in our immuno-FISH analysis performed at early
passage {p3-5) we atready noticed a high percentage of cells which lacked all hallmarks of
an Xi. Although loss of X7ST has also been observed at early passage in hES cells in one
study [1015], such an observation has not previously been made in hiPS cells [1019, 1023].
XaXa cells were confined to areas of undifferentiated cells, which might indicate that the
presence of Xi markers is more associated with (perhaps subtle) differentiation processes,
and might indicate that at present culture conditions for hES and hiPS cells are not suitable
to capture the most undifferentiated cells in the culture for a prolonged time period.
Secondly, the switeh in X/ST expression between the different alleles in X12 hiPS cells
which we observe unequivocally indicates that at a certain moment in time, both X
chromosomes must have been reactivated, followed by initiation of XCI on a different
allele compared to ihe starting fibroblast. The results obtained with HUMARA analysis at
passage 3-5 support such an initiation of XCI afier reactivation, since methylation was also
detected in a fraction of cells on the alternative allele compared to the initial fibroblast
population. XIST expression on the wild type X chromosome in combination with X-linked
gene silencing would most likely be selected against to prevent the complete absence of
gene expression from genes located in the deletion on one X chromosome. [t will be
interesting to test whether differentiation of the hiPS cells results in elimination of cells
which have inactivated the wild type X chromosome, as under such conditions it can be
expected that the selective pressure is more stringent. Although we were unable to
investigate origin of X/ST expression in X 15 hiPS cells, due to a Jack of polymorphisms,
our methylation studies indicate that in X15 hiPS a reversal of XC! does not occur. This
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might be explained by the larger deletion in X15 encompassing more genes compared to
X12, resulting in a more stringent selection against cells having inactivated the wild type X
chromosome.

Why was reactivation of the X chromosome upon reprogramming not noticed in
some previous investigations [1019]? One explanation could be related to the skewing
which is observed in human fibroblast cell lines [1023]. Activity of a particular X
chromosome is favoured in some celi lines, maybe due to the presence of subtle mutations
on X-linked genes, and therefore initial reactivation fellowed by XCI initiation on a
particular X chromosome is not observed due to selection processes. This could explain
why several previous investigations noted skewed XCI favoring a same X chromosome in
hiPS cells and the founder fibroblast cell line, which was then interpreted as being evidence
for the clonality of a female hiPS cell line [1021, 1023]. Alternatively it couid be that
differences in reprogramming iechniques underlie the differences observed. Therefore,
future studies should directly compare different reprogramming vectors and culture
conditions regarding XCT.

Clear differences in XCI exist between mouse ES cells, with two active X
chromosomes and hES cells, which most often retain an Xi. Based on differences in
morphology, growth factor requirements and gene expression profiling, it has been argued
that hES ceils are more similar to primed EpiSCs, derived from a post-implantation epibiast
of a mouse embryo, characierized by the presence of one inactive X chromosome.
Therefore, it has been hypothesised that a more najve, mouse-like state should also exist in
humans, and this state might be characterized by the presence of two active X
chromosomes. Indeed, two studies have recently reported that more mouse-like human ceils
can be obtained by iPS reprogramming, in the presence of human LIF, and either
expression of five inducible reprogramming factors (hLR5 cells) [973], or exogenous
expression of OCT4, KLF4 (or KLF2) in combination with GSK38 inhibition and
inhibition of the mitogen-activated protein kinase pathway [1017]. The latter study reported
reactivation of both X chromosomes comparable to mouse ES cells. In our own
experiments, culture of hiP§ cells under these conditions did result in morphological
changes, and growth characteristics that resembled mouse ES ceils, but until now we were
unable to reproduce results regarding X reactivation in hiP8 cell lines (data not shown).
Also in the hLLR3 cells, for which XCI was not assessed before, we did not find evidence of
X reactivation. These data argue that even a more mouse-like, naive state might not be
sufficient to obtain or maintain hES or hiPS cells in a state in which all X chromosomes are
active. The same variation we observed in the hiP§S cell lines, in which we found cells
which have not reactivated the X chromosome, cellis which have reactivated and show bi-
allelic expression of X-linked genes, and even cells which have started XClI after
reactivation might indicate that present cuiture conditions for hES and hiPS celis are not
sufficient to bring or maintain cells in a state with two active X chromosomes. Indeed, a
recent study argued that derivation of hiPS cells on SNL-feeder cells which produce LiF
might result in a higher percentage of cells with X chromosome reactivation {1036]. In line
with this, it has recently been shown that a switch in culture conditions towards human ES
medium like conditions during the derivation of mouse ES cells can result in derivation of
EpiSCs from pre-implantation embryos [1037}, emphasizing that differences in culture
conditions can remarkably change the cell characteristics. Also it has been found that
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during the derivation of hES cell lines from the ICM of a blastocyst in culture, a transient,
epiblast-like structure emerges called a post-ICM intermediate (PYCMI), which is essential
for the subsequent derivation of hES cells [1038]. This PICM! has undergone XCI, as
assessed by H3K27me5 staining, and is foilowed by reactivation of the Xi in hES cells,
when grown under hypoxic conditions. Reactivation might not eccur, or is less efficient in
hES and hiP§ cells grown under standard conditions. Although the present data in principle
show that reactivation can occur upon reprogramming, and appears to be remarkably
efficient, future studies should address whether the activity of both X chromosomes in
undifferentiated hiPS cells is stable under the described culture conditions. In addition, we
will analyze if XCI is properly induced upon differentiation of our hiP8 cell lines, which
would make these lines a powerful model systemn to study human XCI
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Materials and Methods

Cell lines

Fibroblast cell lines were obtained from the Corriel Cell repository, under the following
accession numbers: GMO07148 (X12), GM03923 (X14) and GMO3827 (X15). 47 XXX
fibroblasts were a gift from Dr. Elisabeth M. de Jong, Department of Clinical Genetics,
Eragmus MC. All fibroblast were cultured in standard fibroblast medium. The Lesch-Nyhan
hiPS cell line has been described [1029], and was a gift from Dr. Konrad Hochedlinger,
Harvard Stem Cell Institute, Boston. All hES and hiPS cells were maintained in standard
human ES cell cuiture medium, consisting of DMEM/F12 containing 20% knockeut serum
replacement, 2 mM L-glutamine, 1% NEAA, 160 U of penicillin, 100 mg of streptomycin
{(all Invitrogen), 0.1 mM b-mercaptoethanol (Sigma), and 5 ng/ml bFGF (Peprotech). For
secondary reprogramming experiments, LN-hiPS ceils were differentiated in suspension
culture for 1 week in EB differentiation medium, consisting of IMDM-glutamax, 15%
foetal calf serum, 100 U ml”' penicillin, 100 mg ml”' streptomycin, 1% non-essential amino
acids (all Invitrogen), 37.8 ml I" monathioglycerol (Sigma) and 50 mg/ml ascorbic acid
(Sigma), followed by culture in fibroblast medium for 4 weeks. Induction of
reprogramming factors was achieved by addition of doxycylin (2 pg/ml, Sigma). Valproic
acid {Calbiochem), Kenpaullone (Sigma) and CHIR99021 (Stemgent) were used at 0.5
mM, 5 pM, 3 uM, respectively. hLR3 medium consisted of DMEM/F12 containing 20%
KOSR,100 U of penicillin, 100 mg of streptomycin, 2 mM L-glutamine, 1% NEAA (all
Invitrogen), 0.} mM b-mercaptoethanol {Sigma), 10 ng/ml human LIF (Sigma), and 2
pg/ml doxycycline (Sigma).

hiP§ cell generation and culture

To generate iPSC, 1x10° human fibroblasts from lines X12 (p12), X15 (p4} and 47 XXX
(p14) were seeded in a well of a 6-weli plate. The next day, cells were transduced with &
polycistronic lentiviral reprogramming vector [1032] for 16 hours in the presence of 4ug/ml
polybrene {Millipore). Cells were further cultured in standard fibroblast medium. At day 4
posttransduction, 5x10° cells were seeded on irradiated MEFs in standard fibroblast
medium. One day later, medium was changed to human ES medium including 5 ng/ml
bFGF. From day 2 to 9 media were supplemented with 2 mmol/l valproic acid
{Calbiochem) as described by Warlich et al. (2011} [L032]. iPS colonies were picked
between day 22 to 23 and further propagated on MEFs. All analysis for characterization of
IPSC was performed prior to cryopraservation.

Immuno-FISH and gPCR analysis

Detailed protocols and probes for RNA-FISH and immuno-RNA-FISH have been described
[174, 911]. For immunostainings, the following antibodies were used: anti-Nanog (1:100,
Abcam), anti-KLF4 (1:250, Abcam), anti-H3K27me3 (1:500, Diagenode), anti-H3K4me3
(1:1000, Upstate), anti-H3K9 acetylation (1:1000, Sigma), anti-CD9 (Invitrogen), anti-
GCTMZ (BD), anti-3SEA4 (BD) and anti-Tral-80 (BD).
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R7-PCR and single cell RT-PCR

All primers used in this study are described in Supplementary Table 2. For RNA analysis
of complete cultures, cells were lysed in Trizol (Invitrogen}, RNA was prepared according
te manufacturer’s instructions, and cDNA was obtained through reverse transcription using
SuperScriptil {(Invitrogen). For single cell RT-PCR, SSEA1/Tral-81 double positive cells
were FACS sorted in 96-well plates containing 9 pl lysis buffer using a BD FACSAria
apparatus. Lysis buffer consisted of 8 pl 2xReaction mix (SuperScript One-Step RT-PCR
kit, lnvitrogen}, 10U RNAseOut (Invitrogen), and 0.15% IGEPAL CA-639 (Sigma). cDNA
was prepared with gene specific outer primers {(a combination for four different genes per
cell line}, using the one-step RT-PCR kit {Invitrogen), according to manufacturer’s
instructions in a total volume of 16 pl. After an initial amplification using the outer primers,
nested PCR was performed using the internal primers, and Phusion PCR polymerase
{Fynnzyme). PCR products were precipitated, and digested with the indicated restriction
enzymes {(New England Biolabs) to distinguish expression from the different alieles.

SNP array and HUMARA analysis

To map the deletions in our fibroblast cell lines, SNP array was performed using Human
CYTO SNP 12 version | arrays (Hlumma®, San Diego, CA, USA), aligned to human
genome build 8. To determine skewing of XCI, aliefe specific methylation of the
Androgen receptor was quantified using the HUMARA assay (Human Methylation of the
Androgen Receptor Assay) [480]; 40ng of genomic DNA was double digested with Ddel
and Hpall (New England Biolabs} at 37°C in an overnight reaction. 1! of reaction product
was used as a template for PCR using Phusion polymerase (Fynnzyme) using FAM-
labelled primers GCTGTGAAGGTTGCTGTTCCTCAT and
TCCAGAATCTGTTCCAGAGCGTGC. PCR products were visualized on a sequencer,

DNA-FISH analysis
To visualize the deletion in cell lines, DNA-FISH was performed according to standard
procedures. Probes used were BAC CTD-3076023 (BACI, X12 FITC), RP11-799020

{BAC2, X12 Rhodamine Red) RP1-75N13 (BAC3, X15 FITC) and RP1-279NI1 (BAC4,
X15 Rhodamine Red).
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Supplementary Figure 1: SNP Array of fibroblasts used to generate hiPS cells

A) Ideogram of the human X chromosome. The deleted areas in the indicated cell lines are shown in
red. B) SNP Array data showing the deleted areas in fibroblast cell line X12, X14 and X15. Every dot is
representing a probe along the X chromosome. Deleted areas are indicated in red. C) SNP Array data
showing loss of heterozygosity (areas marked in yellow) in the deleted regions.
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Supplementary Table 1: Qverview of collected cell lines harboring X chromosomal deletions

3 Gw176

4 Gwi177

5 Gw178

5 Gw179

7 LB-Xg-

819

9 GM10254
10 GM09332
11 GM13277
12 GM07148
13 GMO06563
14 GM03923
15 GM03827
16 AG03204
17 DD2361
18 DD26G4
19 ARD143
20 DD2799
21 DD2693
22 ARD124
23 D04-1938
24 D04-2042
25 D04-2330
26 D09-1228
27 DOB-0899
28 D05-2530
29 D05-2536
30 DOB-1835
31 DOB-1255
32 DOB-1132
33 D91-0080
34 Dg1-0081
35 01PA2559
35 D5PAD545
37 L02.9242
38 1.79.0766
39 1L88.0849
40 L96.2149
41 Lo7.1578
42 L01.0178
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Univ of Ulm
Univ of Ulm
Univ of Ulm
Univ of Ulm
Univ of Ulm
Univ of Ulm
Univ of Ulm
Univ of UIm
Corriel

Corriel

Corriel

Carriel

Corriel

Corrie!

Corriel

Corriel

ECACC
ECACC
ECACC
ECACC
ECACC
ECACC

Univ Maastricht
Univ Maastricht
Univ Maastricht
Univ Maastricht
Univ Maastricht
Univ Maastricht
Univ Maastricht
Univ Maastricht
Univ Maastricht
Univ Maastricht
Univ Maastricht
Univ Maastricht
Erasmus MC
Erasmus MC
Erasmus MC
Erasmus MC
Erasmus MC
Erasmus MC
Erasmus MC
Erasmus MC

46, X,i(Xq)

48, X, del(Xa)

48, X,i(Xq}

46, X.i(Xq)

48, X,i{Xq)

486, X.{Xq), most likely X,}(Xq)

48, X, del(Xq)

46, X, Xg-, delX(q22/24>qter}
48, X, del{X){pter>q13::q21>qter)
46, X, del(X){pter>q22::q26>qter)
48, X, del(X)(pter>q13:)

48, X, del(X}(pter>q22.3:)

45,X [36]/46 X r(X)(::p22.3>g24::)[14]
46, X, del(X){pter>q13::q22>qter)
46, X, del(X){pter>g21:)

normal, IMR-90 Sv40 transformed
ring X

ring X

ring X

ring X

fing X

ring X

46 X KX, 13){p21;¢22)

46, X, inv{X)}{p22.3921.1)

46 X inv(x)(p22.1921.2)

46, X,104,9)(p23;913}

45,X0 [35], 46 X ,r(X) [65]

46, X, 4(X:14)g13;g32.1)

46,XX

46,XX

not determined

not determined

48,XX Xp22 duplication (array CGH)
48,XX Xp22 duplication (MLPA)
45 X746, X ring{X)

45 X [8](STCH46,X,del(X)(g247)[6/45 X [16] (LTC)

46X, del(X)(q23)
46 X, H(X;X) (p22:22)

45,%/46,X del(X)(q21) (27/23) (9/41) 2 limes

48,X,dup(X){q13g26)
Mos45, X[38146, X, r(X)[5)/46 XX[7]

48, X, der(X).ish der(X){(wcpX+,75+) rev ish

fibroblast
fibroblast
fibroblast
fibroblast
fibroblast
fibroblast
lymphoblastoid
fibroblast
lymphoblastoid
lymphablasioid
lymphoblastoid
fibroblast
fibroblast
fibroblast
fibroblast

fetal lung fibroblast

only DNA
only DNA
only DNA
only DNA
anly DNA
anly DNA
only ONA
only DNA
only DNA
only DNA
only DNA
only DNA
only DNA
only DNA
only DNA
only DNA
only DNA
only DNA
only DNA
only DNA
anly DNA
fibroblast
fibrablast
only DNA
only DNA
only DNA
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Supplementary Table 2: Primers used in this study

Primer Forward Purpose Digest rel
365 RNFIZ LPF CAACATAGTAACAAACACACC LD RT-PCR -
366 RNFI2 LP R CTTAATCTTCAACTGGTCTYT LPRT-PCR -
453 RNFI2 LP nest fw | TTTTCCAATGCACTGTTGTATG LP RT-PCR - -
454 RNFI2 LP nestrv | COCAACATGACTTTCAACAAA LP RT-PCR - -
367 SUVAR39-F GCATAGGGTTGAGGGGTGTA RELP RT-PCR | Mspl 377
368 SUVAR39-R TTTGTGCTCACCCTGGTTC RFLP RT-PCR_ | Mspl 577
369 SUVAR39 2192 AGGCACTGGOTAGAGCACCT RFLP RT-PCR | Mspl -
370 SUVAR39 2710 TTTTATTGATGCCCACTCCA RELP RT-PCR { Mspl -
377 ATP6SIF GTGATGTTGTGCTAACAAGAAG RIFLP RT-PCR | Mball -
398 ATPOSI R CATGGCOGACCCGCGTTTA RFLP RT-PCR | Mboll -
457 AtpbS1 nest for ATCCCTGGCTGTGGATAGTG RFLP RT-PCR | Mboll -
458 AIpbS1 nest rev CGACCCGCGTTTATTITATT RFLP RT-PCR | Mbell -
383 GePD-LE10 GCTGOACCTOACCTACGGCAALCA RFLP RT-PCR Pvul -
384 GGPVPDPVUT GAAGACGTCCAGGATOAGGCGATC RFLP RT-PCR Pvul -
455 G6PD nest for GAGGCCGTGTACACCAAGAT RELP RT-PCR
456 GOPD nest rev OAATGTGCAGC TGAGGTCAA RFLP RT-PCR -
351 G6PD-1311R GTGAAGCTCCCTGACGCGTA RILP RT-PCR Rsal 377
352 GePD-E TTCTCCAGCTCAATCTGGTG RFLP RT-PCR | Rsal 577
347 REP1-15 CCTGTCACTTCAGCACCATT RFLP RT-PCR | Hhal 577
348 REP1-16 TTGCTCTTAGCAGGAAGGAC RFLE RT-PCR Hhal 577
349 REPI—I4 GITATGCCAGTCAGGATTTGC RELP RT-PCR_ [ Hhal 377
330 REP1-1{ TCGCTGCTTGGAGTITGTTC RELP RT-PCR._ [ Hhal 577
BXIST SNPI for AATGOOCAAAGTGGTTATGC RELP RT-PCR | Mlel 1019
hXIST SNPI rev AGGCCCCTITCTCAAACTGT RFLP RT-PCR | Mgt 1019
389 XIST SNPI nested | TTTCTTGGCCTCCCAATATG RFLP RT-PCR | Mfcl -
int F 6033
360 XIST SNPY nested | CAGGAACCGGGACAAACA RFLP RT-PCR | Mlel -
int R 6610
h NANOG-S CAGCCCCGATTCTTCCACCAGTCCC qRT-PCR - 45
h NANOG-AS CGOAAGATTCCCAGTCGGGTTCACC qRT-PCR - 65
hGDF3-5243 CTTATGCTACGTAAAGGAGCTGGO gRT-PCR - 65
hGDE3-AS850 GTGCCAACCCAGGTCCCGGAAGTT gRT-PCR - 63
hREXT-RT-5 CAGATCCTAAACAGCTCGCAGAAT qRT-PCR - 65
hREXI-RT-AS GCGTACGCAAATTAAAGTCCAGA qRrR1T-PCR - 65
hIFGE4-RT-8 CTACAACGCCTACGAGTCCTACA gR1-PCR - 65
hFGF4-RT-AS GTTGCACCAGAAAAGTCAGAGTTG gRT-PCR - 65
h ESGI-540 ATATCCCGCCOTGGGTGAAAGTTC gRT-PCR - 65
h ESG1-AS5259 ACTCAGCCATGOGACTGGAGCATCC qRT-PCR - 653
hTERT-53234 CCTGCTCAAGCTGACTCGACACCGTG qRT-PCR - 65
hTERT-AS3713 GGAAAAGCTGOCCCTGGHGGTGGAGC qRT-PCR - 65
hOCT3/4-51165 GACAGGGGOAGGGUAGGAGCTAGG qRT-PCR - 65
hQCT3/4-A81283 CTTCCCTCCAACCAGTTGCCCCAAAC aRT-PCR - 65
hS0X2-51430 GOOAAATGGGAGGGOGTGCAAAACGAGG gRT-PCR - 65
hSOX2-A81555 TTGCGTGAGTGTGCGATGGGATTGG TG aRT-PCR - 65
hu KDR-FIk-1-F CTGGCATGGTCTTCTGTGAAGCA gRT-PCR - 65
hu KDR-FIk-1-R AATACCAGTGOGATGTCGATGGCGG gRT-PCR - 63
hu PAX6-F TTTGCCCGAGAAAGACTAGC qRT-PCR - 65
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hu PAX6-R CATTTGGCCCTTCGATTAGA qRT-PCR 65
i GATAZ-F TGACTTCTCCTGCATGCACT gRT-PCR 63
hu GATAZ-R AGCCGGCACCTGTIGTGCAA gRT-PCR 65
hu AFP-F GAAACCCACTGGAGATGAACA gRT-PCR 65
hu AFP- R CTGCAGCAGTCTGAATGTCC gRT-PCR 65
hu Alb1-F GCTACGOGCACAGTGCTTG gRT-PCR 65
hu AlbI-R CAGGATTGCAGACAGATAGTC gqRT-PCR 63
human endo_KLF4-I TGATTGTAGTGCTTTCTGGCTGGGCTCC | gRT-PCR 65
human endo_KI1.I'4-R ACGATCGTGGCCCCGGAAAAGGACC qRT-PCR 63
human endo_c-MYC-I' | GCGTCCTGGGAAGGGAGTTCCGGAGC qRT-PCR 05
human endo_¢-MYC R | TTGAGGGGCATCGTCGCGGGAGGCTG gRT-PCR 65
ende hGAPDH for CTGCACCACCAACTGCTTAG qRT-PCR 1019
endo hGAPDH rev GTCTTCTGOGTGGCAGTGAT gRT-PCR 1019
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En this thesis, we have focused on the initiation mechanism of XCI, and found that X-
encoded RNF12 exerts an essential function during this process. As an X-linked activator
of XCI, RNF12 is required for XCI to occur, and mediates its frgns acting function by
ubiquitination of REX]. This resuits in inhibition of the repression of the Xisr gene, which
will become activated upon Rnf72 up-regulation. Other genes and elements located in
proximity to Xiss, including Jpx, Fix, and the Xpr region are important for cis regulation of
the Xist locus. A transient X chromosome pairing process is observed during the initiation
phase of XCl, but is not functionally required for XCI to occur. Rather, the XCI initiation
process is regulated by cis and trans acting factors, which determine the activity of the Xisz
gene. Rufi2 is also required for XCI in vivo, as we have fearned from the generation and
analysis of a mouse model mutant for Rrf/2, which shows signs of a failure of X dosage
compensation.

The following discussion elaborates on the roles of RNFI12 in XCI and other
processes, and aims to integrate our obtained knowledge from this thesis work with other
recently published work, resulting in a description of a novel view on the X inactivation
center. Then, the rele of RNF12 in imprinted XCI is discussed. We also speculate on 2
potential role for RNFI[2 in the reactivation of the X chromosome occurring in vive during
reactivation of imprinted Xl in the inner cell mass, in primordial germ cells and ex vivo
during sotnatic reprogramming with defined factors. Furthermore, the observations made in
the adult heterozygous Ruf72 knockout mouse and in human induced pluripotent stem cells,
and the potential clinical relevance these observations may have, brings us to the question
whether we can live with two active X chromosomes.

Rnf12, an important player in X chromosome inactivation

In our BAC transgenesis screen described in Chapter 2 we identified X-encoded RNF12 as
the first known XCl-activator [174]. Over-expression of Rrf72 resulted in XCl initiation on
the single X chromosome in male ES cells, and on twoe X chromosomes in a significant
portion of female ES cells. Endogenous Rxf/.2 becomes up-regulated upon differentiation
of ES cells, and a two-fold higher dosage has been found in female compared to male ES
cells. This two-fold higher dosage of RNF12 explains female specific initiation of XCI, as
only in female celis a threshold will be reached upon differentiation which is needed to
overcome repression of XCI by XCl-inhibitors, resulting in Xisr accumulation. These XCi-
inhibitors are mainly pluripotency associated factors, which either repress Xisr directly, or
indirectly, via stimulation of Tsix expression or repression of XCl-activators. In line with
this, over-expression of RNFI12 even leads to iniiation of XCI in undifferentiated cells,
indicating that absence of XCl-activator activity is important in preventing XCI in
undifferentiated cells. The importance of Rrf7 2 in activating XCI is emphasized by the fact
that a removal of one of the two copies of Raff2 in female cells results in delayed XCI
initiation, favoring inactivation of the X chromosome harboring the Rnf72 deletion. Even
more importantly, in the complete absence of RNF 12 in femaie Rnf72-/- ES cells, XCl is no
longer initiated, as described in Chapter 5 where it is shown that RNF12 is essential for
XCl to oceur [911]. Genetic experiments performed as described in that Chapter indicated
that the XCl-activating function of RNF12 works mainly on Xist, as Xisr transgenes were
higher expressed when Rnf/2 was over-expressed, whereas the expression of Tsix
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transgenes was not affected. As RNFI12 is an E3 ubiquitin ligase, it was likely that such
activation of Xist should involve an indirect mechanism, in which RNF12 would target a
repressor of Xist for proteasomal degradation. Indeed, studies to determine the interaction
pariners of RNFI2 described in Chapter 6 indicated that RNF12 iargets REX1 for
degradation [1009]. REXI, a pluripotency associated transcription factor involved in
repression of differentiation associated genes, was found to bind the Xist promoter and
distal region, and the Tsix regulatory region Dxpas34. This indicated that REX1 serves a
dual role in repression of XCI in undifferentiated cells, by direct repression of Xist, and
possibly by enhancing expression of Tsix, which is a negative regulator of Xisz. Therefore,
upon differentiation, RaffZ will become up-regulated, and this will result in a dose-
dependent catalysis and breakdown of REX 1, which will result in loss of repression of Xist,
and might result in a loss of stimulation of Tsix, and hence will lead to initiation of XCIL.
The initiation itself is a stochastic process, as described in Chapter 4, in which Xist will
become up-regulated on one of the X chromosomes [910]. Accumulation of Xist will result
in spreading along the X chromosome and associated silencing of X-linked genes. As Ruf/2
is one of the first genes to be silenced, a drop in the RNF12 level wilt occur, which will
prevent XCI initiation on the second X chromosome. RNFI12 itself is also continuousty
required during XCl initiation for proper establishment of the Xi, as we have shown in
Chapter 7. This explains why Ruf72 activity from the active X chromosome is further
required, until the XCI process is finished, and explains the observed skewing of XCl in
RuflI2+/- cells. Rufi2 is also essential for XCI initiation in vivo, as analysis of our Rufi2
mutant mouse model described in Chapter 8 shows. In summary, initiation of XCI is
regulated by a dose-dependent (depending on the number of X chromosomes per diploid
genome and therefore female-specific) up-regulation of Rafl 2, leading to Xisf accumulation
through dose-dependent breakdown of the Xiss repressor and Tsix stimulator REX1.

What are the other processes in which RNF12 is involved? RNF12 has first been
identified as an ubiquitously expressed and highly conserved E3 ubiquitin ligase involved
in the negative regulation of LiM-homeodomain containing transcription factors by
targeting the LIM-interacting proteins LDB1 and LDB2 (iogether referred to as CLIM) for
degradation [893, 984, 1039-1040]. In the developing mouse brain, RNF12 and CLIM are
ubiquitously expressed at the mRNA level, whereas protein fevels are more specifically
found in various cell types, indicating that Rxf72 is subject to post-transcriptional regulation
[1041]. In addition to its repressive function on LIM-homeodomain transcription factors,
RNF12 can enhance the transcriptional activation of endogenous estrogen receptor o target
genes [895]. By targeting TRF1, a negative regulator of telomere length, for proteasomal
degradation, RNF12 can positively modulate telomere length homeostasis [894]. Since
RNF12 protein is recognized by autologous antibodies in patients with renal cell carcinoma
£1042], and is one of the genes differentially expressed between adenomas and normal
intestinal mucosa in a cross-species comparison beiween human and mouse intestinal
tumors [1043], altered expression of Rufl/2 might contribute to carcinogenesis. Together
with the laboratory of Prof.dr. Peter ten Dijke we recently identified RNF12 as an important
regulator of the TGF-f signalling pathway [1044]. RNFI12 enhances TGF-6 signalling
pathways by targeting SMAD7, a potent antagonist of the pathway, for proteasomal
degradation. Therefore, RNF12 seems to be involved in many key processes in vertebrates.
Surprisingly, the absence of RNF12 protein is compatible with adult life in male mice, as
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shown in Chapter 8, indicating that in many of these processes redundant pathways must
exist which can substitute the function of RNF12. An important candidate for this in vive
can be RNF6, which has a high sequence homology to RNF12Z [1045-1047]. Apparently,
only in the XCI process the crucial function of RNF12 cannot be replaced, as RNF12 is
essential for this important epigenetic process both in vitro, as shown in Chapters 2, 5, 6
and 7, as in vivo, as described in Chapter 8.

A novel picture of the X inactivalion center is emerging

The Xic, or the minimal region of the X chromosome required for XCI to occur, has been
traditionally defined on the basis of patients and mutant mice having various translocations
and deletions on the X chromosome [71-73] (reviewed in Chapter [}, mapping the region of
interest to a 10 Mb interval in mice, and a 700 kb region in humans. This analysis has
shown that at least two Xic’s are needed in a diploid cell to start X chromosome
inactivation, as males having a single Xic do not undergo XCI. Initially, the Xic was
proposed to be able to bind a blocking factor, which would prevent XCI [72]. As a diploid
genome could only produce enough blocking factor to rescue a single Xic from
inactivation, XCl would occur on every supernumerary Xic, thereby explaining XCl
initiation in femaies (46,XX), Klinefelier patients (47, XXY) or triple X females (47, XXX)
or their respective mouse counterparts. The initial discovery of Xist [74, 84-85], a gene
being expressed from the inactive X chromosome and also located on the Xic candidate
region both in mouse and human, raised the possibility that Xist might be the Xic itself
[167]. However, deletion of Xist still results in XCI occurring on the wild type X
chromosome in females and showed that Xist itself works in ¢is [93-94]. Hence, Xist alone
cannot be the Xic or the blocking factor binding side itself. Subsequent discoveries of Tsix
[1 18] and Xite [136] provided novel candidates to be, together with Xisz, sufficient to fulfill
all requirements for the Xic, namely the ability to count the number of X chromosomes
present and the ability to induce silencing. However, the combined deletion of all three
genes, performed in our laboratory [179], and the experiments using Xisf and 7six BAC
transgenes described in Chapter 2, showed that also this combination of genes is
insufficient to represeat the Xic. This, together with data obtained from tetraploid [179] and
triploid ES cells [189] having different X-to-autosome ratios, also indicated that initiation
of XClI is a stochastic process, in which each X chromosome has an independent probability
to become inactivated which becomes higher the more X chromosomes are present (see
Chapter 4 for a detailed description of this model). Our discovery of Raf72 described in
Chapter 2, supports this model, as RNF12 was found to be an X-linked activator of the XCI
process, and is required for XCI to accur {Chapters 5 and 7).

The region surrcunding the Xist locus has been thoroughly investigated in recent
years, either by studies focusing on screens of candidate genes [174, 187, 1005-1007], or by
chromatin confirmation capture studies to determine genome wide interactions [1004, 1008,
1012]. As described in Chapter 2, our BAC screen to identify frans-acting factors acting as
XCl-activators identified RNF12 [174]. In a similar BAC screen, the Xpr region was
identified [187]. This region, when located on an autosome in female cells is able to induce
pairing between the autosomal region containing the transgene and an X chromosome,
thereby disrupting normal XCI kinetics. When such a transgene was transfected in male
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cells, this was strictly selected against, rendering it possible that the presence of such a
transgene could induce ectopic pairing and XCI in these male transgenic cells. As the Xpr is
the first region to show pairing behavior during the initiation phase of XCI, this region was
proposed to be important in the regulation of X chromosome pairing and hence counting
and regulation of mono-allelic Xist expression. Another study proposed an important role of
the non-coding RNA Jpx in the regulation of Xist expression [1006]. Cells in which Jpx
was deleted on one aliele did no longer initiate XCI, which resulted in massive cell death,
which was not observed in male Jpx mutant cells. This phenotype could be rescued to
certain extend by Jpx transgenes, arguing that Jpx could work in frans, although also
evidence for a cis acting function was provided. Another non-coding gene located in the
telomeric proximity of Xist is Frx, which was also shown to influence expression of Xist
and neighboring genes [1007]. Since the phenotype of an Fix mutation was only analyzed
in male cells, it was not possible to distinguish between a cis or trans acting effect. Beside
genes acting on Xist, also genes involved in the regulation of Tsix have been found in close
proximity to the Xist/Tsix locus. Tsx has been shown to activate the expression of Tsix
[1005]. A knockout of this gene in ES cells resulted in lower 7six expression, which
resulted in a Jow percentage of ectopic Xisr clouds upon differentiation. Another gene
acting on Tsix is the non-coding RNA Linx, of which transcription is initiated 50 kb
upstream of the Ppnx promoter [ [004]. Only when Tsix transgenes harbor Linx sequences,
expression of Tsix was observed in transgenic mice, and Tsix and Linx were often co-
expressed from the same allele, arguing for an important role for Linx in Tyix regulation.

Genome wide interactions studies have shown that there are two different
topological associated domains (TADs) surrounding the Xis#/Tsix locus, with one
encompassing a region up to 500 kb telomeric to, and including Xist, whereas the other
includes Tsix and 200 kb of sequence towards the centromere [1004, 1008, 1012]. The
biological relevance of the TADs is indicated by the presence of a functional boundary site,
located between Xisr and Tsix [1008]. Interactions between genes are mainly found within
the domains, but not between the two different domains [1004]. This indicates that potential
cis regulatory elements for both Xist and 7six must be located on different sides of the
boundary elements.

To address the question whether the genes and regions located between Rxf72 and
Xist would harbor all missing activating factors for XCI, we have generated a cell line in
which the complete Xisr interaction domain is deleted. The analysis of this cell line,
transgene rescue experiments and different extensions of the deletion described in Chapter
7, all have shown that Jpx, Fix and the Xpr region are important for the cis regulation of the
Xist locus. In the absence of this genomic region, Xist expression from the mutated X
chromosome is compromised. [t seems that in the absence of this region, the thresheld to
initiate XCI is much higher on the mutated allele, compared to the wild type allele, and this
is supported by the finding that a Tsix mutation in eis can almost completely rescue the
phenotype. When we performed rescue experiments in which we brought back transgenes
harboring Jpx/Ftx, the Xpr or Ruf!2 into the cell line with the deleted chromatin interaction
domain, we were only able to observe a frans acting effect for the Rnfl2 gene. This,
together with the BAC transgenesis experiments described in Chapter 2, unequivocally
shows that the Jpx, Frx and Xpr region acts in cis on the Xist locus, contrasting previous
findings in which Jpx was proposed to act in frans [1006]. Also, X chromosome pairing
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does not seem to be required for the initiation of XCI, as XCI was observed in male nuclei
of differentiating experimental XY-XX heterokaryons and in the absence of all elements
known to be involved in pairing. Therefore, in Chapter 7 we have proposed to divide the
Xic in a eis-acting Xic, and a trans-acting Xic. In this medel, the ¢is-Xic consists of all
genes and regions which regulate the Xis#/Tsix locus in cis, and this ¢is-Xic is likely be
represented by the two TADs located around the Xis#/Tsix locus and divided by a chromatin
boundary. Therefore, genes located in the Tsix TAD are expected to be involved in Tsix
regulation, and indeed for Xite, Tsx and Linx this has been reported to be the case [136,
1004-1005]. On the other hand, genes located in the Xiszt TAD will be important for Xist
regulation. Indeed, our data presented in Chapter 7 indicate that this is the case for Jpx, Fix
and the Xpr region. This model does not exclude the possibility that other factors located
elsewhere in the genome on autosomes act on genes within the cis-Xic. However, as these
factors, for example pluripotency factors like REX 1, act on their target and influence genes
within the cis-Xic, the effect will be equal between males and females, and the result will
be a cis effect acting on either Xisz or Tsix. The content of the cis-Xic will be equal between
males and females, so that ¢is acting elementis will not be able to count the number of X
chromosomes and to decide how many of them need to be inactivated. For this, rrans-acting
factors are required, and at present, the only known gene within the frans-Xic is Ruf! 2.
What is the delineation of the rrans-Xic and how many other frans-acting factors
can be involved? Initial experiments with female Rnf/ 2+/- ES cells, described in Chapter 2,
indicated that additional XCl-activators must be involved in the regulation of XCi
initiation, as these cells still initiated XCI in contrast to male ES celis [174]. These potential
novel activators of XCI could in principal be located everywhere on the X chromosome,
without a need to be located within the Xic candidate region defined by the translocation
and deletion studies mentioned above [72-73], aithough a proximity to Xist would help to
assure a fast feedback system. However, the results obtained in Chapter 5, showing that
RNF12 is essential for XCI initiation, and the resuits described in Chapter 7, showing that
the continued expression of RNF12 is also essential for establishment of the Xi, couid also
argue that no additional activators are required. In female ES cell lines which have a
compound mutation of both Ref72 and Xist on a single X chromosome, we did not detect
robust XCI initiation on the wild type X chromosome. Sporadic spots of Xist accumuiation
were found (o be diffuse, and this is likely to be caused by the fact that upon XC1 on the
wild type X chromosome, Rafi2 will become silenced. Absence of RNFIZ is not
compatible with XCI initiation, as seen in female Rufi2-/- ES cells, and results in a high
level of REX1. Hence, the silencing of the wild type Rnf/2 copy in the compound mutant
cells (carrying a compound mutation of both Rrff2 and Xist on a single X chromosome)
will likely explain the absence of robust XCI initiation in this cell line. Indeed, rescuing
Rnfl12 expression from a transgene resulted in robust XCI initiation in that cell line,
confirming that RNF12 is alse required for the full length of the Xl initiation process. To
generate Raff2+/- ES cells, we initially targeted the 129/8v allele in wild type hybrid ES
cells, harboring a Cast/Ei and a {29/Sv X chromosome (Chapter 2). Although these cells
still initiated XCI, indicating that more activators are required, these cells always showed a
skewed XCI favoring inactivation of the 129/Sv X chromosome. We later generated
Rnf12+/- ES cells in which the Cast/Ei allele was targeted, as described in Chapter 7, and
observed a reciprocal skewing, favoring inactivation of the Cast/Ei X chromosome. With
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the knowledge obtained from the compound mutant Ref72/Xist cell lines, we can now
explain that skewing in Ruf72+/- ES cells is caused by the fact that XCl on the wild type
allele will result in failure of XCI initiation, as soon as the wild type allele of Refi2
becomes silenced. This would result in up-regulation of REX1, and subsequent suppression
of Xist. Therefore, only inactivation of the X chromasome harboring the Rafl2 mutant
allele will result in robust XCI initiation, as an active Rrf72 copy will be maintained and
will “lock-in” the initiation of XCl by continuous degradation of REX]1, and hence
expression of Xisr. In male ES cells, which like female Rnfi2+/- ES cells have only one
copy of Rufl2, XCI initiation on the single X chromosome would also result in Rafl2
silencing. This could explain why only a few male cells (<0 0,1%) initiate XCI in wild type
cells, compared to female wild type ES cells which have a twofold higher desage of RNF12
{Chapter 2). Therefore, it is possible that indeed RNF12 is by far the main XCl-activator
present, although this does not exclude that other factors with a more subtle role are
involved as well.

What else could be different between male ES cells and Raf7 2+/- ES cells? It will
be interesting to investigate whether there are differences between RNFI12 and REX]
kinetics in these celt lines. In line with this, in male ES cells we found a higher level of
REX]1 compared to female ES cells [1009] (Chapter 6). In female RnfI2+/- ES celis, the
absence of one functional Rxff2 allele also results in a higher REX1 level, although there is
no linear twofold increase compared to Rufl/2-/~ ES cells which have the highest REX1
tevel. The REX1 levei has not been directly compared between male ES cells and Rnf12+/-
ES celis. Although in principle the REX1 level should be equal between these cells,
because both cells have only one copy of RuflZ, it is possible that female-specific
regulation of Rrf72 could result in higher Rnfl2 expression from a single alleie in females
compared to a single allele in males, thereby resulting in an even lower REX] level in
Rnfi2+i- ES cells. Hence, this could explain why in male cells it is even more difficult to
up-regulate Xist compared to female cells, even before Rnfi2 silencing in cis. Potentially,
other X-linked factors could therefore be involved in the regulation of Rxf72, and these
could be the subtle acting remaining factors to be identified. This is supported by the
finding that Rrf72 immuno-staining intensity measured in differentiating female ES cells is
more than two-fold higher compared to the intensity in differentiating male ES cells
(Chapter 3).

If RNF12 would be the only, or main activator of XClI, this could also explain
some findings in male ES cells in which NANOG or OCT4 was down-regulated by
doxyeylin induction [191]. In these experiments, down-regulation of NANOG or OCT4
resulted in up-regulation of Xist expression, and since binding sites for these pluripotency
factors were found within Xist intron 1, these data were interpreted as providing evidence
for a direct suppression of Xist by pluripotency factors in undifferentiated cells. We have
addressed the role of the Xisr intron 1 region in Chapter 5, and found that genetic ablation
of this region both in ES cells as in mice does not result in a dramatic XCI phenotype,
making it unlikely that this region is directly involved in the suppression of Xist. But how
then can Xist up-regulation upon forced NANOG and OCT4 repression be explained? An
intriguing hypothesis could be that upon loss of these factors, REX| will become down-
regulated, allowing loss of repression of the Xisr locus, and enabling up-regulation of Xisr.
Down-regulation of REX1 upon down-regulation of NANOG and OCT4 seems likely, as
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the expression of many pluripotency factors is interconnected by reciprocal binding to their
gene regulatory sequences [ 1048]. Ruf72 might also become up-regulated in this situation,
as it has been proposed that Rx/72 is under control of the pluripotency factor network [999],
thereby enhancing the effect on REX1 down-regulation. Indeed, we have described a
negative correlation between RNF12 and NANGG expression in Chapter 5. Although our
preliminary results of a targeted deletion of proposed pluripotency factor binding sites in
the Rufl2 upstream region [990] do not provide evidence for an important direct repressive
function of NANOG and OCT4 (data not shown), it reinforces the role of REXI, which is
likely to be involved in direct RNFI12 regulation through a binding site close to the
transcriptional start site of Raf12. Therefore, forced down-regulation of NANOG and OCT4
could result in drastic up-regulation of RNF12 and down-regulation of REX1 normally not
observed in wild type male ES cells, thereby explaining the ectopic Xist induction.

Would the novel division of the Xic in a cis-Xic and a rans-Xic which we propose
in Chapter 7 fit to the original data delineating the Xic candidate region? Both the cis-Xic,
consisting of all genes from Linx till the Xpr region, as well as the trans-Xic, consisting
solely of Rufl2, lie well between the borders delineated by the Searle’s translocation and
HD3 truncation originally defining the Xic [72-73]. Based on ring X chromosomes in
human patients with severe forms of Turner syndrome, the Xic candidate region can likely
be even further defined (Figure 1). Ring X chromosomes are small, ring like remnants of
truncated X chromosomes, which have a centromere, but miss telomeric sequences [863].
Some Turner patients {45,X) have mosaicisms of cells carrying an additional ring X
chromosome, and it has been shown that activity of these rings correlate to a severe clinical
phenotype [871-873]. Indeed, the majority of ring X chromosomes are active due to the fact
that X/ST sequences are lacking [873, 875-877]. However, in some of these rings, X/57 is
present, but not expressed [1049-1050]. Analysis of breakpoints in these rings often shows
that the distal breakpoint is located in close proximity to RNF/2. This could indicate that
these ring X chromosomes do not undergo XCi due to a lack of XCI activation.

How could we further determine whether all known elements and genes in the cis-
and frans-Xic as known today are sufficient to fulfill all functions required for counting and
initiation of XCI? BAC and YAC transgenesis experimenis are unlikely to resolve this
question, as it wiil be technically difficult to engineer transgenes covering all sequences
known to be involved right now. Therefore, further removal of X chromosomal sequences
will be necessary. Most ideally, the complete 10 Mb candidate region defined by the
Searle’s transiocation and HD3 truncation [72-73] should be removed from a single X
chromosome, leaving the region from upstream of Linx till telomeric to Raff2 intact. If
such a cell line would still undergo XTI with normal kinetics, most likely preferring
inactivation of the mutated allele due to secondary selection, ail long standing questions on
the content of the Xic and the initiation mechanisms for XCl would be solved.

Rnf12 and imprinted X chromosome inactivation

in the female mouse pre-implantation embryo, XCI is imprinted leading to exclusive
inactivation of the paternaily inherited X chromosome (Xp). The Xp has been reported to
be inherited in a partially inactive state [51], but other evidence suggests that both X
chromosomes are active in female embryos after zygotic genome activation followed by
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Figure 1: Ring X chromosomes in patients with Turner syndrome

At the top, a simplified map of the human X chromosome is shown. The locations of UBET,
XIST, TSIX, XPCT and RNF12 and polymorphic markers used in molecuiar characterization
of ring X chromosomes are indicated. Xp: short arm of the X chromosome; Xq: iong arm of X
chromosome; Cen: centromere; Tel: telomeric. Below the map, the genetic content of ring X
chromosomes described in literature is shown. XIST+E-: XIST locus present. but no
expression of XIST; XIST+E+: XIST locus and expression of XiST are present. Abbreviations
in front of the rings correspond to the names of patients, as mentioned in the literature (Jani
et al., 1995) or the authors (Kubota et al., 2002; Tomkins et al.,, 2002). Dots indicate that
breakpeint are not precisely defined. Most breakpoints of rings which do not express X{ST
do not have RNF12, or have breakpoints in close proximity. Further characterization of ring X
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initiation of imprinted XCI at the 4-8 cell stage [52, 311, 986]. Probably, parental-specific
epigenetic modifications, which are set during gametogenesis, regulate imprinted XCI, and
these likely involve an imprint that represses Xist on the maternally inherited Xm. This is
supported by transgene studies, which indicated that all the epigenetic information required
for imprinted XCI is located within a 220 kb region that includes Xist and Tsix [986].

The molecular mechanisms used by piacental mammals to silence an X
chromosome in imprinted XCl versus random XCI might partly overlap, with both
processes requiring Xisz. In contrast, in the imprinted XCI process, repression of Xist on the
Xm is independent of 7six, and was proposed to involve OCT4- and SOX2-mediated
repression of Xist, by binding of these pluripotency factors to the Xist intron | region {993].
However, our analysis of Xist intron | mutant mice described in Chapter 5, where we did
not notice any failure of imprinted XCI in the offspring cobtained, argues against an
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important role of this region in the regulation of imprinted XCI in vivo. Tsix mediated
repression of Xist starts to play an important role on the Xim somewhat later in embryonic
development, around the morula stage. This can be concluded from the observation that a
maternally inherited 7six null aliele is embryonic lethal due to aberiant initiation of XCI on
the Xm [354, 988].

A recent study revealed an important role for RNF12 in imprinted XCl, in addition
to its role in random XCl which we discovered as described in Chapters 2 and 8. A
maternally transmitted Raf/2 knockout allele caused embryonic lethality only in female
offspring, due to defects in the development of extra-embryonic tissues [981]. Female
ARnf]2/+ embryos with the deletion on the Xm failed to initiate imprinted XCI on the wild
type Xp at the early cleavage stage. From this, the maternal storage of RNF12 protein in the
oocyte was suggested to play an important role in imprinted XCI [981]. In our Rufi2
mutant mouse model described in Chapter 8, we also observed that a maternally transmitted
knockout allele is unlikely to give viable female offspring. From the 118 pups obtained
from crosses with a heterozygous R;y‘)’_?"“".mot]wr, of which 8] were males and 37 were
female, only a single heterozygous Ruf12"' female was born, whereas the Rufl2 mutant
allele was effectively transmitted to 27 males. If we take processes occurring during
meiosis into account, it seems unlikely that all features of this failure of imprinted XCI can
be explained by the maternal storage of RNFI2 protein. As a consequence of meiotic
recombination, it can be expected that many haploid oocytes generated by the first meiotic
division (the reduction division) of Ruf/2™ oocytes, which occurs at the time of ovulation,
will contain both wild type and Rufl2 mutated alleles on the recombined sister chromatids,
Hence, we foresee that there wiil be ongoing expression of Rafl2 in a high percentage of
oocytes transmitting the mutated Rafi2 allele, until fertilization triggers meiotic division 1.
Therefore, the recombined wild type and mutant alleles which are present within the same
haploid oocyte, will be exposed to the same maternal storage of RNF12. Since Ruf/2™"
oocytes did not give rise to female offspring carrying the mutant allele, whereas female
offspring carrying the wild type allele were obtained at the expected Mendelian ratio from
these oocytes, this argues against an important role for maternal storage in imprinted XCIL.
But how then can failure of maternal transmission of the knockout allele to female
offspring be explained? It seems likely that the same continuous requirement of RNF12
which we observe during random XCI in ES cells {Chapter 7) is alse required during
imprinted XCI in vivo. During imprinted XCi the paternal X chromosome is inactivated, so
that an embryo inheriting a maternal Raf7Z knockout aliele would become deficient of
RNF12 upon imprinted XCI. Therefore, it seems likely that in this situation XCI cannot be
maintained. When the Rsf72 mutant allele is derived from the father, this paternal X
chromosome will become inactivated during the imprinted XCI. In that scenario, maternal
RNFI12 is still available, and this explains why females are normally born in matings with
an Ruf72 mutant father. This suggests that, ongoing de novo synthesis of RNF12 may be
required for persistent expression of Xisr both for imprinted and random XCI. To
definitively address the need for maternal storage in imprinted XClI, cne could make use of
a nuclear transfer experiment. In such an experiment, the nucleus of a fertilized two-cell
stage embryo derived from a cross of a wild type male and an oocyte conditionally
homozygously deleted for RNF12, could be transterred to an enucieated wild type oocyte,
ot to an RNFI12 depleted oocyte. If maternal storage would be required and sufficient for



Chapter 10. General Discussion

imprinted XCI to occur, transferring the Ru/72 mutant nucleus to the wild type oocyte
should restore initiation of imprinted XCI.

Of note, Ruf12 becomes reactivated in round spermatids after the process of
meiotic sex chromosome inactivation (MSCI), which would be compatible with rapid onset
of expression of the paternal allele following fertilization [1051]. This indicates that from
the moment of fertilization onwards, some portion of RNF12 protein in the zygote might be
derived from mRNA transcribed from the paternal Rufi2 allele, when the maternal derived
genome is still inactive. Indeed, although not significant, at the 2-cell stage more cells
displayed a paternally derived Ref12 primary transcript compared to the maternal derived
one, as determined by RNA-FISH [311]. Therefore, it could be that imprinted XCI is
initiated, at least in part, by this paternal derived fraction. As in a female embryo, the Xm
allele harbors an imprint which makes it impossible for Xist RNA to accumulate, paternalty
derived RNF12 together with RNF12 present in the oocyte might be sufficient to trigger
Xist accumulation on the paternal Xist allele, which is devoid of an imprint and hence might
be prone to become expressed. Spreading of Xist would result in silencing of Rufl2 in cis,
and maternally stored RNF12 which has a short half-life will become diluted over the cell
divisions. Consequently, zygotic genome activation occurring at the 2-cell stage might be
sufficient to maintain the initiation of inactivation of the Xp, after Rrff2 transcription from
the maternally transmitted allele would become activated. indeed, in line with this, Rrf72
on the paternal X chromosome is one of the first genes to become silenced [311], already at
the 4-cell stage. In case of a paternally transmitted Ruf72 knockout allele, such a paternally
programmed Knf/2 expression could not play a role, but initiation of imprinted XCI might
be rescued by RNFI12 present in the oocyte or upon production of RNFI12 from the
maternaily derived allele. Therefore, it should be tested whether imprinted XC1 is cccurring
at exactly the same time it development in wild type and paternally Ruf!2 mutant embryos.
Future studies should also address the question whether paternal Rufl2 is already active
directly after the fertilization, or whether sperm cells might perhaps carry a significant
amount of Rrfl2 mRNA, produced after MSCI. This could provide important insights in
unraveling the initiation mechanisms of imprinted XCIL.

Rnf12 and reactivation of the X chromosome

The tight connection between the pluripotency factor network and suppression of XCI
provides a mechanism for proper developmental timing of randem XCI in the early female
embryo, but might also be instrumental in the observed reactivation of the Xi in the ICM
and in PGCs. In female mouse embryos, imprinted XCl of the Xp is reversed in the late
blastocyst at embryonic day 4.5 (E4.3) of development. From the late morula stage
onwards, NANCG is expressed, and its expression is maintained throughout formation and
expansion of the [CM. At day E3.5, NANOG is together with OCT4 expressed in the [CM,
whereas at day E4.5, NANOG expression is restricted o the emerging epiblast, and its
expression is lost in hypoblast cells expressing GATA4 and GATAG. Interestingly, only
ICM cells with prolonged NANOG expression show reactivation of the Xi [367], indicating
that X reactivation is indeed linked to pluripotency factor expression. A possible direct
function for these pluripotency factors in reactivating the Xp after imprinted XCI involved
the binding of these factors to the Xist intron 1 region, which was proposed to be involved
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in direct suppression of Xisz [191, 993]. However, our detailed analysis of genetic ablation
of this region in ES cells and in mice described in Chapter 5 showed that this region does
not play a role in Xist suppression both in vitro as in vive. Since NANOG, OCT4 and SOX2
are already present prior to E4.5, but only at this developmental stage imprinted XCI is
reversed in a subset of epiblast cells, it is tempting to speculate that activators of XCI[ which
could play a role in imprinted XCl are down-regulated at this point, thereby enabling the X
reactivation in collaboration with the pluripotency factors. Indeed, Rnfi2 expression seems
to be influenced by pluripotency factors, as binding sites have been found in the Raf/2
upstream region [983, 990], and NANOG and RNF12 expression is mutualty exclusive in
differentiating ES cells, as described in Chapter 5. Although our preliminary results of
targeted deletion of pluripotency factor binding sites 3.8 and 5.3 kb upstream of the
transcriptional start site of Raf72 did not show an effect on Rnf72 expression and Rnfi2
regulation seems to be mainly regulated by the minimal promoter region harboring a REX]
binding site (data not shown), it is expected that Rnf/2 will become down-regulated in
NANOG expressing cells in the epiblast. This down-regulation will be accompanied with
an up-regulation of REX I, which might have a role in Xist suppression at the epibast stage.
Up-regulation of pluripotency factors including NANOG in the epiblast cells could also
result in indirect mechanisms, leading to higher REX1 expression, and hence repression of
Rnfi2 expression.

Xist repression in the ICM may be required for reactivation of the X. However,
such a repression is not sufficient, as is illustrated by studies involving NANOG over-
expression in the ICM, which results in repression of Xist at an earlier stage of
development, but does not lead to premature X reactivation [1032]. This is an interesting
finding, because it indicates that up-regulation of Naerog expression, possibly in
conjunction with the down-regulation of XCl-activators, is involved in Xisr shut-down, but
also that at least one additional mechanisim is involved in the reactivation process. The
order of events during this reactivation process need to be further characterized, but we
anticipate that Ruf/2 and its direct and indirect connections to the pluripotency factor
network will be important for this process (Figure 2).

A second wave of Xi reactivation is initiated in developing female germ cells.
PGCs arise in the epiblast around E7.5 and subsequently migrate through the hindgut to
reach the genital ridge at E11.5. In the mouse embryo, XCI is random in the epiblast cells
that give rise to the PGCs, and reactivation of the Xi happens during migration or around
the titne PGCs enter the genital ridge [1053-1055]. Reactivation of the randomly
inactivated Xi in PGCs seems to require a longer time window than resetting of imprinted
XCI in the ICM, which may reflect differences in the composition of the Xi
heterochromatin formed during the randem XCI and imprinted XCl processes. OCT4,
SOX2, NANOG and REX|1 are highly expressed in PGCs and are therefore candidate
factors involved in the direct repression of Xisf in the germ line cells, possibly supported by
a low Jevel of expression of XCl-activators including RNF12 [1056]. Also here, high
expression of pluripotency factors could result in indirect mechanisms leading o a low
level of XCl-activators, which would facilitate reactivation of the X chromosome.

Reactivation of the Xi can also be artificially induced during formation of induced
pluripotent stem {iPS) celis [67], or by fusion of somatic cells with embryonic carcinoma
(EC) cells [1057]. Forced expression of Ocrd, Sox2, Kif4 and c-Mve to generate iPS cells, or
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expression of EC-specific pluripotency genes in hybrid cells, is not sufficient to reactivate
the Xi instantly [67, 1058]. In both cases, reactivation of an X-linked GFP reporter gene on
the Xi happens late during the reprogramming process, most likely because several layers
ot epigenetic silencing mechanisms have to be erased in conjunction with a shut-down of
the Xist promoter. Epiblast stem cells (EpiSCs) are post-XCI pluripotent stem cells isolated
from the epiblast of an E5.5 embryo. Reprogramming of EpiSCs into ES cells by sustained
culture in the presence of LIF, or by forced expression of Klf2, KIf4 and Nr5a, also leads to
reactivation of the Xi [391-392, 1059]. Furthermore, the Xi is reactivated in embryos
obtained through somatic cell nuclear transfer (SCNT) [1060]. In SCNT, a somatic cell
nucleus is reprogrammed by insertion to an enucleated oocyte, which results in the fast, and
complete reprogramming of the somatic nucleus towards a pluripotent state. Extra-
embryonic tissues of cloned female embryos obtained through SCNT retain the Xi that was
also inactive in the donor cell, which suggests that the information required for proper
imprinted XCI may be reminiscent of the epigenetic marks acquired during random XCL
Interestingly, a recent publication has linked aberrant Xist expression to
reprogramming by SCNT [1061]. This process, which can give rise to complete cloned
mammals, is however also highly inefficient, and often results in faulty reprogramming.
Inoue et al. (2010) could show that faulty reprogrammed SCNT mouse embryos, both male
and female, are characterized by aberrant Xist expression, and that genetic ablation of Xist
could increase the efficiency of SCNT-based reprogramming. SCNT and iPS-based
reprogramming could make use of similar mechanisms, which leads to an attractive, but not
vet tested, hypothesis, that hindering Xist expression might also facilitate iPS
reprogramming. It will certainly be interesting to explore the role of RnfI2 in these
reprogramming processes. Since REX1 is an important pluripotency factor, and expression
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of REX1 is a key-event for complete reprogramming, an attractive hypothesis could be that
hindering RNF12 mediated proteasomal degradation of REX1 might facilitate somatic cell
reprogramming. Therefore, down-regulating Rrfl2 during reprogramming might facilitate
more efficient iPS cell derivation and, due to its XClI-activator activity, might also help in
preverting aberrant Xisr expression during this process. RNF12 involvement in regulation
of TGIF-B signalling {1044] could likewise facilitate reprogramming, as inhibition of TGF-8
signalling has been shown to result in more efficient iPS reprogramming in mice [1062].
Whether all these possible functions for Rnf/Z might also help in generating hiP$ cells
which maintain their X chromosomes active more efficiently remains to be determined.

Living with two X chromosomes

The analysis of our Rxf!2 mutant mouse model described in Chapter 8 clearly shows that
Rafl2 has an important role in XCI initiation in vive. Whereas males deficient for Rnfl2 are
readily born, female homozygous knockout animals cculd not be obtained. Also a
maternally transmitted knockout allele is strictly selected against, most likely due to the
continuous requirement of RNF12 during imprinted XCI. Surprisingly, when we analyzed
tissues of adult heterozygous Ruf/ 2% animals, obtained from crosses of Rnfl2 mutant mice
harboring a Cast/Ei X chromosome and wild type females harboring C37BlI/6 X
chromosomes, we observed that XCI skewing ratios based on Xisr and X-linked gene
expression were no longer correlating, implicating that these animals may have a defect in
dosage compensation. Based on our results obtained with ES cells, we expected to find
complete XCI skewing in these animals, rendering the paternal Cast/Ei X chromosome
harboring the Raff2 mutant allele inactive. Hence X-linked gene expression should only be
observed from the maternally derived C57Bl/6 X chromosome. However, as our analysis of
many organs in several animals has shown, we do find variable expression of Xist derived
either from the Cast/Ei or the C57Bl/6 X chromosome. The allelic gene expression of
several X-linked genes was analyzed, which in wild type mice shows a reciprocal pattern
compared to the Xist expression. However, this reciprocal expression of Xist and X-linked
genes normally subject to XCI was not observed in the Rnfl2 mutant mice. This might
indicate that these animals harbor many cells which did net undergo the XCI process
properly.

How can this be explained? To answer this intriguing question, we should take a
look at the hypothetical events happening in these animals during the embryonic stages.
These RnfI2*" female animals will survive the imprinted XCI phase during pre-
implantation development, as the paternally transmitted Rnf72 knockout allele will become
inactivated, rendering the maternally derived wild type copy of RnflZ active. After
reactivation of imprinted XCI in the epiblast, random XCI will cccur. As we have shown
for Rufl2+/- ES cells, in Chapter 2, lacking one copy of RaflZ will result in a lower XCI
initiation rate, with a delayed up-regulation of Xisr expression. When these cells finally up-
regulate Xist, and by a stochastic event choose to inactivate the paternally derived Cast/Ei
chromoseme harboring the Rrfl2 mutant allele, these cells will still have RnfI2 expression
from the maternally derived allele, will maintain Xist expression and will therefore be
properly silenced. However, when these cells choose to inactivate the maternally derived
C37Bl/6 X chromosome harboring the wild type Rnfi2 allele, these cells will most likely
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not be able to maintain robust Xiss expression, as Rufl2 expression is continvously required
for this, as we have shown in Chapter 7. Therefore these cells will, from the moment that
Rnfi2 becomes silenced on the C57Bl/6 X chromosome, stop accumnulating Xist RNA,
which might result in reactivation of the one X chromosome which was still in the process
of becoming completely silenced. After reactivation of Ruf!2 from the C57Bl6 X
chromosome, these cells could in principle undergo a new round of Xiss accumulation,
again at a lower rate, as one copy of Rnfi2 is lacking. When these cells now choose to
inactivate the Cast/Ei X chromosome, they might be on time to establish robust sifencing of
XCl, since their maternal Raf72 copy will still be active. However, as these cells might
alternatively choose to try to inactivate the C57Bl/6 X chromosome again, they might end
up with the same reactivation process described above, since Xisf accumulation will not be
maintained upon silencing of Rif72. Of note, it has been shown that both in vitre as in vivo
Xist accumulation can result in gene silencing only when expressed during a certain time
frame, within 48h of differentiation of ES cells [261, 273]. Therefore, the combination of
delayed XCI kinetics due to the presence of only one RuflZ copy, in combination with
potentially several rounds of unsuccessful attempts to establish XCI, will result in cells
which will accumulate Xisf too late. These cells will be expected to have a failure of XCI,
perhaps only silencing several X-chromosomal genes in a random fashion. As some of
these celis might end up in lineages in which a less strict selection on correct dosage
compensation is applied, the presence of these cells could explain the aberrant gene
expression observed in the adult heterozygous Rafl2 females.

The above hypothetical scenario concerns a highly interesting phenomenon, and
we need to find out if lack of XCI really is compatible with viability, as observed in the
present mouse model. To this end, we are currently applying several approaches. In a first
attempt, we started profiling the complete X-chromesomal allele-specific expression profile
by RNAseq for several organs derived from Rnf/2™ females. This should provide data on
the extent of the failure of XCI in these animals, Using gene-specific probes and RNA-
FISH technology, we will investigate whether cells showing bi-allelic X-linked gene
expression are found during the stages that random XCl is initiated, and in the adult tissues.
Finally, further generation of reporter mice in which expression from both X chromosomes
can be detected in a direct manner will further help in deciphering the phenotype of these
Rnf12”" animals.

When it is confirmed that mice can develop and live with two active X
chromosomes, we will be looking at the next question, how this might at all be compatible
with life? All studies investigating XCI during the last 51 years after Mary Lyon’s
postulation of XCI in fermales [30] have assumed that successful inactivation of one of the
two X chromosomes through XCI is required for a female to live. It is a fact that an inactive
X chromosome is found in all adult women with a 46,XX karyotype who have been
investigated, and the severe phenotype of Turner patients carrying active ring X
chromosomes indicates that a twofold dosage of X-linked genes wili result in a physiology
which i3 doomed to fail. However, what is really the evidence that correct X dosage
compensation is required for all cells, in any of the placental mammals? If we look at the
results obtained for mice mutant for Xisr [93-94], which indicated that a failure of X dosage
compensation is embryonic lethal, these studies showed that a correct dosage compensation
is needed in extra-embryonic tissues. Although the embryonic parts are also affected in Xist
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mutant embryos, this could be a secondary effact, due to a failure of proper nutrition of the
embryo caused by a placental defect, as has also been observed in the analysis of embryos
carrying a wild type X chromosome and a Searle’s translocation X chromosome [1063], A
female embryo with a paternally transmitted mutant Xist allele will die, due to a failure of
imprinted XCI. In contrast, a maternally transmitted Xis¢ knockout allele will result in
living female offspring, but with skewed XCI in all adult tissues, as only the paternal X
chromosome can be inactivated. Evidently, animals with a XZs¢ mutant allele inherited from
both the mother and the father are not viable, which prohibits investigation whether there is
a requirement for X dosage compensation in all adult tissues, so that this remains a very
important open question. A relatively simple experiment can be performed, to test the
requirement for X dosage compensation in embryonic cell lineages, by using Xist/- ES
cells in a tetraploid embryo complementation assay. In such an assay, all extra-embryonic
tissues are formed from the tetraploid donor embryo, and it can be investigated where cells
deficient of X dosage compensation turn up, in which cell lineages and tissues during
subsequent steps of development.

All available Xisz mutant mouse models will have an extra-embryonic phenotype,
which limits the investigation of the effect of loss of Xist on the embryonic parts of the
embryo. In this regard, our Rrf72 mutant mouse model could be a unique tool for further
investigations. Raf12"" female mice will survive the imprinted XCI stages when the mutant
Rufl2 aliele is inherited from the father, so that these animals allow, for the first time, a
functional dissection of the effects on dysregulation of either imprinted XCI in the pre-
implantation embryo or random XCI in the epiblast. Therefore, we can now address key
questions regarding the life-long need for dosage compensation. Interestingly, when we
take a look at our Rnf/2-/- ES cells, these celis differentiate normally despite the presence
of two active X chromosomes. This indicates that at least in certain cell lineages, a two-fold
dosage of X-linked genes is tolerated. Maybe a strict dosage compensation is required in
particular in extra-embryonic tissues. To a certain extent, two active X chromosomes are
tolerated also in human iFS cells, as shown in Chapter 9. Until now, no clear disease
phenotype is observed in Rafl2" females. Therefore, it is possible that living with ceils
with two active X chromosemes is compatible with life, at least in mice, although we nead
to find out if this congerns many ¢ells in many tissues, If this might be true for humans, it
certainly promises to have impertant clinical implications. As discussed in Chapter 1, many
X-linked genes cause disease in humans. In some X-linked diseases affecting females, often
a single mutant allele is sufficient to cause severe disease, despite the presence of a
mosaicism with cells expressing a wild type allele. If in such diseases a reactivation of the
inactive X chromosome harboring a wild type allele in affected cells could be achieved, this
would open new ways to therapies. In line with this, it has been shown that reactivation of a
silent Mecp2 allele in adult mice, for example, can alleviate the symptoms of Rett
syndrome [1064-1065], and similar observations have been made in case of fragile X
syndreme [1066]. Therefore, now that many questions regarding the initiation of XCI in
mice may have reached an advanced stage of mechanistic explanation, a new important

area of research will try to answer the question whether it is feasible to live with two active
X chromosomes.
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