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In het begin schiep God de hemel en de aarde.
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Scope of this thesis

In this thesis | describe the work that | have executed to study functions of the transcription
factors Sp3 and Sp4. Previous experiments on these factors have shown that Sp3 is absolutely

essential for normal embryogenesis and that Sp4 is required for post-natal functioning and

survival, including sexual behaviour. However, their exact biological roles, and how they fulfil

them, remain a mystery. The experiments described in this thesis were designed to come

closer to the answers of these questions.

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

To place the transcription factors Sp3 and Sp4 in the biological framework of
transcription, the first chapter introduces the Sp/XKLF family and in particular the
Sp subfamily, and describes the role of transcription factors in the regulation of
eukaryotic gene transcription in general, as well as in hematopoiesis and cardiac
development.

Sp3 has been functionally associated with the hematopoietic system. This
chapter describes our study that was undertaken to charaterize the role that Sp3
fulfils in the hematopoietic system. This study was performed by an analysis of
fetal and adult hematopoiesis in Sp3-deficient mice.

The defect that causes the perinatal death of the Sp3“ mice remains unknown.
As preliminary observations gave a hint that cardiac dysfunction might bring
about their perinatal death, we undertook morphological and molecular analysis
of Sp3” fetal hearts.

To understand the role of Sp3 in embryogenesis and survival, target genes of Sp3
have to be identified. To identify such genes, we studied and compared the gene
expression profiles of fetal Sp3** and Sp3” hearts by microarray experiments.

To understand the role of Sp4 in sexual maturation, the impaired sexual behaviour
of Sp4-deficient males and females was studied in detail by behavioural- and
molecular studies.

Many pieces remain in the puzzle of the biological functions of Sp3 and Sp4.
This chapter is a concluding remark on the Sp3 and Sp4 data presented here,
and gives an outlook on new experiments that may contribute to elucidate further
aspects of the biological roles of Sp3 and Sp4.
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Transcription is regulated by transcription factors

Eukaryotic genomes typically contain thousands of genes harbouring information for the
proteins that regulate cellular processes. To utilize the encrypted genetic information, genes
have to be transcribed into messenger RNA (mRNA), which thereupon is translated into
proteins. Transcription of genes into mMRNA is highly regulated in time and space to ensure
that produced proteins can fulfil their biological role in the development or maintenance of
cells and body at the right place and at the right time. In eukaryotes, the transcription of
genes into MRNA is performed by the RNA polymerase Il (RNApll) enzyme. The two other
eukaryotic polymerases, RNApl and RNAplIl, transcribe ribosomal RNA (rRNA) and transfer
RNA (tRNA), respectively.'

The activity of RNApll is regulated by a large protein complex of general transcription
factors (GTF), e.g. transcription factor 1IB (TFIIB) and TFIID.? A representative example of
regulation of RNApll during initiation and prolongation of transcription is the interaction of
RNAplI to promoters containing a TATA-box, an AT-rich sequence located 25-30 bp upstream
the transcriptional initiation site. The RNAplI is recruited to the TATA-box containing promoter
by an association between RNApll and the multi-subunit complex TFIID. A subunit of the
TFIID complex, the TATA-box binding protein (TBP), facilitates final binding of the entire
protein complex, which includes RNAplI, to the TATA-box. Other well known TFIID subunits
are the TBP-associated factors (TAFs).3#

However, the basal transcriptional machinery alone is not sufficient to initiate or to direct
transcription efficiently. Discovery of sequence-specific DNA-binding proteins or transcription
factors revealed that RNApll transcription is directed by cis control elements present in
proximal promoter and distal enhancer regions in the genome. Via binding to the cis control
elements and via subsequent recruiting of cofactors (corepressors or coactivators) these
factors direct the activity of basal transcription machinery and thereby contribute to correct
transcription of a gene (review see references >¢). Specificity of expression of each individual
gene is accomplished by complex arrays of various transcription factor target sequences in
the cis control elements of the gene.’

DNA in the cell is packaged into chromatin. One of the tasks of transcription factors is to
recruit chromatin modifiers to the DNA to modify the condensation grade of chromatin. The
first packaging level of chromatin is the wrapping of 146 bp DNA twice around an octamer
of histone proteins, composed of two copies of the H2A, H2B, H3, and H4 histones.®"°
The abovementioned transcription machinery does not have the intrinsic capacity to bind
to compacted DNA efficiently.” However, some transcription factors can bind their target
sequence on packaged DNA and recruit chromatin modifiers to the DNA template to alter
the packing grade of the DNA. This modification changes the accessibility of the transcription
machinery to the DNA. In this way, these transcription factors contribute to activation or
repression of gene expression. One group of chromatin modifiers affects covalent histone
modifications (including methylation, acetylation, ubiquitination, and phosphorylation). Another
group changes the location and conformation of nucleosomes on the DNA template.5'24
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This brief overview highlights how important sequence specific transcription factors are in
directing gene expression. Today, a large number of transcription factors have been identified
and mostofthem have beengroupedinto families based on similar structural features. One family
of transcription factors is the Sp/XKLF (specificity protein/x Krtuppel-like factor) family.'®

The Sp/XKLf family of transcription factors

Introduction to the Sp/XKLF family

Members of the Sp/XKLF family of transcription factors share three conserved Kriippel-like
Cys,Hys, zinc-fingers in their C-terminus.™ This Krippel-like zinc-finger was first identified in
the Drosophila melanogaster segmentation Krippel (Kr) gene.’ In the late eighties, it was
demonstrated that human Sp1, the founder member of the Sp/XKLF family, contains three of
these Kruppel-like zinc-fingers.'” By ongoing research, more factors with three Krippel-like
zinc-fingers were identified in vertebrates. Today, the family contains nine Sp factors (Sp1-Sp9)
and 16 KLF factors.'®'®

The three Kruppel-like zinc-fingers of the Sp/XKLF factors form the DNA-binding domain,
which specifically recognizes the GC- (GGGGCGGGG) and GT- (GGTGTGGGG) boxes.?0-23
The boxes are important cis-acting elements in transcriptional activation of housekeeping-,
tissue-specific-, cell cycle-, and viral genes as well as for maintenance of the methylation-free
status of CpG- islands. This latter feature has been shown for the adenine phosphoribosyl
transferase (Aprt) gene.?*2

The 81 amino acids forming the Kruppel-like zinc-finger of the Sp/XKLF factors are
strikingly conserved between all Sp/XKLF factors, including length and amino acid sequence
of the spacers between the fingers (see for example Figure 1). This suggests that the entire
81 amino acid stretch is essential for proper functioning of these zinc-finger proteins. From
each zinc-finger, three amino acids are thought to contribute to the DNA binding specificity of
the Sp/XKLF factors (Figure 1).262” These amino acids are KHA within the first (KLA for Sp2,
KHS for Kkl16 and 17), RER within the second, and RHK within the third zinc-finger (RHL
for KIf1-8 and KIf12) (Figure 1)." The conservation of these critical amino acids between the
family members implies that all Sp/XKLF factors recognize the same DNA motifs. However,
their affinity for these DNA motifs might differ due to few amino acid alterations in the DNA
interacting amino acids or due to amino acid alteration in other parts of the zinc-finger domain
that alter the three dimensional conformation of the zinc-fingers.

Sp factors, a subfamily of the Sp/XKLF family

The Sp/XKLF family falls, as the family name already indicates, into two subfamilies: the
Sp and the XKLF subfamily.’ This subdivision within the family is primarily based on common
structures that are shared by the Sp factors, and on the unique and remarkable way the
Sp genes are localized in the genome. As this thesis discusses the experimental work that

14



has been performed on the elucidation of the biological function of two Sp factors, namely
Sp3 and Sp4, the focus of this overview will be on the Sp subfamily. The overview on the
Sp factors commences with a discussion on the common structures and on their chromosomal
arrangement in the genome. Next, the transcriptional potential of each Sp factor in relation to
their protein composition will be discussed. The overview will continue with a description how
post-translational modification modifies their transcriptional potential. Lastly, this overview on
the subfamily of Sp factors will outline the functions that the Sp factors execute in vivo.

Sp factors

The founder of this subfamily, Sp1, was discovered as the transcription factor that binds
to and activates transcription from multiple GC-boxes in the Simian virus 40 (SV40) early
promoter.2% |nitially the letters Sp stood for sephacryl- and phosphocellulose, the column
used to isolate and purify the Sp1 protein.”” Nowadays they stand for specificity protein.'®
The initial belief was that Sp1 was the only transcription factor that binds to and acts from all
the GC- and GT-boxes. However, subsequent discovery of the closely related Sp2, Sp3, and
Sp4 proteins ruled out that belief.2%3° Recently, another five additional Sp factors have been
discovered, namely: Sp5;*' Sp6 (KIf14 or epiprofin);3? Sp7 (osterix),** Sp8 (mouse Buttonhead
or mBtd),* and Sp9."°

The nine Sp factors share, apart from the zinc-finger domain, several other structural
elements. They share the Buttonhead-box (Btd-box) and, with the exception of Sp6, and the

finger 1 finger 2 finger 3
Sp1 QHT] JCGRIGKVYGKTSHLRARL RWHTGERPFMBTWS YRGKREF TIRS DELORBKRTRT GEKKFARP FPKRFMRS DHLS KB K'T]
Sp2 K-V -~ TF R---L--—8V-L| VEN-FF --f--D-R-g o-——-F--=- T- i
Sp3 == N-1 -V
Sp4 -
Sp5 ==V
Sp6 (KLF14, epiprofin) L =
Sp7 (osterix) I- G
Sp8 (mBtd) L-
Sp9 L-
KLF1 (EKLF) A- n
KLF2 (LKLF) -
KLF3 (BKLF) - o
KLF4 (GKLF) - g
KLF5 (IKLF, BTEB2)  1- -
KLF6 (ZF9) V-R L
KLF7 (UKLF) v-rilo T
KLF8 (ZNF741) -0 b
KLF9 (BTEB3) R- o
KLF10 (TIEG1) 5--] L
KLF11 (TIEG2) NY
KLF12 (AP2REP) I-H i
KLF13 (BTEB3) K- I
KLF15 (KKLF) M- =
KLF16 (BTEB4) 5-R 8- callp-k-2f-——- 1 r-sB-1l A
KLF17 (BTEBS) rR-Q) T-A-Y 2 | _r-sf-1] b

Figure 1. Protein sequence alignment of the 81 amino acid residues forming the Kriippel-like
zinc-finger region of the mammalian Sp/XKLF family members

Bars at top highlight the three zinc-fingers of the Sp/Kriippel like factors. The cysteine and
histidine residues positioning the Zn-ion in the finger are highlighted in dark grey. In light grey: the
amino acids that are thought to contribute to DNA binding specificity of each factor. The amino
residues of the fingers that are thought to interact with the DNA bases are boxed. Abbreviations:
kif: Kriippel like factor; mBtd: mouse Buttonhead; EKLF: erythroid klIf; LKLF: lung kif; BKLF: basic Kif;
IKLF: intestine enriched klf; UKLF: ubiquitous kif; KKLF: kidney kif; BTEB: basic transcription element
binding protein; ZF9: zinc-finger protein 9; ZNF714: zinc-finger protein 741; TIEG: tgf B inducible early
growth response protein; AP2REP: activating protein 2 repressor. Depicted are the human sequences,
except for Sp9, which is from mouse sequence.
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Sp-box (Figure 2). The Btd-box is an eleven amino acid stretch located almost immediately
N-terminal to the zinc-finger domain, and was first identified in the Drosophila Sp1 homologue
Buttonhead (Btd).3' The Btd-box may be a regulator of transcription activity of the Sp factors,
as deletion of domain C in Sp1 (Figure 2) with the Btd-box results in a reduction of in vitro
Sp1-mediated transcription.® In addition, the box may play a role in synergistic activation, as
domain Cin Sp1 and Sp3 (Figure 2) enhance synergistic activation of sterol regulatory element
binding proteins (Srebp) at promoters with a single Srebp binding site.**%” However, it is also
possible that regulatory characteristics that have been suggested to be a result of the Btd-box
are a result of other amino acid stretches within the C-domain. The other domain shared by
the Sp factors, the Sp-box is an amino acid sequence SPLALLAATCSR/KI that is present in
the N-terminus of the Sp factors (Figure 2).3' Presence of an endoproteolytic cleavage site in
this amino acid stretch suggests that the Sp-box may have a role in regulation of proteolytic
cleavage. This idea is emphasized, as the Sp-box in Sp1 partially overlaps with a 54 amino
acid sequence that targets Sp1 for proteasome-dependent degradation in vitro."®® A second

A B C D
A4
Sp1 N{IDI[ | ] -I [l Fc 785
v
Sp2 NLIT -El Wl C 606
v
Sp3 N{ [ ] ] -I Wl Fc 781
v v
Sp4 N -I- ] L [ THNEN tc 784
Sp5 N{T  NWNNtC 396
Spé N TNNN }cC 376
A\A4
Sp7 N{[I:[l]];ﬂ-c 431
\A4
Sp8 N[ FINEE (c 508
Sp9 N {_-]]:I- C 484

[] Sp-box [ S/T-rich region [l Q-rich region highly charged region
I Btd-box || zincfinger []P-rich region va potential PEST sequence

Figure 2. Structural domains of the nine Sp factors

The Sp factors share a number of structural domains in their protein composition. Displayed are the
Sp- and Btd-boxes, glutamine-rich, serine/threonine-rich, proline-rich regions, zinc-fingers regions,
activations domains (AD), and inhibitory domains (ID). A highly charged region precedes the zinc-finger
region of Sp1, Sp2, Sp3, and Sp4. Arrows point at the location of potential PEST domains. Bars at the
top indicate the location of the A, B, C, and D domains, initially defined as the regions that contribute to
the transcriptional properties of Sp1. These domains have also been assigned to Sp2, Sp3, and Sp4.
The protein size in number of amino acids is indicated on the right. If more isoforms are known, size and
structural composition of longest isoform is given. Depicted are the compositions of the human protein
sequences, except for Sp9, which is from mouse.
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function of the Sp-box might lay in control of the transactivation potential via interactions with
a putative repressor.®® Although the functions of both boxes are still poorly understood, their
absence in the XKLF subfamily separates the Sp factors from the XKLF factors and proposes
them as a subfamily within the Sp/XKLF family, with specific biological functions. An additional
shared structural composition by the Sp factors is the PEST (proline, glutamine, serine, and
threonine-enriched sequences) domain. Many Sp proteins, but not all, have PEST domains
at varying positions (Figure 2, indicated by arrows). Proteins containing a PEST domain can
undergo inducible degradation by the 26s proteasome, while they are not ubiquitinated.*°

Sp1-4 factors form an additional subclass within the Sp subfamily. This subclass is based
on similar structural domains. The most striking similarities between these four Sp factors are
their glutamine-rich transactivation domain and serine/threonine-rich regions. Sp1, Sp3, and
Sp4 have two of these glutamine-rich transactivation domains (domains Aand B), accompanied
by two serine/threonine-rich stretches at the N-terminal site of both domains (Figure 2)."®
In contrast, Sp2 has only one glutamine-rich transactivation domain with a similarly located
serine/threonine-rich domain (Figure 2). All Sp1-4 factors share an additional highly charged
C domain, located N-terminal to the zinc-finger region (Figure 2).15%

The nine Sp factors have an unique localization pattern in the human genome. They are all
located near a Hox gene cluster, suggesting an expression window similar to the Hox genes,
due to sharing of chromatin configuration. Sp7 and Sp7 (osterix) co-localize near Hox C on
12913.13,4 %2 Sp2 and Sp6 (KIf14) near Hox B on 17912.31/32,3°43 Sp3, Sp5 and Sp9 near
Hox D on 2g31.1,3'44 and Sp4 and Sp8 (mBtd) near Hox A on 7g21.2.1845

Sp factors and their role in transcription

The domains and structures that are shared by the Sp factors are similar, but they are not
completely conserved between the eight Sp factors. Furthermore, several Sp factors contain
domains that are not present in all of the other Sp factors. All these differences contribute
to the unique transcriptional potential of each Sp factor. In this section the focus is on the
transcriptional potential of the Sp factors in relation to their domains and boxes, if data is
present.

Sp1

Transcription factor Sp1 has strong transcription activation potential that is achieved by a
set of structural domains.®® One of these structures are the zinc-finger domains recognizing
GC- and GT-boxes,? but also the two glutamine-rich domains (domains A and B) have
intrinsic strong transactivation potential and they contribute to the strong transcriptional
activation properties of Sp1.4¢ Both two glutamine-rich domains are in addition to this essential
for superactivation of Sp1-mediated transcription. Superactivation is achieved by interaction
of a non-DNA-binding version of Sp1 (the super-activator) with a DNA-binding version of
Sp1, resulting in an enhancement of transcriptional activation.*¢4” Although domains A en B
are rich in glutamine residues (Figure 2), it is their hydrophobic amino acid residues present
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Figure 3. Phylogenetic tree of the Sp transcription
factors

For the generation of a phylogenetic tree, the 81
amino acids forming the DNA binding domains
of the Sp factors were first aligned with the
CLUSTAL W Multiple Sequence Alignment Program
(version 1.83).'% This alignment was subsequently
represented in a phylogenetic tree with the Treeview
software (version 1.6.6).'%°

Sp2

Sp6

Sp7
0.1

in the domains that are essential for the activation properties of domains A and B.*® The
C domain (Figure 2), located N-terminal to the zinc-fingers also has transactivation potential,
but it is weak when compared to domains A and B.“¢ The most C-terminally located domain of
Sp1, domain D (Figure 2), is also involved in the Sp1-Sp1 interaction and thereby facilitates
synergistic activation by Sp1 of promoters with adjacent Sp-binding sites. In addition to the
Sp1-Sp1 interaction, the D domain is also involved in other protein-protein interactions.*®
Finally, an inhibitory domain has been mapped to the N-terminus of Sp1 (Figure 2),% but the
regulation of this domain has not been fully characterized yet. Via these structures Sp1 can
stimulate transcription from proximal promoters and distal enhancer regions. The Sp1 protein
is also able to bring an enhancer region into close proximity of the promoter in an in vitro
setting. This is achieved by formation of Sp1-tetramers on the proximal promoter as well as the
distal enhancer. By subsequent multimerization of these tetramers, the enhancer is brought
into close proximity of a promoter4°-5! and it is thought that this may promote gene activation.
However, Sp1 can also act as a strong transcriptional activator, it has been reported to inhibit
Sp3-mediated transactivation of the mouse growth hormone promoter.5?

An alternative splicing form of the mouse Sp1 lacks domain A and the serine/threonine-rich
region of domain B, resulting in a protein with less transcriptional activation potential than full
length Sp1 has at similar promoters. Furthermore, this short isoform is inactive at promoters
with a single Sp-binding site, but active at promoters with multiple Sp-binding sites. To date,
the role of the short Sp1 isoform in transcription mediation has not been elucidated, but it is
likely that the short isoform has a specific function in developmental or cellular processes.

Sp2

The Sp2 protein has been identified as a transcription factor that binds weakly to the
GT-box in the T-cell antigen receptor a (TCRa) promoter. In contrast to Sp1, Sp2 does not bind
to the classical GC-and GT-box sequences, but it binds to a variant of this sequence, namely
the 5-GGGCGGGAC-3’ sequence.®** The different binding affinity of Sp2 can be deduced
from the relatively large differences in the zinc-finger region of the Sp2 when compared to the
corresponding region of the Sp1 protein (Figure 3). The amino acid substitution of a histidine
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to a leucine residue in the first zinc-finger of Sp2 is thought to be one of the main differences
between the zinc-finger regions of Sp1 and Sp2 that contributes to different binding affinity
of the Sp2 protein (Figure 1). In addition to that, Sp2 has a domain at the N-terminal side of
the zinc-fingers that was found to regulate the binding capacity of Sp2 to DNA in mammalian
cells.>

Presence of a N-terminally located glutamine-rich domain postulates Sp2 as a
transcriptional activator. However, the transcriptional properties of Sp2 are likely to differ
from those of Sp1, Sp3, and Sp4, because it has only one glutamine-rich domain (potentially
involved in superactivation) and no D domain (potentially involved in synergistic activation)
(Figure 2).%° This appears to be confirmed by recent experiments showing that Sp2 acts as a
weak transcriptional activator.’*

Sp3

Sp3 is a complicated protein in terms of biological appearance and function. First of all,
four isoforms of Sp3 exist. Two of them are large proteins, which migrate as a 110 kD complex
(781 en 769 amino acids).3*%® The other two isoforms are smaller in size, with an approximate
size of 70 kD (496 and 479 amino acids).®>%” All isoforms are translated from four in frame
AUG-codons®® and differ only in the composition of their N-terminus.

The Sp3 proteins share a high degree of structural similarity with Sp1. They have similar
zinc-finger domains (Figure 1 and 3), recognizing the GC- and GT-boxes with the same affinity
and they have similar N-terminal located glutamine- and serine/threonine-rich domains.2%%
These glutamine and serine/threonine-rich domains (domains A and B) of Sp3 (Figure 2) have
an equivalent transacivation potential equal to that of Sp1.585° However, the two small isoforms
lack the most N-terminal located glutamine and serine/threonine-rich domain (domain A), as
they are translated form a more downstream AUG codon.

An inhibitory domain is located between the second glutamine-rich domain and the first
zinc-finger (Figure 2). This inhibitory domain can turn Sp3 into an inactive transcription factor
despite the presence of its N-terminal transactivation domains. The activity of this inhibitory
domain is regulated by post-translational modifications. The amino acid sequence IKEE
within the inhibitory domain, and especially the lysine residue, is absolutely necessary for
this post-translational modification.58-62 The possible post-translational modifications of this
inhibitory domain and their effects on the transcriptional activity of Sp3 will be discussed later
in this chapter.

In terms of transcriptional mediator Sp3 can act as an activator similar to Sp1.%¢¢ However,
Sp3 can also act as a very weak activator or even as a transcriptionally inactive protein.57-¢°
To understand these at first sight contradictory results, they have to be placed into the context
of each individual experiment. In particular, the experiments performed on the transcriptional
potential of Sp3 have been carried out with a variety of promoter constructs and in several
different cell lines, including Drosophila Schneider cells and mammalian cell lines. Thus, the
variable results of these experiments suggest that the transcriptional activity of Sp3 is at least
dependent on promoter composition as well as cellular context (reviewed in reference %). For
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example, promoters with a single Sp-binding site are activated by Sp3, whereas promoters
with multiple adjacent Sp-binding sites are often not or only weakly activated by Sp3.5%87° This
is caused by efficient competition of Sp3 with Sp1 for binding to promoters containing multiple
Sp-binding sites, thus removing the strong transcriptional activator Sp1, resulting in a reduced
promoter activity.%5°70-72 |n addition to its transcriptional activity depending on promoter- and
cellular context, Sp3 may also dependent on the distribution of the four isoforms of Sp3. For
instance, the long isoforms can activate transcription from the SV40 promoter, whereas the
shorter isoforms cannot.®* However, these long isoforms can also act as weak or inactive
proteins, similar to the shorter isoforms.%557073

These data demonstrate that the functional differences between the isoforms cannot solely
be explained by the presence or absence of the activation domain A. It is most likely that the
structure of the isoforms affects the recruiting of proteins to chromatin, whereas the inhibitory
domain regulates the transcriptional potential of the isoforms. The inhibitory domain in turn is
regulated by post-translational modifications, which are dependent on the cellular context.

Sp4

The zinc-fingers of the Sp4 protein recognize the GC- and GT-boxes with the same affinity
as Sp1 and Sp3.2%% The Sp4 protein is also a transcriptional activator due to the presence
of two glutamine-rich domains A and B, that are homologous to the glutamine-rich domains
of Sp1 (Figure 2). The ability of superactivation of Sp4-mediated transcription by a fingerless
Sp1 mutant shows that the glutamine-rich domains of Sp4 are functionally highly related to
those of Sp1. However, the function of the D domain of Sp4 (Figure 2) diverges from the
function of the Sp1 D domain, as Sp4 is not able to act synergistically via adjacent Sp-binding
sites.” In addition, the transcriptional activity of Sp4 can be repressed by the Sp3 protein.®7#

Sp5

The zinc-finger domain of Sp5 is highly homologous to the corresponding region in Sp1
(Figure 3), especially for amino acids that are thought to interact with the DNA (Figure 1). This
results in a similar affinity of Sp5 for the GC-box as Sp1.%

Sp6

The Sp6 sequence reveals that the protein lacks the Sp-box and that its N-terminal region,
like in Sp5 and Sp7, is rich in proline residues (Figure 2). However, biochemical characteristics
of Sp6 have not been studied yet.*?

Sp7

The DNA-binding domain of Sp7 (Figure 2) binds to the GC-box and other functional
G/C-rich sequences. The 27-270 and the smaller proline/serine-rich 27-192 amino acids
segments of Sp7 have the ability to act as strong mediators of transcription when fused to a
Gal4 binding domain, indicating that Sp7 contains a strong transcriptional activation domain.*
Two Sp7 isoforms exist in man, created by alternative splicing of the first two exons, and both
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are abundantly expressed. As an activation domain is located at the N-terminus of Sp7, the
two isoforms may have different transcriptional activation potential.*?

Sp8

The abundant presence of serine/threonine amino acids in the region upstream the
zinc-finger domain set Sp8 apart from the Sp1-7 factors, and postulate Sp8 as a transcription
factor that has unique transcriptional potential within the Sp subclass (Figure 2). Regrettably,
no transcriptional studies on Sp8 have been reported yet.

Sp9

The Sp9 protein is highly homologous to Sp8 in terms of amino acid composition.
Their homology includes the zinc-finger regions (Figure 1 and 3) as well as in the
serine/threonine-rich region upstream of the three zinc-fingers (Figure 2)."° Its biochemical
properties, or transcriptional potential have not been reported yet.

Post-translational modifications regulate the activity of Sp factors

Post-translational modifications modulate the biochemical properties of proteins, altering
their biological activity. Several Sp factors are modified by one or more post-translational
modifications such as glycosylation, phosphorylation, acetylation and SUMOylation. An
overview on the known post-translation modifications of the Sp factors will be given.

Glycosylation

Glycosylation modifies serine or threonine residues on cytosolic and nuclear proteins
by the O-linked monosaccharide B-N-acetylglucosamine (O-GIcNAc).”>"® Glycosylation
affects protein-protein interactions,””%° protein stability,®"%2 and subcellular localization.®!
Of the Sp family, Sp1 is known to be glycosylated.?**® Sp1 is predominatnly glycosylated
via serines and threonine residues located N-terminally in the protein.”®® Glycosylation of
the glutamine-rich B domain of Sp1 abolishes the interaction of Sp1 with the Drosophila
TATA-box binding protein-associated factor Il 110 (TAF11110). This suggests that glycosylation
prevents unauthorized hydrophobic interactions of Sp1 with other proteins,® thereby inhibiting
Sp1-mediated transcription. This suggestion is confirmed by the observation that Sp1-mediated
transcription is inhibited through overexpression of O-GIcNAc transferase. Glycosylation can
also increase the stability of Sp1 for proteasome-dependent degradation.®® This makes Sp1
sensitive to starvation, as glucose starvation combined with adenylate cyclase stimulation leads
to hypoglycosylated Sp1 and subsequently increased proteasome-dependent degradation.®?

Collectively, these data suggest that glycosylation regulates the activity of Sp1 by abolishing
unauthorized protein-protein interactions and blocking proteasome-dependent degradation of
Sp1. Despite the high degree of homology of Sp3 to Sp1, Sp3 is not found to be glycosylated in
vivo. This finding further underlines the conviction that Sp3 is not just a second Sp1 protein.5®
There are no reports on the glycosylation of other Sp factors.
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Phosphorylation

Of the Sp subfamily, Sp1 is known to be phosphorylated by a number of kinases at several
amino acid residues. The first identified Sp1 kinase is the DNA-dependent protein kinase
(DNA-PK) that targets serine residues in the N-terminus of Sp1 and needs DNA-bound Sp1 for
efficient Sp1 phosphorylation. This phosphorylation does not affect the DNA-binding capacity
of Sp1 or its transcriptional potential. Whether this DNA-PK phosphorylation has other effect
on Sp1 is unknown.®8” Phosphorylation of Sp1 by cAMP (cyclic adenosine mono phosphate)
dependent protein kinase A (PkA) increases its DNA-binding affinity and causes a subsequent
transcriptional stimulation of Sp1-dependent promoters.® Phosphorylation of Sp1 by protein
kinase C y (Pkcy) has a similar positive effect on Sp1-mediated transcription.® For example,
Pkcy dependent phosphorylation of Sp1 boosts Sp1-mediated expression of several growth
factors, such as platelet derived growth factor B chain (Pdgff) in smooth muscle cells,* and
vascular endothelial growth factor (Vegf) in renal carcinomal cells.?°

Other publications on Sp1 phosphorylation have reported that phosphorylation of Sp1 can
reduce the DNA-binding affinity of Sp1, for example in differentiating liver cells®' or by casein
kinase Il dependent phosphorylation of a threonine residue in the Sp1 zinc-finger,*>* with
subsequent reduction in Sp1-mediated transcription.

Phosphorylation of Sp1 has also been linked to degradation. Stimulation of GH, cells
with epidermal growth factor (Egf) increases Sp1 phosphorylation, resulting in an increased
turnover of Sp1 by cysteine proteases.®

Reports on phosphorylation of other Sp factors are limited. For Sp3 it has been shown that
dephosphorylation, induced by valproic acid, enhances Sp3 binding to DNA probes.*® Since a
number of potential domains for phosphorylation are found in other Sp factors, it is likely that
these factors are also targets of this post-translation modification.

Acetylation

As has been mentioned earlier, the activity of the inhibitory domain of Sp3 depends
on post-translational modifications. One of these post-translational modifications is acetylation.
This domain is acetylated in vivo, and it likely that this modification can contributes to the
regulation of the transcriptional activity of Sp3. However, the effect of acetylation of the
inhibitory domain has not been elucidated.®?

Recent data from transforming growth factor B receptor Il (TgffRIl) promoter analysis
suggest that acetylated Sp3 acts a transcriptional activator. Ammanamanchi and co-workers
showed that non-acetylated Sp3 represses the TgfRIl promoter region in MCF-7L cells,
whereas acetylation of Sp3 by histone deacetylase inhibitor trichostatin A (TSA) treatment,
activates this promoter.®® However, as they did not map the amino acids responsible for this
acetylation, it is impossible to compare their data with those of Braun et al., 2001.5?
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SUMOylation of Sp3

The inhibitory domain of Sp3 can undergo a second post-translational modification:
SUMOylation. This modification provides another potential mechanism for regulation of the
inhibitory domain as well as the activity of Sp3.5°¢" SUMO-proteins are small ubiquitin-like
proteins that can be covalently bound to a lysine residue (for review see 7). Mutational
analyses of the inhibitory domain of Sp3 identified the IKXE amino acid sequence as essential
for the SUMOylation of Sp3.5° Sp3 is in vitro and in vivo SUMOQylated by SUMO1 as well as
by SUMO2 and this process is mediated by the E3 ligase Pias1 (protein inhibitor of activated
Stat1 (signal transducer and activator of transcription 1). SUMOylation of Sp3 silences its
activity completely, whereas a Sp3 mutant that cannot be SUMOylated acts as a strong
transcriptional activator.®® In addition, Sp3 is also converted into a strong transcriptional
activator in a co-transfection experiment of Sp3 and SUMO1 protease (SuPr1).%" Silencing
of Sp3 upon SUMOylation is not the result of reduced DNA-binding capacity of SUMOylated
Sp3, since SUMOylated Sp3 still binds to DNA with normal affinity.®° Which biological process
lies behind silencing upon SUMOylation is not understood yet. Sp3 is SUMOylated through
the same lysine residue that can be acetylated.®? The effect of acetylation on the active of Sp3
is still unknown. A possibly function of acetylation is to block SUMOylation of Sp3, thereby
keeping Sp3 as a transcriptional activator.

The in vivo function of the Sp factors

The Sp factors share structural domains, including the DNA-binding domain. Despite the
similarities in composition, they all have distinct unique biological functions. Unique structural
domains and their own expression patterns bring this about. The knowledge on their unique
functions comes from studies on the mouse knockouts of the Sp factors. This section will focus
on the expression patterns of the Sp factors and on the available knockout phenotypes.

Sp1

Sp1 is ubiquitously expressed® and has been assigned to mediate transcription
of a large number of genes in many cellular contexts. It has also been implicated in
maintenance of methylation-free DNA-islands,?*?5 cell cycle regulation,’®%-1" and chromatin
remodeling.'°2'%* Despite that Sp1 might mediate in many basic processes, Sp7-deficient
embryonic stem (ES) cells are viable and grow normally. In addition, Sp7” ES cells can
differentiate in vitro into embryoid bodies.'% However, Sp7-deficient cells cannot survive in the
context of developing embryo, since Sp71” embryos are severely growth retarded compared
to wild-type littermates, and die around embryonic day 11 (E11) showing a wide range of
abnormalities. Some of these null embryos are nothing more than an undifferentiated mass
of cells, while the most advanced embryos develop structures of the heart, limb bud, somites,
erythroid cells, and extra-embryonic tissues.'® The null phenotype indicates that Sp1 is not
essential for a particular cell lineage, but for general cellular processes. Injection of
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Sp17 ES cells into wild-type blastocysts revealed that the Sp7-deficient knockout phenotype
is cell-autonomous. Sp7” ES cells give a high contribution to every tissue of early chimeric
embryos, but the number of Sp7~ cells contributing to the embryos rapidly declines after E11,
and Sp7” cells are not detected in any tissue of newborn animals.'%

Sp2

The Sp2 mRNA distribution pattern is supposed to be widely, as several cell lines as well
as the rat brain express Sp2.3%1% Recently, we have generated a Sp2 knockout mouse and
we are currently investigating the physiology of these knockout mice.

Sp3

Despite ubiquitous expression of Sp3, the Sp3-null mutant embryos contain all the
normal structural elements, such as organs and axial elements. However the null embryos
are severely growth retarded compared to wild-type littermates and succumb, shortly after
birth. Sp3-null mutant mice in a mixed genetic background of C57BI/6 and 129/Ola fail to
breathe and die within a few minutes after natural delivery or Caesarian section. As they fail
to breathe, their lung tissue was examined histologically. Sp3” lung tissue has smaller alveoli
and thicker alveolar septa. The abundance of surfactant proteins A-D and other lung-specific
proteins, including thyroid transcription factor 1 (Ttf1) and lung kIf (LkIf/KIf2), are normal
in Sp3” lung tissue. The expression of uteroglobin/clara cell secretory protein (Ug/Ccsp)
was two-fold decreased in Sp3” lungs,'®” but Ug/Ccsp” mice do not suffer from respiratory
failure.’®® Thus that lung malformations are not the predominant cause of the perinatal death
of the Sp3” embryos.

Another structure affected in Sp3” mice is the teeth. The dentin/enamel layer, the
layer between the odontoblasts and ameloblasts, has an abnormal morphology in E18.5
Sp3-null embryos. This abnormality is reflected by absence of amelogenin and ameloblastin,
two ameloblast-specific proteins, in Sp3” mice.'” In addition, bone formation is impaired in the
Sp3” mutant. In all parts of the Sp3” embryos several ossification centers were absent and
the expression level of osteocalcin, an osteoblast-specific transcript, is dramatically reduced
in Sp3-deficient embryos. The reduction in osteocalcin expression indicates that differentiation
of preosteoblasts into osteoblasts in Sp3” mice is delayed or even impaired.'®

Arecently undertaken detailed investigation of the hematopoietic system of Sp3”- embryos
revealed that this factor also plays a role in development of this system. The results of this
investigation are described in Chapter 2.

Examination of development of the lung as well as the hematopoietic system did not
provide an answer to the question what causes the early mortality of Sp3-null mice. We
observed a high mortality rate of Sp3” fetuses in the C57BI/6 background before E18.5,
with an increased mortality rate already observed at E16.5. This increased mortality rate,
together with the observation of edema formation around E14.5 in Sp3” fetuses, suggests
that Sp3-null mice have severely disturbed cardiac development. The detailed investigation of
cardiac development in Sp3” fetuses is described in Chapter 3.
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Sp4

The expression of Sp4 is highly dynamic in time and place, with the most prominent in
neuronal tissues. Sp4 expression starts around E9 in the posterior neuropore region and later
it becomes abundant in developing brain, neural tube, and central nervous system. Additional
expression sites are testes, ovaries, and cardiac conduction system. At adult stage, Sp4 is
most prominently expressed in brain, skeletal muscle, and epithelial tissues.?>110-112

The in vivo function of transcription factor Sp4 has been studied in three distinct Sp4 mutant
mouse lines. The first Sp4 mutant mouse line generated lacks the DNA-binding domain, but
still expresses both glutamine-rich activation domains A en B."™" The second Sp4 mutant
mouse line lacks both glutamine-rich activation domains A and B."° The third Sp4 (Hf1b)
mutant mouse line has been created by eliminating the Sp4 start codon.?

Sp4-deficient embryos are born at a normal Mendelian ratio, but in the first weeks after
birth they gain little bodyweight and ~70% die within this period."®"" However, this early
postnatal death was not observed by Nguyen-Tran et al."? This observation suggests that
or the genetic background may play a role in early postnatal survival of the Sp4” mice, may
depend on the knockout strategy that have been used to create the knockout lines. For the
surviving Sp4” mice, the early reduction in bodyweight is transient. At the adult stage, the
Sp4” males and females display impaired reproduction. In males this is reflected by the
absence of sexual behaviour, despite the apparently normal development of sexual organs
and sperm formation. Females have a reduced size of uteri and ovaries, display a delayed
onset of puberty, and they rarely mate."%"" As Sp4 is abundantly expressed in the brain, the
lack of mating behaviour may originate from a brain malformation. However, the vomeronasal
organ (VNO) and the hypothalamus, two important brain structures for sexual behaviour,
appeared not to be affected by deficiency of Sp4. In addition, two vomeronasal receptors
(Vr1-12 and Vr2-9) have a normal distribution in the VNO of newborn Sp4” mice."? Analysis of
the third Sp4 (Hf1b) knockout line revealed that increased sudden cardiac death in the Sp4~
animals causes the increased postnatal mortality between 6-8 months of age, due to improper
functioning of the cardiac conductive system.?

Spbd

The Sp5 gene has a dynamic expression pattern throughout early development of the
mouse embryo. Its transcript is first detected in the primitive streak. Later on, it is found in
the developing brain, spinal cord, branchial arch system, somites, and buds of the limbs.
The expression pattern of Sp5 suggests that the protein is involved in many embryonic
developmental processes, including gastrulation and organogenesis.®"""®* However,
Sp5” mice do not display an obvious phenotype, as they are viable and fertile. A link between
Sp5 and Brachyury (T) mutation comes from compound mutant mice. Mice carrying the
Brachyury (T) mutation on both alleles (7/T) have impaired notochord and posterior mesoderm
formation, whereas mice heterozygous for the Brachyury mutation (7/+) have a shortened and
blunted tail."*® This latter phenotype is enhanced in Sp57T/+ compound mutant mice.®"
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Sp6

The primary assignment of the intron-exon distribution of Sp6 (KIf14) was performed by
computer analysis. By reverse transcription-polymerase chain reaction, Sp6 was shown to be
widely expressed."'® Nakamura et al. (2004) however revealed the true intron-exon sequence
of Sp6 and called the gene epiprofin. By in situ hybridisation this group showed that Sp6
expresses in epithelial cells of teeth, odontoblast, and hair follicles, as well as in the apical
ectodermal ridge (AER) of limb buds.*?

Sp7

Sp7 (osterix) gene has been found in a search for genes encoding osteoblast-specific
proteins. Expression of the Sp7 transcript starts at E13 in differentiating chondrocytes and in
the surrounding perichondrium. At E15.5 it is additionally expressed in osteoblasts, a cell type
that plays a key role in bone formation. Differentiation from preosteoblasts into fully functional
osteoblasts is disturbed in the Sp7-deficient embryos. This disturbance causes an impaired
bone matrix formation in all endochondral and membranous bones, but does not affect
cartilage formation. These data indicate that Sp7 enhances preosteoblast differentiation into
osteoblasts, and blocks differentiation into chondrocytes (the cartilage forming cells).33""

Sp8

The Sp8 transcript has a distinct expression pattern. It is first expressed in the primitive
streak and the neural tube around E8. In later stages, additional Sp8 expression sites are
restricted areas of the central neural system, craniofacial regions as well as the AER of the
limb buds.**"® In Sp8-null mutants development of the Sp8-expressing sites is severely
affected. Sp8” mice have an impaired closure of the anterior and posterior neuropore, causing
exencephaly, spina bifida, and absence of tail formation.** Furthermore, the Sp8 mutants have
severely truncated fore- and hindlimbs, as the AER fails to maintain the expression of early
AER markers in the absence of Sp8.34"'® This phenotype in the AER is caused by the fact that
Sp8 positively regulates the expression of fibroblast growth factor 8 (Fgf8),'®** which is an
essential signalling molecule for limb outgrowth in vertebrates. 12!

Sp9

The expression pattern of Sp9 in the mouse partially overlaps with the expression pattern
of Sp8, as Sp9 is also expressed in the AER during limb development, the distal region of
the ectoderm, and the anterior hindbrain. Experimental work on zebrafish with a mutation
affecting pectoral fin formation correlated the Sp9 protein with fin/limb development. The
biological function of Sp9 is even more homologous to Sp8, as Fgf10-dependent signalling
also regulates the expression of Sp9. However, in contrast to Sp8, expression of Sp9 is
not dependent on the Wnt/Bcatenin pathway.' The function that Sp9 fulfils in vivo is rather
similar to that of Sp8, as overexpression- or loss of function approaches of Sp9 induce or
down-regulate Fgf8, respectively. Similar results were found for Sp8.'°34 In the absence of a
mouse knockout, the function of Sp9 in mammals remains to be determined.

26



Hematopoiesis and cardiac development

The overview of the phenotypes of the mouse knockouts of the Sp factors shows
that Sp factors are involved in many biological processes. Additional research has added
new insight on biological functions of Sp factors in hematopoiesis and cardiac development.
Therefore, short overviews of hematopoiesis and cardiac development are given. The newly
acquired insights on Sp3 and Sp4 will be described in Chapters 3 and 5.

Hematopoiesis

The hematopoietic system provides the organismwith a versatile population of hematopoietic
cells (Figure 4).'22 The erythrocytes, or red blood cells, are by far the most abundant cell
type of the hematopoietic system. These cells have a red colour due to the abundance of
hemoglobin molecules that facilitate oxygen supply throughout the body. Furthermore, the
erythrocytes remove carbon dioxide from the body by transporting it to the lungs.

In addition to the erythrocytes, the hematopoietic system gives rise to a subset of cells that
all fulfil an unique role in maintenance of the vertebrate body. For the initiation of blood clotting
in wounded tissues, the hematopoietic system produces platelets. Platelets are not entire cells,
but small-detached cell fragments derived from megakaryocytes. Furthermore provides the
hematopoietic system the cells of the immune system. These cells, also called white blood cells,
bring about an immune response when they encounter a potential pathogen in the vertebrate
body. Pathogens are e.g. a microorganism, virus, or a toxic macromolecule that threaten the
vertebrate. By an immune response, a pathogen is eliminated, thereby the vertebrate body
maintains pathogen-free. The vertebrate immune defence system is subdivided into an innate
immune system and an adaptive immune system. The innate immune defence is a protection
system of the organism that is immediately available to eliminate a wide range of pathogens,
without the requirement of prior exposure. The second immune system, the adaptive immune
system, has the capacity to eliminate one specific pathogen from the organism. For such
an adaptive immune response this system needs adaptation, which is generated by clonal
selection. The adaptive immune system consists of B and T lymphocytes. Each B lymphocyte
(or B cell) has an unique receptor on its cell-surface that recognizes a specific pathogen, the
antigen. On binding of the pathogen to the receptor, the B cell differentiates into a plasma cell
and starts to produce antibodies. An antibody is a secreted and soluble protein that binds
to a specific pathogen. This binding neutralizes or prepares the pathogen for destruction by
phagocytes. The type of antibody that is produced by the plasma cell has the same pathogen
specificity as the cell-surface receptor of the B cell. Of T lymphocytes (or T cells), there are two
main classes: the T killer and the T helper class. The first class kills infected cells. Whereas the
second class activates other cell types of the immune system, including B cells, to stimulate
them to contribute to the elimination of pathogens. Components of the innate immune systems
comprehend macrophages, dendritic cells (DCs), mast cells, granulocytes and natural killer
cells (NK cells). Macrophages are present in all tissues of an organism and are involved in
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phagocytosis and in antigen presentation to the adaptive immune system. They are derived
from monocytes, which are cells that circulate in the peripheral blood and continuously
differentiate into macrophages upon entering the tissues. DCs are also phagocytic cells, and
are presents in the tissues. They leave the blood circulation as immature DC cells, to mature
in the tissues into mature DCs that phagocytose pathogens and present pahtogens to T cell,
to active the T cells. Like DCs, mast cells also differentiate in the tissues outside the vascular
system. Mast cells are believed to play part in protecting mucosal surfaces against pathogens.
The granulocytes, also called polymorphonuclear leukocytes, are cells that normally circulate in
the blood, but leave the blood circulation to migrate to a site of infection or inflammation. There
are three types of granulocytes: neutrophils, eosinophils, and basophils. The neutrophils are
involved in phagocytosis, the eosinophils take part in the killing of antibody-coated parasites,
and basophils fulfil a function similar to mast cells. The last cell type of the innate immune
system, NK cells, are able to recognize and eliminate abnormal cells, such as tumour cells
or cells that are infected by viruses. The NK cells circulate in the vascular system, discerning
these cells from other type of cells of the innate immune system.

Although mature hematopoietic cells fulfil highly diverse functions in maintenance of the
vertebrate body, they all originate fromone celltype: the hematopoietic stem cell (HSC) (Figure 4).
HSCs are pluripotent cells with intrinsic capacity for self-renewing and to remain active during
the entire lifespan of an individual.'?>'?> The HSC, which has a very low incidence, can give
rise to a stem cell of more limited potential, the hematopoietic progenitor cell (HPC).'?6'28 The
HPCs are immediate progenitors of the red blood cells, platelets, and the two main categories
of the white blood cells (innate and adaptive). Via lineage commitment (Figure 4), these early
progenitors develop and differentiate along specific lineages into all mature hematopoietic
cells types, as HPCs give rise to the common lymphoid progenitor cell (CLP) and the common
myeloid progenitor cell (CMP). The CLPs give rise to the adaptive white blood cells, B and
T cells, but also to NK cells of the innate immune system.'? The CMPs can develop into either
the granulocyte-monocyte progenitor (GMP) or the erythrocyte-megakaryocyte progenitor
(EMP).130.13" The GMPs give rise to the three granulocyte classes, the monocytes, and to
the as yet elusive precursor of the mast cells. The latter two cell types are immature cells
present in the vascular system that mature into, respectively, a macrophage or a mast cell
upon migrating into the tissues. The second progenitor that originates from the CMP, the
EMP, gives rise to megakaryocytes, of which platelets are derived, and to erythrocytes via
the erythoblast intermediate (Figure 4). DCs can, in contrast to other hematopoietic cells,
be derived from the CLP as well as the CML. However, as there are more CMPs than CLPs
present in the hematopoietic compartments, the majority of the DCs are probably derived from
the CMP via the GMP-intermediate.

Hematopoietic cells are produced in distinct phases/waves and anatomical sites.'3 3
The first wave of hematopoiesis, called primitive hematopoiesis, takes place in the blood
islands of the yolk sac and starts in the mouse around E7.5."3%'% These blood islands are
derived from the ventral mesoderm layer. Primitive hematopoiesis produces mainly large,
nucleated, primitive erythrocytes that contain the embryonic globin proteins.'"'* The primitive
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Figure 4. Schematic representation of key stages in the hematopoietic system

The hematopoietic stem cell stands at the basis of the hematopoietic systems and develops via a number
of progenitor stages, and along the various hematopoietic lineages into the lineage specific hematopoietic
cells. Whereas the hematopoietic stem cell is a pluripotent cell, which possesses the intrinsic capacity for
self-renewal, the more downstream progenitors become more and more restricted in their developmental
fate and become simultaneously more committed to a specific hematopoietic lineage. HSC: hematopoietic
stem cell; HPC: hematopoietic progenitor cell; CMP: common myeloid progenitor; CLC: common lymphoid
progenitor; EMP: erythrocyte-megakaryocyte progenitor; GMP: granulocyte-monocyte progenitor;
DC: dendritic cell; NK cell: natural killer cell.
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erythrocytes leave the blood island to enter the circulation. By that time, they have not gone
through their entire developmental program, and they go through a number of cell divisions
to finalize their differentiation in the end. The production of erythrocytes by the primitive
hematopoiesis stops around E12.5. However, primitive erythrocytes can be detected until
E16 in the mouse vascular system.'3¢

Primitive hematopoiesis is followed by definitive hematopoiesis. In contrast to primitive
hematopoiesis, definitive hematopoiesis gives rise to all hematopoietic lineages found in an
adult organism, including enucleated erythrocytes. Definitive hematopoiesis is initiated in the
fetal liver around E11 in the mouse.™® This site of definitive hematopoiesis is temporary, as the
location in which definitive hematopoiesis occurs moves during late embryogenesis from the
fetal liver to the bone marrow.'*° During late gestation and adulthood, the spleen and thymus are
utilized for the differentiation and maturation of lymphoid progenitors. For execution of definitive
hematopoiesis, anatomical locations that accommodate this process need to be populated by
definitive HSCs to produce all mature hematopoietic cell types (Figure 4). However, the origin
of definitive HSCs is an open question, with two divergent models (reviewed by Orkin et al.,
2002 (49), The first model says that definitive HSCs originates from the yolk sac, migrating via
the aorta-gonads-esonephros (AGM) region (a region formed from the anterior mesoderm), in
order to populate the fetal liver.33142143 A second model says that definitive HSCs colonize the
liver originate directly from the AGM.124.144.145

The differentiation of the HSCs into all blood cell lineages is achieved by sequential
commitment of the HSCs to progenitor- and precursors cells with gradually more restricted
cell lineage potential. In this process, extracellular and intracellular regulatory molecules
are involved. Examples of extracellular effectors are stromal cells in hematopoietic tissue
(producing cytokines), growth factors, and cell adhesion molecules. Intracellular general
and lineage-specific transcription factors direct the developmental fate of hematopoietic
cells. An important family of transcription factors directing proliferation and differentiation of
lineage-specific hematopoietic cells is the Gata-family. From this six-member family, only Gata1,
-2, and -3 are expressed in the hematopoietic system. Gata1 mediates the survival of erythroid
progenitors, ' the terminal differentiation of erythroid cells, mast cells, megakaryocytes, 149
and the specification of eosinophils.’® Gata2 is essential for maintenance of multipotential
hematopoietic progenitors as well as HSCs. Gata2 is also necessary for formation of mast
cells.’®"152 Gata3 plays a central role in T-cell development in general, and in regulating
T-helper 1 (Th1) and Th2 cell differentiation in particular.'s® Important factors in the development
and the specification into lineages are for example friend of Gata 1 (Fog1), PU.1, and paired
box gene 5 (Pax5). Fog1 plays an role in erythopoiesis as well as megakaryopoiesis'®*'% and
can functionally interact with Gata1.'.'5” PU.1 is involved in granulocytic, monocytic, and
lymphoid development.'81% Pax5 is important modulator for B-cell development.'60.161

Members of the Sp/XKLF family are also involved in propagation of hematopoietic
progenitors and precursors. The basic KIf (BkIf) factor regulates proliferation of the myeloid
lineages'® whereas the LkIf protein has been implicated in maintenance and viability of mature
T cells.”®® In addition, gut KIf (GkIf)'** and KIf5'% are associated with T-cell development.
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erythroid KIf (EkIf) is essential for the definitive erythroid lineage as mediator of $-globin gene
expression.'®16” Sp1 and EKLF have been reported to interact with Gata1.'®

Chapter 2 of this thesis shows that transcription factor Sp3 plays a cell-autonomous role
in the hematopoietic system and in particular in the erythroid and myeloid cell lineages.

Heart formation

The first organ to function during embryogenesis is the heart. During the whole lifespan of
a vertebrate, the heart functions as the pump that circulates the blood through the body. From
the onset, the heart undergoes a complicated transformation throughout embryogenesis,
directed by highly orchestrated cellular processes. The heartis initially formed as a single linear
tube with a single in- and outflow. Via a complex process, this linear tube is remodelled into
a heart with two in- and outflow regions and four chambers: two ventricles and two atria. The
heart arises from cells of the left and right anterior lateral mesoderm soon after gastrulation.
These cells become committed to cardiac fate by signalling products of adjacent dorsal
ectoderm, including bone morphogenetic proteins (including Bmp4)'® and growth factors of
the Fgf-family."” Thereafter, these cells assemble along the ventral midline of the embryo into
a beating linear heart tube, in the mouse around E7.5. The tube is composed of a myocardial
layer on the outside and an endocardial layer on the inside, separated by an extracellular
matrix (Figure 5a). Next, the linear heart tube undergoes rightward looping, to bring the in- and
outflow tracts into close proximity of the four chambers to make proper connections between
the heart and the vascular system possible (Figure 5b and 6) (reviewed by Cripps et al., 2002
and Fishman et al., 1997 (7172) The first cardiac genetic marker expressed by precursor
cells is Nkx2-5 (tinman in Drosophila). This is one of the most important transcription factors
in cardiac development.'”®'7* Other early cardiomyocyte-specific genes are members of the
myocyte enhancer factor (Mef) and Gata families.>""” These factors regulate many cardiac
genes during development, often together with Nkx2-5.178-18

The looping stage is followed by cardiac chamber specification and septation to form a
mature heart (Figure 5c). Important modulators of the ventricular chambers are the two basic
helix-loop-helix (bhlh) genes dHand and eHand. dHand is involved in development of the right

future =N & atrium
ventricle
myocardium

endocardium

future left
ventricle

future atrium y \
/ future right \ R L
Y/ ventricle )

Figure 5. Major stages in development of the vertebrate heart

(a) The heartisinitially formed as alinear tube. (b) In time, this linear heart tube undergoes rightward looping,
to bring the in- and outflow regions of the heart into close proximity to each other, (c) enabling the formation
of a mature four-chambered heart. RA: right atrium; LA: left atrium; RV: right ventricle; LV: left ventricle;
PA: pulmonary artery; Ao: aorta; A: anterior; P: posterior; L: left; R: right. (Figure adapted from 2°°)
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Figure 6. Looping of the heart
The primary heart, composed of a linear tube with

outflow outficw outflow, "o a single inflow (posterior) and a single outflow
(anterior), undergoes rightward looping to bring the

in- and outflow regions into close proximity to each

A other. This is followed by secondary looping, in which

_ inflow i . the in- and outflow regions grow towards each other
inflow % to facilitate formation of a four-chambered heart with
P double in- and outflow areas. A: anterior; P: posterior;

L: left; R: right (Figure adapted from %)

ventricle'® whereas eHand is essential in development of the left ventricle.’®? dHand is, together
with Nkx2-5, also involved in specification of the heart into ventricles and atria, via regulation of
iroquois related homeobox 4 (Irx4).'®® Irx4 stimulates expression of ventricular-specific myosin
heavy chain 1 (Vmhc1) and blocks expression of the atrial myosin heavy chain 1 (Amhc1).18
Atrial growth requires the orphan nuclear receptor Coup TFIl (chicken ovalbumin upstream
promoter transcription factor 1), expressed in atrial precursor cells.’® T-box 5 (Tbx5) is
absolutely essential for atrial and ventricular septation, as Tbx5 deficiency causes severe
atrial and ventricular septation defects in mice and humans.'® Septation of the single
cardiac outflow tract, the common truncus, into aorta and pulmonary trunk is achieved by
neural crest-derived cells present in the outflow region and condensed mesenchyme. 87189

Segmentation of the heart is followed by proliferation of the cardiomyocytes to support
the increasing blood flow. Neuregulin growth factors secreted by the endocardium'® and
their ErbB2 (or Egft2, Eepidermal growth factor receptor 2)'®" and ErbB4'%2 receptors in the
myocardium are required for the formation of trabeculae. The epicardial layer and the epicardial
derived cells (EPDCs) are essential for thickening of the compact myocardium. 93194

The formation of cardiac valves is absolutely essential for chamber division and for
unidirectional blood flow. In the primitive heart, extracellular cardiac cushions (jelly-like
structures) achieve unidirectional blood flow. Upon signalling between endocardium and
myocardium tissue in the cushion area, mediated by the transforming growth factor 8
(TgfB) pathway, endocardial cells turn into mesenchymal cells, migrate into the cushion and
differentiate into fibrous tissue of the valve.'®

The pulse for contraction of the heart originates from the sino-atrial node and is propagated
via the atrium and atrioventricular junction into the ventricles along distal Purkinje fibers.
Purkinje fibers are formed from a subset of ventricular cardiomyocytes surrounding the
developing coronary artery system, through signalling by endothelin 1 (ET1).'% The coronary
artery system that supplies blood to the heart itself is formed form epicardial-derived cells.

This overview shows thatacomplexinterplay of signalling molecules, receptors, transcription
factors and other mediators modulate and direct cardiac development. The Sp/XKLF
transcription factors family includes at least two modulators of cardiac development: Sp4 and
LklIf. The cardiac phenotype of the Sp4” mice has already been discussed above. From Lklf
it is known that its expression pattern is up-regulated upon shear stress in the heart, and that
abnormal shear stress affects cardiac development.'” Chapter 3 of this thesis describes the
crucial role of transcription factor Sp3 in cardiac development, downstream of Nkx2-5.
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Abstract

As the zinc-finger transcription factor specificity protein 3 (Sp3) has been implicated in the
regulation of many hematopoietic-specificgenes, we analysed the role of Sp3 in hematopoiesis.
At embryonicday 18.5 (E18.5), Sp3’- mice exhibit a partial arrest of T-cell development in the
thymus and B-cell numbers are reduced in liver and spleen. However, pre-B-cell proliferation
anddifferentiation into immunoglobulin M-positive (IgM*)B cells in vitro are not affected. AtE14.5
and E16.5, Sp3"mice exhibit a significant delay in the appearance of definitive erythrocytes in
the blood, paralleled by a defect in the progression of differentiation of definitive erythroid cells
in vitro. Perinatal death of the null mutants precludes the analysis of adult hematopoiesis in
Sp3’" mice. We therefore investigated the ability of E12.5 Sp3- liver cells to contribute to
the hematopoietic compartment in an in vivo transplantation assay. Sp3” cells were able to
repopulate the B- and T-lymphoid compartment, albeit with reduced efficiency. In contrast,
Sp3* cells showed no significant engraftment in the erythroid and myeloid lineages. Thus, the
absence of Sp3 results in cell-autonomous hematopoietic defects, affecting in particular the
erythroid and myeloid cell lineages.
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Introduction

The transcription factor specificity protein 3 (Sp3) belongs to the Sp/X Krippel-like factor
(XKLF) family of nuclear proteins that share a zinc-finger domain containing 3 C,H,-type
zinc fingers related to those found in the Drosophila melanogasterregulator protein Kriippel.'
Sp1, Sp3, and Sp4 bind with equal affinity to the classical GC box and the related
GT/CACC boxes present in many housekeeping and tissue-specific genes. Sp1 and Sp3 are
widely expressed, whereas Sp4 shows a complex expression pattern but is most abundant
in neuronal tissues. Sp factors not only are able to stimulate transcription from proximal
promoters or from distal enhancers,? but can also physically interact with other transcription
factors, such as E2F-I, nuclear factor-kB (NF-kB), and GATA-1.2% Sp1 and Sp3 can have
additive or synergistic effects on gene activation, but Sp3 is also able to repress transcription
driven by Sp1 or other transcription factors.®”

The characterization of mutant mice has provided important information about the biologic
function of the individual Sp/XKLF proteins. Yet only a limited number of target genes for the
Sp/XKLF family members have been identified to date. In particular, the G-rich sequences
in the locus control region (LCR) of the B-globin cluster were identified as direct targets of
Sp/XKLF transcription factors. Sp1, Sp3, basic KLF (BKLF), and erythroid KLF (EKLF)are all
present in erythroid cells, but only EKLF appears to be essential for B-globin expression and
activation of the LCR.2"® EKLF-deficient mice die in utero owing to a severe anemia caused
by severely reduced [-globin expression.®® BKLF has a role in myeloid proliferation, as
BKLF"- mice haveincreased numbers of myeloid cells, which also show increased proliferation
rates in vitro." Lung KLF (LKLF) is required for blood vessel development and has been
implicated in the maintenance of mature T cells.'?' Sp1-null embryos are severely retarded in
growth and die after day 10 of embryonic development (E10). As Sp7-- cells did not contribute
to any tissue of newborn chimeric animals, the Sp1 deficiency causes a cell-autonomous
defect.™ Sp3”- embryos are also growthretarded, resulting in prenatal lethality or death at birth,
apparently owing to respiratory failure.' The cause for the observed breathing defect remains
obscure, as only minor morphologic alterations were observed in the lung and surfactant
protein expression was normal. Furthermore, Sp3” mice show a pronounced defect in late
tooth formation associated with a deficiency of ameloblast-specific transcripts,'® and impaired
skeletal ossification, reflected by significantly diminished expression of the osteoblast-specific
marker gene osteocalcin.’ The phenotype of Sp4” mice differs from those described for
Sp1+and Sp3’ mice, as they develop until birth without obvious abnormalities. After birth,
two thirds of the knockout mice die within 4 weeks as a consequence of cardiac arythmia."”
Surviving mice are growth retarded, and male Sp4’ mice do not breed.®

Sp3 was originally cloned in a search for Sp1-related factors that bind to a GT box required
for the transactivation of a T-cell receptor (TCR) V_ gene segment.” Since then, numerous
functional binding sites for Sp factors have been identified that implicate Sp factors in the
regulation of T- and B-cell development, for example, in TCR and immunoglobulin-enhancer
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regions, the promoter that directs germ line transcription of DRJB gene segments in
precursor T lymphocytes, the interleukin-2 receptor (IL-2R) B-chain, and promoter regions
of genes encoding the B-cell receptor signaling molecules immunoglobulin-a (Ig-a), Ig-8, and
Bruton tyrosine kinase (Btk).21%-?5 In addition, Sp1/Sp3 sites have been shown to be involved in
the regulation of macrophage colony-stimulating factor (M-CSF), which is essential for myeloid
development.?®

Therefore, the presence of Sp-binding sites in various regulatory regions of lymphoid-,
erythroid-, and myeloid-specific genes prompted us to investigate hematopoietic development
in Sp3-deficient mice. As the Sp3 gene was disrupted by targeted insertion of a
lacZ reporter gene,'® we could quantify the Sp3 expressionprofile in the individual hematopoietic
compartments by analysis of B-galactosidase activity. When we compared Sp3”- embryos with
wild-type littermates, we identified a significant delay in the formation of T and B lymphocytes
at E18.5, and erythrocytes at E14.5 and E16.5. Moreover, Sp3-deficient E12.5 liver cells did
not significantly repopulate the erythroid or myeloid cell lineages in an in vivo transplantation
assay. Our findingsindicate that the lack of Sp3 intrinsically affects hematopoieticdevelopment,
especially of the erythroid and myeloid lineages.

Results

Expression of the lacZ knock-in reporter gene during T-cell development in the
thymus

As a role for Sp3 in particular hematopoietic cell lineages may be indicated by modulations
of the Sp3 gene expression, we took advantage of the presence of a lacZ reporter gene inthe
targeted allele of Sp3*- heterozygous mice, which was placed under direct Sp3 transcriptional
control™ (Table 1; Figure 1). The expression of Sp3-directed /acZ was analyzed in flow
cytometry experiments, with the use of FDG as a fluorogenic B-galactosidase substrate in
conjunction with antibodies specific for the individual hematopoietic cell lineages.

In E18.5 Sp3*- embryos, we found high levels of lacZ activityin the B-lymphoid and myeloid
compartments. The differentiation of large into small Ter119* erythroid cells was associated
with a decrease of lacZ activity (Table 1). In the thymus, we identified a modulated expression
profile, characterized by a significant downregulation of lacZ expression when differentiating
T cells started to express the TCR/CD3 complex (Figure 1a).In the most immature population
of CD3-CD4-CD8- triple-negative (TN) thymocytes, lacZ expression was detected in more than
80% of the cells. Also the 4 subpopulations of these TN cells,as defined by differential CD44 and
CD25 expression invariably showed greater than 80% lacZ* cells (data not shown). Highlevels
of lacZ activity were maintained in the next stages of T-cell development, that is, the CD3-CD8*
immature single-positive (ISP) cells, which have successfully rearranged their TCR locus,
and the CD3-CD4*CD8* double-positive (DP) cells, which are in the process of TCRa gene
rearrangement (Figure 1b). After successful TCRa rearrangement, a complete TCRap is
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expressed on the cell surface, and subsequently a relatively small number of TCRaB-bearing
DP cells are selected for major histocompatibility complex (MHC) recognition and up-regulate
surface expression of the TCRaf3/CD3 complex during the process of positive selection.®
At this stage, CD3* DP cells down-regulate surface CD4/CD8 coreceptor expression, to
become CD4*CD8"°* double-dull (DD) cells.®” Remarkably, at the CD3*CD4*CD8* DP and
DD cell stages, the proportion of lacZ-expressing cells was significantly down-regulated to
approximately 20%. When cells further differentiated intomature CD4 single-positive (SP) cells,
the proportion of lacZ* cells increased to approximately 50%. At E18.5, CD8 single-positivecells
were not yet detectable in the thymus.

In summary, these analyses indicate that Sp3 is abundantly expressed in the various
hematopoietic lineages. In contrast, during T-cell development, lacZ expression is high in
early CD3- precursor T-cell stages, specifically down-regulated during positive selection of
TCRaf* DP T cells, and finally up-regulated in CD4 SP cells.

Partial arrest of T-cell development at the DP stage in Sp3-deficient embryos

At E18.5, Sp3’- embryos are smaller (approximately 75%) than their wild-type littermates.'®
With this taken into consideration, the development of the thymus appeared to be relatively
more affected, as Sp3’- E18.5 embryos had a considerably smaller thymus, containing only
approximately 30% of the cell numbers of wild-type littermates (Figure 2a). To analyze the
effect of Sp3 expression on T-cell development in more detail, we determined the sizes of
the individual T-cell precursor subpopulations in the thymus of Sp3”, Sp3*-, and Sp3** mice
at E18.5 by flow cytometry (Figure 2b). These analyses revealed that in Sp3*- embryos, the
various T-cell precursor populations were present in near-normal abundance, except for the
CD4 SP population, which was approximately 60% of normal size. In contrast, the absence of
Sp3 resulted in a partial arrest of T-cell development, as the numbers of DP and CD4 SP cells

Table 1. Expression of lacZ in hematopoietic lineages in
Sp3* E18.5 embyros

Organ and cell population Fraction of lacZ cells, %
Liver .

B220 B-lineage cells 92+14

Ter119" erythroid, large FSC 75+2.4

Ter119" erythroid, small FSC 45+ 3.4
Spleen

IgM'B220" pre-B cells 93+0.7

IgM'BZZO‘ B cells 92+37

Ter119" erythroid, large FSC 90+26

Ter119" erythroid, small FSC 38+37
Bone marrow

Ly-6C™ granulocyte precursors* 72+£338

Ly-6C™" monocyte precursors 89 +1.1

Data are presented as mean values + standard deviation (SD); n = 4
FSC indicates forward scatter
* See de Bruijn et al.*
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Figure 1. Analysis of lacZ expression
A ) Sp3* Sp3+ in thymocytes from Sp3*- embryos by
i i ‘ 4-color cytometry

Thymus cell suspensions were loaded
with  FDG substrate and subseqgently
stained for CD3, CD4, and CD8. (a)
Total thymocytes were analyzed for CD3
expression and lacZ activity. (b) Cells
were analyzed for CD3 expression;
CD3 and CD3" fractions were analyzed
for CD4 and CD8; and the indicated
subpopulations were gated and analyzed
E : - for lacZ activity. The results are displayed
i ] s ISP as histograms of Sp3*- embryos (bold
] lines), together with those of wild-type

embryos (dashed lines). The numbers are
the proportions of lacZ-expressing cells
(mean values + SD, n = 6). Background
values in wild-type mice (n = 4) were
below 1% in all fractions, except for the
CD3" double-dull (DD) fraction, in which

cD4 g iy
sl IRLIs) B N 3% + 1% of the cells were lacZ*.
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in the Sp3”" mice were reduced by a factor greater than 3 and greater than 7, respectively,
when compared with wild-type littermates.

As these findings indicate that Sp3 deficiency affects T-celldevelopment, particularly at the
DP stage, we investigated Sp3” and Sp3** DP thymocytes in more detail. We observed that
Sp3- CD3 DP cells had increased average forward scatter values, suggesting that a large
proportion of the Sp3-deficient DP cells still have morphologic characteristics of the actively
cycling ISP cells (Figure 2c). However, an increased proliferation rate of Sp3’ cells at the
DP cells seems unlikely, as the total size of the DP compartment in Sp3” mice is decreased.
Rather, it suggests that the Sp3-deficient DP cells still bear hallmarks of the previous stage
owing to a defect in developmental progression. It has been shown that upon MHC/TCRaf
interaction, DP develop into DD cells, up-regulate expression of the TCR/CD3 complex,
and start to express the very early activation antigen CD69 on the membrane.®” When we
specifically analyzed DP and CD4"*CD8"°* DD cells, we found that in the absence of Sp3 the
induction of CD3 and CD69 expression on the surface of DD cells was significantly reduced
(Figure 2d).

In summary, we conclude that the Sp3*- and Sp3” embryos manifest a defect in thymocyte
maturation at the DP cell stage. This arrest in differentiation coincides with the observed
downregulation of lacZ expression during positive selection of TCRap* DP T cells.
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Impaired B-cell development in Sp3-deficient embryos
The absence of Sp3 also affected the B-cell system. E18.5 Sp3” livers were smaller in
size and manifested a reduction of both total cellularity and the absolute numbers of B220*
B-lineage cells, when compared with livers from wild-type littermates (Figure 3a). Moreover,
detailed flow cytometric analysis ofliver and spleen demonstrated an approximately 2-fold lower
percentage of surface IgM- B-cell precursors and an approximately 5-fold lower percentage of
IgM* B cells than normally found at this age (Figure 3b). Intermediate values were found for
Sp3*- mice, indicating an Sp3 gene dosage effect.
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Figure 2. Impaired T-cell development in embryos lacking Sp3

(a) Thymi of E18.5 embryos of one litter (left) and total numbers of thymocytes (right) of the indicated
genotypes. (b) Absolute numbers of thymocytes within the indicated thymic subpopulations, as determined
by flow cytometry. Tn = CD3-CD4-CD8-; ISP = CD3-CD8*;DP = CD4*CD8*; and CD4 SP = CD3*CD4*CD8".
(c) FSC characteristics of the indicated thymus subpopulations. Cells were analyzed for the expression
of CD3, CD4, and CD8, and FSC characteristics are displayed as histogram overlays of Sp3’ (bold
lines) and Sp3** (dashed lines) embyros. (d) CD3 and CD69 expression in DP (CD4*CD8*) and
DD (CD4°“CD8"¥) thymocytes. Thymus cell suspensions were gated for CD4 and CD8, and results
are displayed as histogram overlays for CD3 and CD69 of Sp3” (bold lines) and Sp3** (dashed lines)
embyros. Data shown are from 2 to 26 embryos in each group.
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apparently with a reduced efficiency, as lower levels of surface IgD expression were observed
in Sp3’ cultures (Figure 3c).

Taken together, these results indicate that in the absence of Sp3, B-cell development
was impaired, as the numbers of (pre-)B cells in the liver and spleen of Sp3* embryos did
not reach the levels of normal embryos. The IL-7-driven fetal liver culture experiments show
that the proliferative capacity of Sp3" pre-B cells and their developmental progression into
IgM* immature B cells in vitro are normal.

The formation of definitive erythrocytes is delayed in Sp3-deficient embryos

To study the effect of the absence of Sp3 on erythropoiesis, the number and the size
of erythrocytes were analyzed in E12.5, E14.5, and E16.5 embryos (Figure 4a). Blood of
wild-type embryos contained predominantly large primitive erythroid cells at E12.5, mainly
small definitive erythrocytes at E14.5, and almost exclusively small definitive erythrocytes
at E16.5, as described previously.® In contrast, in E14.5 Sp3’ blood, the majority of red
cells were large primitive nucleated erythrocytes. A significant fraction of these primitive
erythrocytes was still present at E16.5. As shown in Figure 4a, a delay in the formation of
small definitive erythrocytes was also found in Sp3*- blood, but the phenotype was much less
striking. These findings were confirmed in cytospin analyses, where, particularly at E14.5,
increased proportions of nucleated primitive erythroid cells were detected in the blood from
Sp3 embryos and, to a lesserextent, also in Sp3*- embryos (Figure 4a).
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Figure 3. Impaired B-cell development
in embryos lacking Sp3
(a) Numbers of total cells and B220* cells
B Sp3+* Sp3+ Sp3~ in E18.5 liver of the indicated embryos,
= . as determined by flow cytometry. (b) Flow
cytometric analyses of the liver and spleen
of the individual embryos. Single-cell
supsensions were stained with B220 and
IgM. Results are displayed as dot plots
of lymphocyte gate cells; percentages
of cells within the indicated gates are
given. (c) Developmental progression
of B-lineage cells in vitro. Total BM cells
were cultured in the presence of IL-7 for
5 days, and recultured on S17 stromal
cells in the absence of IL-7 to induce the
formation of mature IgM*IlgD* B cells.
Cultured cells were stained for B220,
IgM, and IgD. Results are displayed as
B220 versus IgD dot plots. Data shown
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Figure 4. Delayed definitive
erythropoiesis in Sp3-deficient
embryos

(a) Analysis of the size distribution of
circulating erythrocytes at different
days of gestation. Yolk sac-derived
erythrocytes (primitive) remain nucleated
and have a diameter of approximately
10 ym. Fetal liver-derived erythrocytes
(definitive) are enucleated and have
a diameter of approximately 7 pm.
Appearance of definitive erythroytesinthe
circulation is delayed in Sp3” embryos.
(b) Cytospins were prepared from blood
isolated from the indicated embryos
and were stained with a combination of
neutral benzidine and histologic dyes.*
Nucleated primitive erythroytes are
clearly distinguished from enucleated
definitive erythrocytes; both cell types
have a normal morphologic appearance
in Sp3* embryos.

counts

E12.5

E14.5

E16.5

Sp3-deficient erythroid cells display a cell-autonomous differentiation defect

The observed delay in the appearance of circulating definitive erythrocytes could originate
either from a delay in the colonization of the fetal liver by hematopoietic stem cells (HSCs)
from the intraembryonic aorta-mesonephros-gonad (AGM) region®® and the yolk sac or from
an intrinsic defect in the developmental progression of definitive erythrocytes. To distinguish
between these 2 possibilities, the numbers of the erythroid progenitors erythroid BFU-Es and
CFU-Es were determined in the liver of Sp3**, Sp3*", and Sp3”- embryos at E12.5 and E14.5.
The numbers of BFU-Es and CFU-Es per fetal liver were reduced approximately 3-fold in
Sp3'- fetal livers (Figure 5a). However, when the values were corrected for the cellularity of
the fetal livers, the ratios of BFU-Es and CFU-Es were comparable in the 3 groups of embryos
(Figure 5b). These findings indicate that, despite the reduced cellularity, the architecture of the
hematopoietic compartment of the Sp3”- fetal livers is normal, excluding a critical role for Sp3
in the colonization of the liver withHSCs. We therefore conclude that the observed delay in the
formation of definitive erythrocytes most likely results from an intrinsicdevelopmental defect of
definitive erythroid cells.

To study the effect of Sp3 on the developmental progression of definitive erythroid cells
in detail, E14.5 fetal liver cells were grown for 3 days in a suspension culture system. Since
erythroid precursors are taken out of their embryonic microenvironment and cultured under
specific conditions forfurther differentiation, cell-autonomous defects in erythroid differentiation
can be identified in this assay.®? After 2 days of culture, 45% of the cells in the Sp3** cultures
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were mature definitive erythrocytes, as compared with only 36% and 24% in Sp3* and
Sp3* cultures, respectively (Figure 5¢). On the third day of culturing, the differences between
the 3 groups became less pronounced, but were still significant (Figure 5c).

In summary, these experiments show that Sp3-deficient erythroid cells display a
cell-autonomous differentiation defect in vitro. This might explain the delay in the formation of
circulating definitive erythrocytes observed in vivo in Sp3’ embryos and, to a lesser extent, in
Sp3*- embryos.

Sp3-deficient fetal liver cells show severely reduced in vivo hematopoietic repopulation
potential

The perinatal death of the Sp3’ embryos precluded the analysis of adult hematopoiesis
in the absence of Sp3. As we observed mild hematopoietic defects in Sp3-heterozygous
embryos, we analyzed Sp3*- mice at 8 weeks of age. However, when we compared the
lymphoid, myeloid, and erythroid compartments of Sp3*-and Sp3** mice by flow cytometry,
we did not observe any significant differences (data not shown).

To further define the role of Sp3 in the differentiation of the various hematopoietic cell
lineages, we investigated the ability of Sp3”- fetal liver hematopoietic stem cells and progenitors
to contribute to the lymphoid, myeloid, and erythroid lineages in an in vivo transplantation
assay.® We transplanted E12.5 liver cells from Sp3**, Sp3*", and Sp3”- embryos intoirradiated
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Figure 6. E12.5 Sp3-deficient fetal liver cells show reduced in vivo hematopoietic reconstitution
Analysis of the peripheral blood for lacZ-expressing cells at 6 weeks after transplantation in the indicated
cell lineages in peripheral blood from mice that received Sp3*- () or Sp3™* () fetal liver cells. The mean
number of injected cells per recipient was 2.6 x 10° (0.41 + 0.17 embryo equivalents) for Sp3*- fetal liver
cells and 2.1 x 10° (0.58 + 0.13 embryo equivalents) for Sp3” fetal liver cells. Fetal liver cells from 10 of 11
Sp3*- embryos and 4 of 7 Sp3*- embryos were transplanted into 2 mice, and in these cases the symbols
show the average values in the 2 mice. In the other cases, the symbols represent the values in individual
mice. Only recipients with more than 10% /acZ* cells are considered positive. For comparison, the
proportions of lacZ expression in 3-month-old Sp3*- heterozygous mice are indicated (approximately 70%
in T and NK cells, approximately 80% in monocytes, and approximately 90% in B cells and granulocytes,
values that would therefore reflect 100% engraftment).

adult female recipients. To correct for the differencesin liver cellularity between the 3 genotypes,
equal amounts of total liver cells were injected (approximately 2 x 10° cells). A limiting dose
of syngeneic splenic cells was coinjected to aid the recipients in short-term survival following
irradiation.

At 4 weeks after transplantation, recipient peripheral blood DNA was tested by PCR for
the presence of the donor genetic marker, either the Sp3 mutant allele for the Sp3*- and
Sp3" embryos, or the Y chromosome-specific marker YMT2 for the Sp3"* embryos. The
donor-derived genetic marker was detected to high levels (greater than 10%),%® in all mice that
received Sp3** cells (n = 4) or Sp3* cells (n = 11). The Sp3 mutant markerwas also detected
in 6 of 7 recipients receiving Sp3” fetal liver cells.

At 6 weeks after transplantation, we examined the extent ofmultilineage repopulation in mice
receiving transplants of Sp3*- and Sp3™ fetal liver cells (n = 11 and n = 7, respectively) by flow
cytometric analysis of peripheral blood leukocytes. The contribution of donor cells to individual
hematopoietic cell lineages was quantified by calculating the percentage of lacZ-expressing
cells within the following subpopulations: B220*IgM*"* IgD**¥ B cells, CD4* or CD8* T cells,
NK1.1*NK cells, Mac-1*Gr-1* granulocytes, and Mac-1*Gr-1- monocytes (Figure 6). Although
the percentages of engraftment varied between individual mice and between cell lineages,
Sp3*- cells were able to repopulate both lymphoid (B, T, and NK cells) and myeloid lineages
(granulocytes and monocytes) in 8 of 11 recipients. In contrast, repopulation by Sp3” cells
appeared to be restricted to the B-cell lineage (5 of 7 recipients). In those mice that showed
repopulation of the B-cell lineage with Sp3”- cells, the proportion of lacZ* cells was on average
lower, when compared with the Sp3*" group of mice. Only one mouse showed engraftment of
Sp3™ cells in the populationsof CD4* and CD8* T cells, NK cells, granulocytes, and monocytes,
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but again the percentages of /acZ* cells within these cell populations were low and did not
exceed 20%.

In summary, from these analyses, we conclude that Sp3 fetalliver cells have a reproducible
deficiency in short-term repopulation capacity of the hematopoietic system. In this respect, the
presence of Sp3 appears to be less critical for reconstitution of the B-cell lineage.

Sp3-deficient fetal liver cells display a specific defect in the ability to repopulate the
erythroid and myeloid lineages

The observed reduced repopulation capacity of Sp3"- E12.5 fetal liver cells could either
reflect a delayed development of mature lymphoid and myeloid cells from HSCs or multipotent
progenitors or, alternatively, result from specific developmental arrests within these cell
lineages.

To distinguish between these 2 possibilities, we analyzed, in more detail, the extent of
hematopoietic repopulation in mice that received Sp3"- (n = 3) and Sp3" (n = 3) fetal liver
cells at 3 months after transplantation. The percentages of lacZ* cells were quantified within
specific cell lineages present in hematopoietic tissues, including thymus, spleen, blood, bone
marrow, and peritoneal cavity. At 3 months after transplantation, repopulation by Sp3*- cells
appeared to be almost complete (Figure 7), as in all analyzed mice the percentages of
lacZ* cells within the lymphoid, myeloid, and erythroid cell lineages were close to the values
found in control adult Sp3*" mice. In contrast to our results at 6 weeks after transplantation,
at 3 months after transplantation repopulation by Sp3-- fetal liver cells was no longer confined
to B cells, as the T-cell lineage also displayed significant repopulation by Sp3” donor cells:
the fractions of lacZ* cells were 30% *+ 18% and 15% + 5% for CD4* and CD8* peripheral
blood T cells, respectively (not shown). Figure 7 shows the analyses of the animal receiving
transplants of Sp3" cells in which the highest percentages of lacZ* cells were observed.
The thymocytes of the recipients grafted with Sp3*- or Sp3’ cells showed a similar pattern
of modulated lacZ expression as was previously found in E18.5 thymus (Figures 1a,7a).
Also in the spleen, Sp3” donor-derived cells contributed to the mature CD4* and CD8* T-cell
populations. Moreover, Sp3* CD4* T cells were not different from Sp3*- CD4* T cells in
their ability to differentiate in vivo into antigen-experienced CD45RB"" T cells*® (Figure 7b).
Sp3" cells were less capable of repopulation in the NK-cell lineage (the proportions of
lacZ* cells were 10% * 5% (n = 3) versus 56% * 19% in the group of mice with transplants
of Sp3* cells). Sp3’ cells contributed substantially to all peripheral B-cell subpopulations,
including mature IgM°*IgD"i" follicular B cells and CD21Ms" CD23- marginal zone cells in the
spleen, and CD19"s"CD5* B-1 peritoneal B cells (Figure 7b and data not shown), as well as to
the B-cell compartment in the bone marrow (Figure 7c).

Even though the donor-derived Sp3 cells showed a substantial contribution to the lymphoid
lineages, in the same recipient mice these cells did not repopulate the erythroid or myeloid
lineages. Very low proportions of /acZ* cells were found in the large FSC Ter119* erythroid
precursors or the Ly6-C™“granulocyte and Ly6-C"9" monocyte precursors in the bone marrow
(Figure 7c). Also mature granulocytes in the peripheral blood and mature macrophages in the
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Figure 7. Absence of erythroid and myeloid repopulation by Sp3’ fetal liver cells in an in vivo
transplantation assay

(a) Analysis for CD3 expression and lacZ activity in total thymocytes from Sp3*- and Sp3™ transplant
recipients. (b-e) Total cell suspensions from spleen (panel b), bone marrow (panel c), peripheral blood
(panel d), and peritoneal cavity (panel e) were analyzed for lymphoid-, erythroid-, or myeloid-specific
marker expression (left). In Sp3* and Sp3” transplant recipients, the indicated subpopulations were
gated and analyzed for donor-derived lacZ expression (right). The results for transplanted Sp3* cells are
from the animal in which the highest percentages of lacZ* cells were observed. LacZ expression data are
displayed as histograms; the numbers are the proportions of lacZ* cells in which background values in
wild-type mice were lower than 4%.
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peritoneum did not contain significant populations of Sp3” lacZ* cells (Figure 7d-e).

From these findings, we conclude that at 3 months after transplantation, E12.5 Sp3”- fetal
liver cells can substantially repopulatethe B- and T-cell lineages in lethally irradiated recipients.
Sp3’ cells were able to repopulate the NK-cell compartment, although the efficiency was
very low. In strong contrast, the absence of Sp3 precluded significant repopulation of the
erythroid- and myeloid-cell lineages in the in vivo transplantation assay.

Conclusions

Inthis report, we have studied the impact of the absence ofthe widely expressed transcription
factor Sp3 on the developing hematopoietic system in the mouse. We demonstrate that
lymphopoiesis, erythropoiesis, and myelopoiesis are all affected in Sp3 knockout embryos.
Since these embryos are retarded in development,’® our observations might merely reflect the
general delay indevelopmental progression. However, several lines of evidence argue against
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this hypothesis: (1) The finding of phenotypic alterations in erythroid cells in our in vitro cell
culture experiments point toward an intrinsic defect in erythropoiesisin Sp3-null cells. (2) Even
if the general developmental retardation is taken into account, the appearance of definitive
erythrocytes in the circulation of Sp3-null embryos is delayed, and the B- and T-cell precursor
populations are reduced in size. (3) The in vivo transplantation assay revealed differential
effects of the absence of Sp3 for the individual cell lineages: delayed but almost complete
repopulation of the B- and T-lymphoid compartment, and no significant repopulation in the
erythroid and myeloid lineages. (4) The observed intermediate phenotype of Sp3*- embryos
with regard to the appearance of definitive erythrocytes suggests a dosage effect. Effects of
haploinsufficiency on hematopoiesis have been reported before, for instance, for EKLF*° and
acute myeloid leukemia 1 (AML1),*" and are a strongindication for a direct role of the factor in
the lineage affected. Therefore, our data collectively suggest that Sp3 deficiency has a specific
impact on hematopoiesis.

Sp/XKLF family members and erythropoiesis

The hematopoietic defects of Sp3-null mice are subtle, and itappears unlikely that hampered
hematopoiesis contributes significantly to the perinatal lethality. Severe anemia resulting from
insufficient production of functional erythroid cells is the cause of embryonic lethality in the
knockout of another Sp/XKLF family member, EKLF. In these mice, definitive erythropoiesis
is defective owing to failure to activate expression of the adult 3-globin genes.®® Surprisingly,
the embryonic globins and the adulta-globins are expressed normally in the EKLF knockouts.
Many, if not all, erythroid-specific genes contain functionally important Sp/XKLF—binding sites
in their promoters and other regulatory elements. Yet the transcription factors by which these
genes are activated in vivo are still largely unknown, owing to the fact that the Sp/XKLF family
comprises more than 20 different transcription factors. At least 5 of these (Sp1, Sp3, BKLF,
EKLF, and fetal KLF [FKLF])" are expressed in erythroid cells. BKLF knockout mice do not
appear to display an overt erythroid phenotype, but BKLF is known to be up-regulated in
EKLF-null cells.®™ This suggests that there might be overlapping functionality between BKLF
and EKLF. Analysis of compound mutant mice would be required to clarify this issue. We have
generated Sp7 knockout mice in our laboratory, but the early embryonic lethality precludes
the analysis of definitive hematopoiesis in Sp1-deficient embryos.™ We have now created
a conditional knockout allele of the Sp7 mutation. Preliminary data on erythroid-specific
knockouts indicate that Sp1 is essential for primitive and definitive erythropoiesis (U. Jagle
and S.P., unpublished results, December 2001). Our analysis of Sp4 knockout mice has failed
to demonstrate any hematopoietic defect, apart from the reduced cellularity of the thymus
and spleen.” This is thought to reflect a defect in the hormonal pituitary-gonadal axis, since
it is known that such defects correlate with a reduced size of the thymus and delayed sexual
maturation, as observed in Sp4 knockout mice.®
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Sp3 and embryonic/fetal erythropoiesis

The analysis of erythropoiesis in Sp3-null mice presented heredemonstrates a role for Sp3
in the transition from primitive to definitive erythropoiesis, and in the progression of erythroid
maturation. Moreover, the lack of detectable repopulation of the erythroid compartment in
the bone marrow by Sp3-deficient fetal liver cells in the transplantation experiments in vivo,
together with the observed cell-autonomous differentiation defectin vitro, indicates that Sp3
function is essential for normal erythropoiesis. However, we did not find evidence for a critical
role of Sp3 in the developmental timing of fetal- to adult-globin switching in vivo. In crosses
of Sp3-deficient mice with transgenic mice containing the human globin cluster,*? the switch
from y- to B-globin expression takes place between E11.5 and E13.5, irrespective of the Sp3
genotype (P.B. and S.P., unpublished results, September 2001).

Sp3 and lymphopoiesis

In the T-cell lineage, it is of interest to note that /acZ staining indicates down-regulation of
Sp3 expression upon transition of thymocytes from the DP to the SP cell stage. Of course, this
may imply that Sp3 expression directly regulates genes that promote apoptosis of DP cells.
However, Sp3 differs biochemically from the other Sp factors in that it contains an inhibitory
domain.** Sp3 may therefore also function as a repressor of Sp-mediated transcription on
some promoters."*® Thus, down-regulation of Sp3 at the DP stage may shift the balance of
factors bound to GT boxes toward other Sp/XKLF family members. In this context, Sp3 could
modulate the activity of the LKLF, which is induced at the progression from DP into SP and
appears to play a critical role in programming the quiescent phenotype of SP thymocytes.'
However, Sp3 does not appear to be an essential regulator atthis stage of T-cell development,
as the observed partial arrest of T development at the DP stage in E18.5 Sp3’ embryos
was not paralleled by a defect at this stage in the mice in the transplantation group that
received Sp3" fetal liver cells. The /acZ* DP and DD subpopulations in the mice receiving
transplants of Sp3*- and Sp3™ cells did not differ in FSC characteristics or the level of CD3
expression (data not shown). Also, the finding of similar contributions of Sp3*- and Sp3™ cells
to the CD45RB"™" population of antigen-experienced CD4* T cells in the spleen indicates that
Sp3* T cells can function normally and argues against a crucial role of Sp3 in positive selection
in the thymus. Rather, the reduced size of the T-cell compartmentin E18.5 embryos and the
decreased capacity and kinetics to repopulate the T-cell lineage in the in vivo transplantation
assay suggest a subtle defect in the expansion or generation of early T-cell progenitors. As the
defects in the B-cell lineage are similar, it is attractive to speculate that Sp3 deficiency affects
a common lymphoid progenitor. However, it is still unknown whether the common lymphoid
progenitor that has been identified in adult mouse bone marrow also exists in fetal liver.#445

Sp3 and adults eythropoiesis/myelopoiesis

The transplantation experiments demonstrate that Sp3” fetal liver cells have a severely
impaired capacity to repopulate the erythroid and myeloid compartments. Our analysis reveals
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the absence of Sp3” myeloid cells at all peripheral sites investigated. In the bone marrow,
we found that Sp3” cells fail to contribute to the erythroid/myeloid progenitor pool. Since
these cells are contributing quite efficiently to the lymphoid system in the same animals, we
conclude that Sp3 playsan important role in the development of erythroid/myeloid progenitors.
Possibly, Sp3 acts at the early level of the common progenitors to the erythroid and myeloid
lineages. Clearly, more experimentsare needed to further define the function of Sp3 in myeloid
development. In this regard, it is of interest to note that mice deficient for the Sp/XKLF family
member BKLF develop a myeloproliferative disorder,*® raising the possibility of antagonistic
functions of Sp3 and BKLF in myelopoiesis.

Conclusions

Here, we describe the effect of the Sp3-null mutation on hematopoiesis. Our findings,
in particular the in vivo transplantation assay, showed that the absence of Sp3 results in
cell-autonomous differentiationdefects in the erythroid and myeloid cell lineage. Sp/XKLFfactors
share 3 highly conserved DNA-binding zinc fingers, and most hematopoietic cell populations
express multiple members of the Sp/XKLF family. In conjunction with the phenotypes of the
Sp/XKLF knockouts for which hematopoietic defects have been reported in this paper and
elsewhere 211347 it can be anticipated that Sp/XKLF factors have overlapping functions in
hematopoietic cells. We are currently generating compound mutants to address this issue.

Materials and Methods

Mice

Embryos were derived from timed matings of Sp3*- x Sp3*-mice.' Genotyping was performed
by polymerase chain reaction (PCR), with the use of the following 3 primers: a sense primer
in the Sp3 gene amplifying the wild-type allele (5-GCGTGCAAGCCAGTGGTC-3’); a sense
primer in the Neo gene amplifying the knockout allele (5-AGCGCATCGCCTTCTATCG-3);
and a common antisense primerin the Sp3 gene (5-GGACGATTCTATGCCTCC-3’). PCR
conditions were 94°C for 1 minute, 60°C for 1 minute, and 72°C for 1 minute for 30 cycles.

Flow cytometric analysis

The preparation of single-cell suspensions, determination of $-galactosidase activity by
means of fluorescein-di-3-D-galactopyranoside (FDG), antibody incubations, and 3- or 4-color
cytometry have been described previously.?” The following monoclonal antibodies were
obtained from Pharmingen (San Diego, CA): fluorescein isothiocyanate (FITC)-conjugated
anti-B220/RA3-6B2 and anti-CD3; phycoerythrin (PE)-conjugated anti-CD4, anti-CD5,
anti-CD11b/macrophage 1 (Mac-1), anti-CD19, anti-C23, anti-CD25/IL-2R (clone 3C),
anti-CD43/Ser7, anti-CD45RB, anti-CD69, anti—natural killer cell 1.1 (anti-NK1.1), and
anti-Ter119; biotinylated anti-lgM, anti-CD4, and anti-CD8; CyChrome—conjugated
anti-CD8, anti-CD44, and anti-B220/RA-6B2; peridinin chlorophyll protein (Per-CP)-conjugated
anti-CD11b/Mac1; and allophycocyanin (APC)-conjugated anti-CD3, anti-CD5, and anti-CD4.
Southern Biotechnology Associates (Birmingham, AL) supplied PE-conjugated anti-IgD.
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Anti-CD8/53-6.7, anti-CD21, anti-Gr-1/RB6-8C5, and ER-MP20/Ly6-C%® were purified
monoclonal antibodies conjugated to biotin according to standard procedures. Secondary
antibodies used were Tricolor- or PE-conjugated streptavidin (Caltag Laboratories, Burlingame,
CA) or CyChrome- or APC-conjugated streptavidin (Pharmingen).

In vitro culture of fetal liver-derived B and erythroid cells

Primary pre-B-cell cultures were essentially performed as described previously.?°° In brief, fetal
liver cells were cultured in Iscove modified Dulbecco medium (IMDM) medium, supplemented
with 10% heat-inactivated fetal calf serum (FCS)at 2 to 3 x 10° cells per well in 24-well plates
in the presence of 100 U/mL recombinant IL-7 (R&D Systems, Minneapolis, MN). After 5 days
of culture, cells were harvested and recultured on S17 stromal cells with or without 100 U/mL
IL-7 for 48 hours.

For suspension culture assays, fetal livers were collected from embryos and disaggregated to
single-cell suspensions; then, 5 x 10* cells were placed in 20-uL drops suspended onthe lid of
a Petri dish (Lindeboom et al, manuscript in preparation).

Colony assays

Colony assays were performed essentially as described.?'3? Fetal livers were disaggregated
into single cells by pippeting and were plated out in methyl cellulose containing 1 U/mL
erythropoietin (Epo) at a cell density of 15 x 10° and 3 x 10%/mL for erythroid colony-forming
units (CFU-Es) and erythroid burst-forming units (BFU-Es), respectively. The appearance of
colonies was scored after 3 (CFU-Es) and 9 (BFU-Es) days.

Analysis of peripheral blood

E12.5, E14.5, and E16.5 embryos were dissected and bled on adish to collect the fetal blood
in 1 x phosphate-buffered saline (PBS) containing 0.5 mM EDTA (ethylenediaminetetraace
tic acid). Cell size distributions were determined on a Casy1 instrument (Scharfe System,
Reutlingen, Germany). Aliquots of the blood were loaded on a cytofunnel and spun at 1000 rpm
for 2 minutes on microscope slides. The preparations were left to air dry and stained with a
combined histologic and neutral benzidine-staining procedure.®

In vivo transplantation assay

Fetal liver cell suspensions, prepared by treatment with 0.125% wt/vol collagenase for 1 hour
at 37°C in PBS with 10% FCS, were transferred intravenously into 8- to 10-week-old C57BL/6
female mice, which were exposed to a split dose of 9 Gy ata 3-hour interval by a '*’Cs source.
To provide short-term survival, 2 x 10° C57BL/6 female splenocytes were coinjected. Mice
were maintained in filter-top cages and received 0.16% neomycin-supplemented water.343%
Donor tissues were examined for Sp3 genotype and sex (Y chromosome) by DNA PCR of
somite tissue or body remnants from dissected embryos. Donor-derived engraftment was
examined by semiquantitative PCR of DNA from peripheral blood with the use of Sp3 wild-type
and mutant-specific primers, or primers for the male-specific YMT2 gene.343%
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Abstract

Mice lacking the ubiquitously expressed zinc-finger transcription factor specificity
protein 3 (Sp3) die prenatally or shortly after birth. To elucidate one possible cause of the
mortality of Sp3-null embryos, we analysed the potential role of Sp3 in embryonic heart
development. Our study revealed defective looping resulting in a wide inner curvature of
Sp3*hearts atembryonicday 10.5 (E10.5), causing severe abnormalities in cardiac morphology
in all Sp3-null embryos at E12.5. At E14.5, the majority of the Sp3-null mutant hearts have
developed a double outlet right ventricle and a spectrum ranging from overriding tricuspid valve
to double inlet left ventricle. The compact myocardium is thin with many perforations allowing
direct sub-endocardial to sub-epicardial contact. To position the transcription factor Sp3 in the
heart development pathway, we analysed the expression of genes known to be essential for
normal murine heart development, including Nkx2-5, Gata4, Anf, and Carp. The expression
patterns of the genes analysed were not altered in developing Sp3” hearts, with the exception
of the gene encoding Carp. Carp becomes slightly down-rgulated in Sp3* hearts at E12.5,
and is almost completely absent in E14.5 Sp3” hearts. Analysis of the Carp promoter reveals
that Sp3 can bind to the Carp promoter region, suggesting that Carp is directly regulated by
Sp3, most likely in cooperation with known cardiac-specific transcriptional activators such
as Nkx2-5 and Gata4. Our results demonstrate a crucial role for transcription factor Sp3 in
myocardial differentiation and outflow remodelling.
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Introduction

Specificity protein 3 (Sp3) is a family member of the transcription factor family
Sp/XKLF (specificity protein/x Krippel-like factor) that is characterized by three conserved
Krippel-like Cys,-His, zinc-fingers, located in the C-terminus of the Sp/XKLF proteins. The
three fingers form the DNA-binding domain that recognizes the GC-(ggGGCGGgg) box and
the related GT-(ggGGTGTgg) box, present in regulatory regions of many housekeeping-
and tissue-specific genes. The Sp-subclass members Sp1, Sp3, and Sp4 bind with similar
specificity and affinity to GC- and GT-boxes, and they all contain two glutamine-rich activation
domains in their N-terminus. Sp1 and Sp3 are widely expressed, whereas Sp4 is most
prominently expressed in neuronal tissues (reviewed in references '2). Sp1 knockout embryos
are severely growth retarded and die after E10.5.% Although Sp3 is highly homologous to Sp1
in terms of its expression pattern and protein sequence, its biological function is quite different
from that of Sp1. In a mixed genetic background of C57BI/6 and 129/Ola, Sp3-null mutant
mice die invariably immediately after birth.* Their immediate post-partum lethality likely results
from respiration failure. However, only minor morphological abnormalities were observed in
Sp3-null lungs, and expression of essential lung-specific genes, such as surfactant proteins,
is unaltered.* Sp3’ fetuses have a defect in tooth development, reflected by absence of
ameloblast-specific transcripts, and their skeletal ossification is impaired.> Furthermore,
absence of Sp3 results in cell-autonomous differentiation defects in the erythroid- and myeloid
cell lineages, indicating that Sp3 also has a function in normal hematopoiesis.® Sp4-null mice
have initially a reduced body weight and display an increased incidence of early postnatal
mortality.”® The latter appears to be related to disturbed development of the cardiac conduction
system.®

Recently, we found a high mortality rate of Sp3’ fetuses in the C57BI/6 background.
The majority of these null mutants die before E18.5, with an increased mortality rate already
observed at E16.5. The increased prenatal mortality rate suggests that lung failure may not be
the main cause of the previously described immediate postnatal lethality of Sp3’ fetuses.

Congenital heart defects are a common cause of pre- and perinatal mortality.'*'? The heart
is the first organ formed during mammalian embryogenesis and develops from the anterior
lateral mesoderm. The cells of the mesoderm become, via signalling from adjacent endoderm,
committed to cardiac fate and start to express cardiac-specific genes (reviewed in reference
13). Soon thereafter, the newly formed cardiac cells assemble along the ventral midline of the
embryo into a beating linear heart tube, around E7.5 in the mouse. Next, the linear heart tube
undergoes rightward looping, a process that is essential to position the in- and outflow tracts
in close proximity to the developing four chambers. These heart chambers later acquire their
own specific morphological characteristics. Further proliferation of cardiomyocytes allows
the heart to increase blood load during embryonic growth. A complex transcriptional network
controls these processes (reviewed in references '*4).

To investigate the potential cause of the high prenatal mortality rate of Sp3” embryos, we
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performed a detailed morphological investigation of heart development. This was combined
with a study of the expression patterns of early cardiac genes (including Nkx2-5, Gata4, and
Tbx5) and late cardiac genes (including Irx4, Carp, Anf, Msx2, and Tgf32), as a first approach
to determine the position of Sp3 in the cardiac regulatory pathway.

Results

Sp3” fetuses display severe cardiac malformations

As we observed a high mortality rate of Sp3” fetuses during pregnancy in the C57BI/6
background, we decided to investigate the development of Sp3-deficient embryos in more
detail. In addition to the earlier reported growth retardation of the Sp3’ fetuses, we often
observed edematic Sp3-null mutants around E14.5 (Figure 1a,d). This finding suggests
that cardiac dysfunction may contribute to the increased mortality rate of Sp3” fetuses. To
investigate this possibility, serial sections of E10.5 (n=14), E12.5 (n=12), and E14.5 (n=17)
Sp3" embryos were examined. A wide inner curvature was found in E10.5 and E12.5 Sp3”
hearts. At E12.5, the wide inner curvature of Sp3’- hearts was reflected in delayed progression
of in- and outflow tract remodeling. The pulmonary trunk and the aorta were standing side
by side in all E12.5 Sp3” hearts examined (Figure 1b,e) and were connected to a greater
extent to the right ventricle as compared to normal. In 8/12 E12.5 mutant hearts, both future
atria were most prominently connected to the left ventricle. In wild-type littermates, the right
atrio-ventricular (future tricuspid orifice) connection is to the right ventricle (Figure 1c,f).

In addition, we found a very primitive heart structure in three Sp3" E12.5 hearts. These

Figure 1. Cardiac and cardiac-
related malformations in Sp3™*
fetuses

(a,d) The majority of Sp3” fetuses
are edematic at E14.5, indicating
that the Sp3 null mutant has a
cardiac dysfunction (in d indicated
by arrows). (b,c,e,f) E12.5 hearts
stained for actin. Comparison of
(b,c) with (e,f) shows a side by side
pulmonary trunk and aorta as well
as an aorta coming form the right
ventricle (b,e) and a right atrium that
is connected to a greater extent to
the left ventricle in the Sp3’ fetus
compared to wild-type littermates
(c,f). Myocardium of Sp3-deficient
heart is perforated, allowing direct
sub-endocardial to sub-epicardial
contact, indicated by arrow in (f).
Ao: aorta; Pt: pulmonary trunk;
RV: right entricle; LV: left ventricle;
RA: right atrium; LA: left atrium.
Scale bars: 100 pm.
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hearts had a single inlet and outlet, one common ventricle, and no expanding ventricular
septum separating the future ventricles. In 4/12 of the E12.5 Sp3" hearts there was a common
arterial trunk, a situation in which the outflow tract is not septated into the ascending aorta and
the pulmonary trunk.

The wide inner curvature established at the earlier embryonic stages has a major impact
on the in- and outflow connections of the majority of the E14.5 Sp3' hearts. In 15/17 E14.5
Sp3" hearts the aorta and the pulmonary trunk were both positioned above the right ventricle
(Figure 2a,b,e,f) resulting in a double outlet right ventricle (DORV). In 2/17, solely a ventricular
septal defect (VSD) was found. Although a common arterial trunk was found in four E12.5
Sp3" hearts, we did not find this abnormality in the E14.5 Sp3-null hearts analysed. However,

Figure 2. Histological examination of Sp3’ hearts

(a-c, e-g, i-k) immunostaining for actin and (d,h,l,m) for WT-1, all E14.5 hearts.

The pulmonary trunk as well as the aorta connected to the right ventricle in E14.5 Sp3™ heart (e,f), which
is not the case in Sp3** heart (a,b). DILV malformation in E14.5 Sp3” heart, associated with an overriding
tricuspid valve (g; Sp3**:c). Abnormal myocardium in the Sp3 null mutants (i-j,k), reflected by perforated
atrial and ventricular myocardium (perforations depicted by arrows in j and k), subepicardial bleeding
(j) and spongy ventricular septum (compare 2c with 2i). Expression of WT-1 in the epicardial layer and
EPDCs (brown dots in d,h,l,m) indicates the presence of the epicardial layer, and the invading EPDCs, in
the absence of Sp3. However the epicardial layer has in irregular structure in the Sp3* heart (h and m).
Ao: aorta; Pt: pulmonary trunk; RV: right ventricle; LV: left ventricle; RA: right atrium; LA: left atrium. Scale
bars: 100 pm.
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atrio-ventricular canal malformations were found in 11/17 of the E14.5 Sp3™ fetuses. These
fetuses had a double inlet left ventricle (DILV) associated with a straddling tricuspid valve
(Figure 2g,c).

Detailed examination of the Sp3-deficient myocardial tissue uncovered that the development
of the myocardium was affected during embryogenesis. The ventricular myocardial wall of E14.5
Sp3” hearts was hypoplastic and had an irregular, and very spongy structure (Figure 2g,i),
compared to wild-type littermates (Figure 2b,c). In addition, the ventricular septum of E14.5
Sp3’" hearts was also composed of spongy myocardium, causing a muscular VSD in 2/17
of Sp3” E14.5 hearts (Figure 2g,i). Furthermore, we observed perforations in the atrial and
ventricular myocardium in ~50% of the E12.5 and E14.5 Sp3” hearts (indicated by arrows in
Figure 1fand Figure 2i-k). The perforationsin the ventricular wall allowed direct sub-endocardial
to sub-epicardial contact, resulting in accumulation of blood in the sub-epicardial layer.

The epicardial layer contributes to the maturation of the myocardium via the formation
of epicardial derived cells (EPDCs). Absence of the epicardial layer results in the lack of

Figure 3. The expression
pattern of Sp3 in E9.5-E14.5
wild-type hearts

(a,c,e,i) stained for actin and
(b,d, f-h, j-I) stained for Sp3.
Sp3 has a ubiquitous expression
pattern in the heart as well as
in the rest of the fetal body,
between the developmental
stages E9.5 and E14.5. (g, h)
are high magnifications of f; in
g the outflow region, and h the
LV, of an E12.5 heart. (k, ) are
high magnifications of j; in k the
outflow region, and | the LV, of an
E14.5 heart. In all Sp3-stained
sections the main structures are
positive: myocardium (b,d,f,j and
magnifications); the epicardium
(f,j),themesenchymalenodcardial
cushion cells (df,g), the
neural crest-derived condensed
mesenchyme (asterisk in jk)
and the smooth muscle cells
of the great arteries (f,g,j,k).
Ao: aorta; Pt: pulmonary trunk;
OFT:outflowtract;V:ventricle; RV:
right ventricle; LV: left ventricle;
RA: right atrium; LA: left atrium;
Cu: cushion. Scale bars:
100 pm.
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EPDCs and a subsequently hypoplastic compact myocardium.'®?° The affected myocardial
development in Sp3-deficient hearts prompted us to examine the histology of the epicardium.
We made use of the expression pattern of the the Wilms’ tumor gene (WT-1) (Figure 2d,h,I,m)
as WT-1 is expressed in epicardial cells and EPDCs.?>?' We found that there is epicardial
outgrowth in the mutant hearts. However, at E12.5 the epicardial layer is abnormally attached
to the myocardium and forms balloon-like structures. At stage E14.5 the number of cells in
the epicardial layer was reduced, but EPDCs had invaded the myocardium of Sp3* hearts
(Figure 2I,m).

In summary, the morphological investigation of the Sp3” embryonic hearts has revealed
that these hearts display malformations during early cardiac formation, which develop into
severe malformations at later time points.

Expression analysis

First, we analysed the Sp3 expression pattern during murine heart development at the
embryonic stages E9.5-E14.5. This analysis revealed that Sp3 is ubiquitously expressed
in the developing embryonic mouse heart. Thus, the myocardium, the endocardial cushion
mesenchyme, the epicardium, the neural crest-derived condensed mesenchyme, and the
smooth muscle cells of the great arteries that also have a neural crest origin, all express Sp3
(Figure 3b,d,f-h,j-1). To begin to understand the role of Sp3 in cardiac development, we therefore
analysed expression of a set of genes known to be essential for heart development. For this
purpose, we performed immunohistochemistry and radioactive in situ hybridisation experiments.
The Nkx2-5 gene is the first marker of mesodermal cells fated to cardiac development.?22
Nkx2-5 regulates, like Gata4, -5, and -6, many structural cardiac muscle genes.?*?6 Analysis
of Nkx2-5 and Gata4 expression in E10.5, E12.5, and E14.5 Sp3-null hearts showed normal
expression patterns of these genes (Figure 4a,e,i,m for Nkx2-5 expression and Figure 4b,f,j,n
for Gata4 expression, at E12.5 and E14.5). We further analysed Tbx5, a factor essential for
atrial and ventricular septation,?” and a regulator of several cardiac genes.?®?° The expression
pattern of Tbx5 also appeared to be normal in the Sp3” hearts (Tbx5 expression in E12.5
hearts is shown in Figure 4d,h). We next analysed the expression of two genes known to be
expressed in proliferating- and developing myocardium: atrial natriuretic factor (Anf)* and
cardiac ankyrin repeat protein (Carp).>'-*? The expression pattern of Anf appears to be normal
in the Sp3” hearts (Figure 4l,p shows the expression at E14.5). However, the analysis of the
Carp transcript at stages E10.5-E14.5 revealed aberrant down-rgulation of Carp expression
in Sp3 mutant hearts from E12.5 onwards. At these stages, Carp expression is diminished in
the compact ventricular myocardium (compare wild-type in Figure 4c with Sp3”-in Figure 4g).
At E14.5, Carp expression is lost in almost the entire Sp3”- heart (Figure 40). The only areas
where Carp is still expressed are the right and left atrium, and part of the myocardium of the
ventricular septum correlating with the position of the future conduction system.

The iroquois related homeobox 4 gene (Irx4) plays a major role in specification of the
heart into an atrial and ventricular section. Irx4 regulates the chamber-specific myosin
isoforms by activating the ventricular myosin heavy chain 1 gene (Vmhc1), and inhibiting
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Figure 4. Expression of main regulators of cardiac development and of myocardial-specific
genes

(a,e and i,m) Nkx2-5 remains expressed in the myocardium of E12.5 and E14.5 Sp3” hearts,
(b,f and j,n) as is the case for for Gata4. (d,h) The transcript of Tbx5 has a similar pattern in the Sp3” as
in the Sp3”* heart at E12.5. (I,p) In the E14.5 Sp3-null mutant hearts, the expression pattern of Anf
is indistinguishable from that in the wild-type. (c,g and k,0) Carp is down-rgulated from E12.5 in the
absence of Sp3. At E12.5, Carp expression is diminished in the LV; at E14.5, Carp expression is almost
completely absent in the Sp3” heart. The remaining expression site at E14.5 correlates with the position
of the future atrio-ventricular conduction system bridging the septum. Ao: aorta; Pt: pulmonary trunk;
RV: right ventricle; LV: left ventricle; RA: right atrium; LA: left atrium. Scale bars: 100 ym.
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the atrial myosin heavy chain 1 gene (Amhc1) in the ventricles.?® The in situ hybridisation
analysis of Irx4 expression in E12.5 Sp3" hearts revealed a normal ventricular expression
pattern (Figure 4a,d). Markers for correct specification of the atria and the ventricles after the
primitive heart stages are the myosin light chain genes myosin light chain 2 atrial (Mlc2a) and
myosin light chain 2 ventricular (MIc2v). During early heart development the Mic2a transcript
is located in the entire heart, but it becomes restricted to the atria from E12.5 onwards,**
whereas the Mlc2v gene is expressed only in the ventricular segment of the heart.?%%¢ Our
in situ hybridisation data show that Sp3’ hearts have a normal Mic2a and Mic2v transcript
distribution at developmental stages E10.5, E12.5, and E14.5 (Figure 5b,e, and c,f show the
expression of Mic2v and Mic2a, respectively, at E12.5.)

Figure 5. Analysis of expression patterns of
cardiac genes by situ hybridisation

Irx4 (a,d), a mediator of ventricular-atrial
specification, has normal ventricle-restricted
expression in the E12.5 Sp3” heart. Two other
markers for this specification, Mic2V (b,e) and
MIc2A (c,f), are also normally expressed in Sp3*
E12.5 hearts. Expression of Msx2 (h,k) and Tgf32
(g,i) are not altered in E12.5 and E14.5 Sp3™ hearts.
Ao: aorta; Pt: pulmonary trunk; RV: right ventricle;
LV: left ventricle; RA: right atrium; LA: left atrium.
Scale bars: 100 pm.
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Besides internal signals from the myocardium, the myocardium also needs signalling from
the epicardium, for example via vascular endothelial growth factor (Vegf)*” or WT-1. WT-1
is essential for outgrowth of the epicardium and is expressed in the epicardial layer and in
EPDCs.?"% We analysed WT-1 expression in E10.5, E12.5, and E14.5 Sp3” hearts and found
that the epicardial cells and EPDCs are expressing WT-1 normally at all stages analysed
(Figure 2d,h,l,m displays WT-1 at E14.5). However, the number of EPDCs appears to be
reduced in the Sp3 null mutants.

Homeo box, msh-like 2 (Msx2) is expressed in neural crest cells and cardiac neural
crest-derived mesenchyme, and is linked to formation of valves and the atrio-ventricular
junction.® The in situ hybridisation data show that the Msx2 transcript has a normal expression
pattern in E12.5 Sp3-deficient hearts (Figure 5h,j).

Two mouse models with heart defects similar to those observed in the Sp3”- mouse are the
transforming growth factor § 2 (TgfB2)* and retinoic x receptor a (Rxra)*' knockout models.
This prompted us to investigate the expression of Tgf32 and of the two other Tgff} members,
TgfB1 and TgfB3. We observed normal expression patterns of Tgf31, -2, and -3 in developing
Sp3 hearts (TgfB2 expression at E14.5 is shown in Figure 5 g,i). Preliminary data on in situ
hybridisation with a probe for Rxra also indicate that the expression pattern of Rxra is normal
in Sp3’ hearts.

In summary examination of the Sp3 protein distribution unveiled the ubiquitous expression
pattern of Sp3 in the developing murine heart. Analyses of the expression pattern of a panel
of cardiac genes showed that most of them have a normal distribution in the Sp3-deficient
hearts, with Carp as exception. Carp expression is greatly reduced in E14.5 Sp3' hearts. An
earlier report on Carp positioned this gene downstream of Nkx2-5.%" Since Nkx2-5 expression
is not affected in the Sp3-null hearts, this suggests that Nkx2-5 mediates the expression of
Carp in conjunction with Sp3.

Sp3 regulates/binds to the Carp promoter

The Carp gene is expressed in skeletal muscle, but its predominant expression site is
the myocardial compartment of the heart, where it is found as early as E8. The Carp protein
contains four ankyrin repeats in its carboxyl terminal end, and is nuclear localized. Carp is
thought to function as a transcriptional cofactor, since in vitro experiments have demonstrated
that Carp acts as an inhibitor of the expression of several cardiac genes, including Mic2v and
Anf.3132 Carp expression itself is mediated by Gata4, via a Gata4 site at -250 upstream of
the transcription start site, and by Nkx2-5, that acts via interaction with Gata4 at the protein
level.*2 However, the expression patterns of Nkx2-5 and Gata4 are not altered in Sp3" hearts,
suggesting that Sp3 might act downstream of Nkx2-5 and Gata4 as a direct regulator of Carp
transcription. We therefore searched in the 2.5 kb upstream promoter region of the Carp gene
for GC- and GT-boxes. This region was previously shown to be necessary to drive correct
Carp expression.* We found that this regulatory region contains five putative Sp binding sites
at positions -146 (Sp-C1), -2365 (Sp-C2), -1741(Sp-C3), -1863 (Sp-C4), and -1904 (Sp-C5)
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(Figure 6a). To test if these putative Sp binding sites are functional, we performed gel mobility
shift assays. The sequences of the oligonucleotides used in these assays are underlined in
Figure 6a. The specificity of binding was tested through the addition of a 50-fold molar excess
of a competitor oligonucleotide containing two Sp binding sites.** The proteins present in
the complexes were analysed by supershifts with specific antibodies (Figure 6b). The results
show that four of the five putative Sp binding sites are capable of binding Sp3 and Sp1; only
Sp-C1 is not able to bind Sp3 or Sp1 in this assay (lane 1-4 of Figure 6b). The newly identified
Sp binding sites in the Carp promoter are flanked by two putative Nkx2-5 DNA binding sites
(TNNAGTG),* and two putative Gata DNA binding sites (A/T GATAA/G).%

In summary, these experiments show that Sp3 has the capacity to bind to the Sp bindings
sites present in the 2.5 upstream region of the Carp promoter, supporting the idea that Sp3
directly regulates the Carp gene.

-1977 GAAATAATTTTATGATTGAAGGTCACCACAACATGAGGCCGCCACACTGTTCTAGAGAAA
=L¥LT AAI‘CACCT GAAAGGTTTGGGAAAGCCTTTCTGTCCATTCTTCATTCTTCARAG
1857 TGATGTGTTCACAGAAAGCCTTTCAGCTGTTCTGCTGGGGCTCTTAGTAAGTCTGAGTAG
-1797 GAACTGT}-\TGTACCAGGTCTGCTTCTTA_:GCCAAGACGCATCGZ-EGC
-1737 GAAGACGCAACCTCACCTTCTAGCTCTGCATCCATAGCAAGTAGCCTAATGTTTCTGTGT
-1677 CTAGGTGTCATCTCTGTGAATCGAGATCCTTGGCCTTGCT TGAAT TAGGGAGGCACARAA

-1617 TACTCAGAGATTCAAGACTGCTCAGCAGCCCAGAGTCCTTCCTCAAAGGAAAGGTCTCAA

-1557 CTCTCAGCCCCCCTTAGCTCTGAGTCAGGCCTGGAACAAACGGCCACAGGAATGAGARAA
Nkx2-5
-1497 GCTGCCATAGCTGCT TGTCACTTCAAGAGGTCAAAGAAAATAGTGTTAACCATGARAACG
GATA GATA
-1437 AGAAGACCAACAGTTATCCATTGATAGQCGTCTCAGGA 'ACAGAGAGAACACTA

-1377 GGAGAGGGGAACCCACGAAGGACAAGGTATTAGTGTGTTGGTTTTCAGGGCAATGTCTTG

Figure 6. FunCtionaI sp bindings =117 TACTG,Z\,AGATTCTAGAAACACAATTTGCTGGTTGAACAGC
sites in the murine Carp promoter

(@) The 25kb Carp promoter
region. The five Sp motifs are boxed
(Sp C1-5), as well as the Nkx2-5
and GATA motifs. Ooligonucleotide

-1257 TACCCCATGTTCATGGAAGGGTGAGTGAGGAGAGACAGATATATGATGGCCAGCATAARCA
-1197 AACATACACAACACCCTAATTAACACTTCCCTCTTCTACTGACACCCCCTTCACTCTCCT

ATARRAARATAAAAAAAGTATTTTATGTGGCTCTTACGATAGAAT CTTTCCTCGAA

-237 CGCCGCGGCCAGCTTGTCATCTCCCTCTTGGGCTTCCCAGACACTAAGT CTGGAATGAAA

sequences Of the Sp mOtIfS that =L ATTCACCTGCCTCTGAATTGGCCACT’G_SG_EI‘_GE(;_QSGCAGGGGTGTSACTTGGCTTCCCAGGC
were analysed by the gel retardatlon 4. TGGAAGACACCCAGCCCTAGCTATATAACGGGCTGGTSTGGAGGGGCTCCACAG

assay are underlined. (b) Schematic
representation of the promoter

region of the Carp gene. The shaded B &3& &5 @ putative Sp-biniding site
area of the Carp gene represents the FSS & & id @C-box or Gl-box

i i _m—ﬁH 0 Nkx2-5-site motif
translated region. (c) Gel retardation Yoo e ¢ o cae TNNAGTG
assay performed to analyse the DIN v 0 GATA-site motif

capacity of Sp3 and Sp1 to bind to l ATGATAAG
the Sp sites. The specificity of binding c

to the Sp C1-5 oligonucleotides was g g 8 s s

analysed through the addition of i 2oL BEEL B0 L BRE B
50-fold molar excess of a competitor 8. 8% 3,8 8,38 8,88 8.%8%
oligonucleotide containing two Sp Spca __Spic2  SpC3 __ sSpea  SpiCh

sites.*® Supershifts were performed
to analyse the protein complexes
with antibodies directed against Sp1

<« supershift Sp3

<« supershift Sp1

or Sp3. The arrows on the right point < glp’;
at the different protein complexes
<« Sp3

formed; note that there are several
isoforms of Sp3.%
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Discussion

Previous studies on Sp3 mice failed to identify the cause of perinatal mortality.* The
new observation of a high in utero mortality rate in the C57BI/6 background initiated this
investigation of cardiac development in Sp3-null fetuses.

Severe cardiac malformations

The present study revealed that secondary cardiac looping is affected in Sp3-deficient
hearts, resulting in the development of a wide inner curvature. Remodelling of the primitive heart
through looping is absolutely necessary to properly establish the definitive ventricular-arterial
connection. It is therefore most likely that the observed DOLV and DILV malformations, present
in E14.5 Sp3” hearts, are brought about by disturbed looping. The observed hypoplastic and
perforated compact myocardium in the Sp3* hearts indicates that transcription factor Sp3 is
also essential for myocardial maturation. We conclude that these severe cardiac malformations
are very likely causing the prenatal and perinatal death of Sp3” fetuses.

The Sp3 knockout versus other knockout mice

Other knockout models display cardiac malformations comparable to those found in the
Sp3 knockout, e.g. retinoic x receptor a (Rxra),***" transforming growth factor 2 (Tgf32),*°
and friend of Gata2 (Fog2)*® mutants. The Rxra’ mouse has in- and outflow abnormalities and
hypoplastic myocardium. The E13.5 Rxra’- heart has elevated Mic2a*® and Tgf2*' levels, and
the Carp level is dramatically reduced from E10.5.%° The Mic2a and Tgf2 levels are normal
in Sp3” hearts whereas the reduction in Carp expression levels follows a different pattern
in Sp3" fetuses. Preliminary data on compound heterozygous Sp3*-:Rxra*- mice showed
that double heterozygous fetuses do not display a significant phenotype. These observations
together indicate that Rxra and Sp3 contribute in distinct ways to development of the heart.
The TgfB2” fetuses share the DORV and DILV malformations with the Sp3" fetuses,*® but the
TgfB2 transcript distribution is not altered in Sp3” hearts, indicating that there is no direct link
between Sp3 and Tgf2.

Hypoplastic compact myocardium is also found in the WT-1 knockout mouse and is
caused by disturbed formation of the epicardial layer, resulting in the absence of EPDC
formation in the ventricles.?'*® Presence of EPDCs is essential for development of the
compact myocardium.'®2 Sp3 knockout fetuses develop an epicardial layer, but the layer is
not well adhered and contains fewer and irregularly distributed epicardial cells at stage E14.5,
compared to the wild-type situation. We have shown previously that cardiac malformations
and hypoplastic myocardium develop if attendance of EPDCs is disturbed.'®5" We propose
that the abnormal differentiation of the compact myocardium layer in Sp3™ fetuses is the result
of inadequate cross-talk between the abnormal myocardium and normal EPDCs, resulting in
a phenotype that is also found after primary EPDC disturbance. This idea is supported by the
normal WT-1 expression in the epicardial layer and EPDCs of Sp3" fetuses, despite the fact
that Sp binding sites are present in the WT-1 promoter.5?
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Sp3-deficiency affects expression of the Carp gene

Simultaneous appearance of the myocardial phenotype around E12.5 with disappearance
of Carp expression suggests a direct relation between both events. Limited knowledge is
available on the biological role of Carp. Carp displays negative transcriptional regulator
activity on cardiac muscles genes®' and is up-regulated during cardiac hypertrophy.*25® Thus,
Carp might be essential for myocardial growth, a process that is impaired in the Sp3’ hearts.
However, the disordered myocardial development is not the result of Carp reduction only,
since Carp is still abundantly expressed in the myocardium of the right atrium, which is not
properly developed and contains perforations. We conclude that other, as yet unidentified,
factors are also involved in the myocardial phenotype of Sp3-deficient hearts.

Carp transcription is mediated by the cooperative action of Gata4 and Nkx2-5.42 Their
normal distribution pattern in the developing Sp3” heart indicates that the reduction of
Carp is not the result of loss of either Nkx2-5 or Gata4 expression. Our identification of four
functional Sp binding sites in the 2.5 kb upstream regulatory region of the Carp gene, a region
essential for Carp expression,*? supports the idea that Carp is a direct target of Sp3-mediated
transcription. However, we cannot rule out that the reduction of Carp is a secondary effect of
Sp3 deficiency.

The role of Sp3 in cardiac development

Sp3-deficient embryos develop severe cardiac malformations. An intriguing question
is where Sp3 is positioned in the cardiac developmental pathway. We analysed a panel of
genes, including major modulators of cardiac development, and compared the Sp3 phenotype
with other similar knockout phenotypes. Both approaches did shed light on the position of
Sp3 in the cardiac pathway. The severe phenotype and the early wide inner curvature in
the Sp3-deficient embryos point at Sp3 as one of the crucial factors in cardiac development
downstream of Nkx2-5. This is underlined by an experiment with chimeric embryos in which
wild-type blastocysts have been injected with Sp3-null ES cells. The chimeric embryos were
harvested at developmental stage E14.5 and examined by serial sectioning. Most of these
embryos had developed severe cardiac malformations similar to those found in the normal
Sp3 embryos. Even embryos with a relatively low contribution of Sp3” cells to the heart
and other mesodermal structures developed severe malformations, including DORV and
hypoplastic compact myocardium. Thus, unlike the Rxra knockout,?*% the phenotype of the
Sp3 knockout appears to be cell autonomous. This chimeric experiment, together with our
other observations, indicates Sp3 as a crucial mediator in heart development.

Further characterization of the Sp3 heart phenotype is necessary for accurate positioning
of Sp3 in the pathway of cardiac development. Since Sp3 is a transcription factor we would like
to identify more direct downstream target genes of Sp3. Furthermore, as Sp3 is ubiquitously
expressed, the Sp3 knockout phenotype can be the result of improper functioning of several
cell types (such as epicardial- and neural crest cells) that interact with heart development. A
conditional knockout strategy should help to reveal which cell types contribute to the spectrum
of the Sp3” heart phenotype.
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Materials and methods

Mice

Sp3 knockout mice* were bred for more than 10 generations to C57BI/6 mice. Embryos
were derived from timed breedings of Sp3"- x Sp3* mice. Genotyping was performed by
polymerase chain reaction (PCR), with the use of 3 primers: a sense primer in the Sp3 gene
amplifying the wild-type allele (5-GCGTGCAAGCCAGTGGTC-3’), a sense primer in the
Neo gene amplifying the knockout allele (5-AGCGCATCGCCTTCTATCG-3’), and a common
antisense primer in the Sp3 gene (5-GGACGATTCTATGATGCCTCC-3’). PCR conditions are
94°C for 30 seconds, 57°C for 30 seconds, and 72°C for 30 seconds for 30 cycles.

In situ hybridisation

Probes for Tgf1, Tgf32, and TgfB3 have been described;'® the probe for Mic2v was a gift from
A.F. Moorman. Other probe sequences were generated via PCR and subsequently cloned
using the pGEM-T-Easy vector system | (Promega, A1360), and sequenced. Riboprobes were
labeled with ¥S-UTP (Amersham, SJ603, 1000 Ci/mmol) and hybridisation was performed
as described previously.'® See Table 1 for the PCR primers that were used to generate the
probes.

Immunostaining

E9.5-E14.5 embryos were immersion-fixed in a 4% para-formaldehyde (PFA) solution in
PBS at 4°C overnight, E16.5 fetuses were first perfused with the 4% PFA solution via the
liver, and then immersion-fixed in PFA at 4°C overnight. The embryos were embedded in
paraffin and serially sectioned (5 pm) transversely. The following antibodies were used. First
antibodies: HHF35 (Dako, M365); Mic2a (S.W. Kubalak); Nkx2-5 (Santa Cruz Biotechnology,
sc-8697); Sp3 (Santa Cruz Biotechnology, sc-13018); WT-1 (Santa Cruz Biotechnology, sc-192).
Secondary antibodies: biotinylated goat anti rabbit (Vector Laboratories BA-1000) for Mic2a,
Sp3 and WT-1; biotinylated rabbit anti goat (Vector Laboratories, PK-6105) for Nkx2-5; and for
HHF35 rabbit anti mouse (Dako, P0260), goat anti rabbit (Nordic Immunological Laboratories,

Table 1. PCR primers used to generate the probes

gene symbol primers fr_agmet
size (bp)

Anf 5'- GACAGCAAACATCAGATCGT-3'(s) 444
5'-CTCTGGGCTCCAATCCTGTC-3' (as)

Carp 5-AGGAGCTGGTAACAGGCAAA-3'(S) 459
5-TTCAGGACATCTGCGTTTCC-3' (as)

Gata4d 5-AATGCCTGTGGCCTCTATCA-3' (s) 621
5-CGCTGATTACGCGGTGATTA-3' (as)

Gata5 5-GACTTTGCCTTCACCTCCT-3' (s) 541
5-AGTCCTGCGTCTGTAAGCAA-3' (as)

Irx4 5-ATGCTGGCAAAGACGACAAG-3' (s) 623
5'-GGTGGCCCAGGCCTGGTTCA-3' (as)

Mic2a 5'-GCACAACGTGGCTCTTCTAA-3' (s) 455
5-GTGGGTGATGATGTAGCAGA-3' (as)

Tbx5 5-AAGACACCTTCTATCGCTCG-3' (s) 504

5-TATTCTCACTCCACTCTGGC-3' (as)
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Gar-lg), and Rabbit-peroxidase anti peroxidase (Nordic Immunological Laboratories,
R-PAP). The Vectastain ABC kit HRP (Vector Laboratories PK6100) was used as the third
step for biotinylated secondary antibodies. For visualization, sections were incubated with
400 mg/ml DAB (3-3'diaminobenzidine tetrahydrochloride, Sigma-Aldrich Chemie D5637) in
0.05 mM Tris-maleate buffer pH 7.6, and finally counterstained with Mayer’s hematoxylin.

Gel retardation assay
Gel retardation assay were performed as described.'” The sequences of the oligonucleotides
used are (the sense strand is given):

C1 5-ACCCCTGCCCCCACCAGTGGC-3’

C2 5-TAAGAACCCCCACCCCACTTCA-3

C3 5-TTCGCTCCACCCACGATGCGT-3

C4 5-TTGGCTCCACCCATAAGAAGC-3

C5 5-ACCTTTCCCCACCCAGGTGAT-3’

Sp 5-TTATGGGCGGAGTTAGGGGCGGGACTAT-3’
Samples were incubated for 30 min at room temperature, loaded on a 4% polyacrylamide/
0.5xTBE gel, and ran at 250 V for 2 hours at room temperature. Polyclonal antibodies against
Sp1 and Sp3 were used at 1:16 dilution in the binding reactions. Nuclear protein isolation was
performed as described.®
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Abstract

Murine Sp3-null embryos die from serious cardiac dysfunction that is brought about
by severe cardiac abnormalities occurring during fetal heart development. This shows
taht transcription factor Sp3 is an essential transcriptional mediator in the developmental
process that gives rise to the murine heart. However, the biological role of Sp3 in cardiac
development remains largely unsolved since only one putative cardiac target gene of Sp3 has
been identified, the Carp gene. To search for candidate target genes of Sp3, we performed
microarray experiments and compared the expression patterns of E12.5 and E14.5 murine
Sp3” hearts to wild-type hearts of the same developmental stages. Two-colour microarray
experiments were executed on arrays representing 23,000 murine genes with the hybridization
of experimental RNA against a reference RNA. This provides a reference signal on each
array that enables the comparison of individual arrays to the entire data set. The data images
were normalized with the LOESS procedure at first, and were subsequently analyzed by a
one-way ANOVA procedure and clustering analysis. Despite some technical shortcomings,
the one-way ANOVA procedure identified eleven genes that are down-regulated in E12.5 and
E14.5 Sp3” hearts. Six of these transcripts are potentially involved in cardiac development,
and five out of these six sequences are designated as candidate target genes of Sp3 on the
basis of in silico promoter analysis
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Introduction

The ubiquitously expressed transcription factor specificity protein 3 (Sp3) is essential
for life, as mice lacking this factor are severely growth retarded and succumb to perinatal
death.” The Sp3 protein has been implicated in late tooth development of fetuses as well
as skeletal ossification.”? Furthermore, Sp3 has a role in the hematopoietic system, since
Sp3 deficiency causes cell autonomous defects in the erythroid and myeloid lineages.® To
unravel the cause of early lethality, lung development was first examined. This investigation
revealed only minor morphological alterations in the lungs of embryonic day 18.5 (E18.5)
Sp3” embryos, alterations of a type that are most probably not severe enough to cause
immediate post-partum death." More recently we found that the early lethality is most likely
caused by severe cardiac malformations. The cardiac malformations of the Sp3” embryo
include imperfect in- and outflow connections of the heart as well as hypoplastic myocardium.
These cardiac malformations collectively result in a serious dysfunctional heart during late
embryogenesis (van Loo et al., submitted for publication), explaining the observed lethality of
the Sp3 knockout phenotype.

Sp3 belongs to the Sp/XKLF (specificity protein/x Krippel-like factor) family, which consists
of at least 25 transcription factors (for reviews see references “¢). The Sp/XKLF factors share
three conserved Krippel-like Cys,-Hys, zinc fingers, located C-terminally. These fingers
form the DNA binding domain, recognizing the GC-(GGGGCGGGG) box and the related
GT-(GGGGTGTGG) box,”'° abundantly represented in the proximal and distal regulatory
regions of housekeeping- and tissue-specificgenes. The Sp subclass of the family comprehends
nine Sp-factors. Two of these, Sp1 and Sp4, share a high degree of similarity to Sp3. They
have similar zinc finger regions that bind with the same affinity to the GC- and GT-boxes
as well as similar glutamine-rich activation domains in their N-terminus.® Nevertheless, each
factor has distinct biological functions, as exemplified by the phenotypes of Sp1-, Sp3-, and
Sp4-nullmice. Mice deficient for Sp1, the founding member of the Sp/XKLF family,™ are severely
growth retarded and die around E10.5."? In contrast, Sp4” mice are born alive displaying an
initial growth retardation. They are infertile and display e increased early postnatal mortality
possibly caused by cardiac arrhythmia, 1%

The Sp3 protein fulfils a role as transcriptional mediator via binding to GC- and GT-boxes
in the regulatory elements of its target genes. As a mediator of transcription, Sp3 has two
faces: it is either an activator or a repressor of transcription. Which face Sp3 will manifest,
depends on (1) the composition of the target regulatory elements: Sp3 activates promoters
with a single Sp-binding site, but fails to do so with promoters with multiple adjacent Sp-binding
sites;>'617 (2) the isoform composition: the long isoforms of Sp3 can activate transcription
from the SV40 promoter (Simian virus 40), whereas the short Sp3 isoforms cannot;'® (3) the
post-transcriptional modification: upon SUMOylation, Sp3 is completely transcriptionally
silenced.'®2°
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To fully understand the function of Sp3 we need to identify its target genes. So far, only a
couple of putative target genes of Sp3 have been identified during the analysis of the phenotype
of Sp3” embryos: the ameloblast-specific ameloblastin gene and the cardiac-specific
and the cardiac ankyrin repeat protein (Carp) gene. The Ameloblastin transcript, which is
involved in enamel formation of the tooth,2"?2 is down-regulated in the ameloblast layer of
E18.5 Sp3” embryos and its promoter region contains putative bindings sites for Sp3." The
Carp gene, which is essential for the development of the myocardium, is down-regulated in
E14.5 Sp3” hearts and four Sp bindings site are present in the promoter region of this gene
(van Loo, et al., this thesis). However, the origin of all cardiac malformations that are found
in Sp3-null fetuses cannot solely be explained by the absence of Carp expression, since
the cardiac abnormalities already appear between E10.5 and E12.5. This suggests that Sp3
regulates other genes that are important for proper cardiac development. As the outcome
of the previously undertaken detailed morphological examination of heart development in
Sp3” embryos revealed severe cardiac malformation we performed microarray experiments
in order to discover novel Sp3 target genes. We compared the gene expression patterns
in Sp3” hearts with those of wild-type littermates of E12.5 and E14.5 fetuses. The data
images were normalized with the LOESS (local regression) procedure,? and analyzed by
one-way ANOVA (analysis of variance) and clustering analysis. The genes found by these
analyses were scrutinized for their potential relevance to the Sp3-null cardiac phenotype and
examined as putative target genes of Sp3 through in silico promoter analysis.

Results and Discussion

Experimental setup

To understand the function of Sp3 in cardiac development we aimed to discover Sp3 target
genes by comparing the expression patterns of E12.5 (n=5) and E14.5 (n=5) Sp3” hearts to
wild-type hearts of the same age by the executing of oligonucleotide microarray experiments.
We conducted two-colour oligonucleotide microarray experiments, as this set-up provides a
reference signal on each array when an experimental RNA sample is hybridized against a
RNA sample of a reference standard RNA pool, labelled with a second fluorescent dye. Such
a reference signal should allow us to compare each individual array to the entire dataset.
With regards to the RNA pool, as we had experimental RNA of E12.5 and E14.5 hearts, we
prepared for each stage an accompanying RNA pool. The RNA pools were composed of
the combined total RNA of twenty E12.5 or E14.5 wild-type hearts. Furthermore, dye swap
experiments were performed to be able to compensate the data for potential bias caused by
the fluorescent dyes used. The dye swaps were otherwise executed as an exact repeat of
the first hybridization. With these robust conditions in mind, we carried out forty experimental
hybridizations and four control hybridizations (Table 1). Due to human error, we did not obtain
results for one Sp37-Cy3 versus pool E12.5-Cy5 microarray hybridization.
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Table 1. Experimental set-

Cy3 dye Cy5 dye up of two-colour microarray
experiments with Cy3 and Cy5
E125 Sp3” (n=5) pool E12.5 dst y y
Sp3” (n=5) pool E12.5

E12.5 and E14.5 experimental

pool E12.5 Sp3” (n=5) samples were hybridized against
pool E12.5 Sp3” (n=5) E12.5 and E14.5 reference pool
E145 Sp3” (n=5) pool E14.5 RNA, composed of twenty RNA
Sp3* (n=5) pool E14.5 samples of E12.5 or E14.5 wild-
pool E14.5 Sp3”* (n=5) type hearts, r.e§pect|ve|y. The
pool E14.5 $p3" (n=5) number of hybridized arrays per

experiment and controls are
controls pool E12.5 (n=1)  pool E12.5 indicated between brackets.

pool E12.5 (n=1) pool E14.5

pool E14.5 (n=1) pool E12.5

pool E14.5 (n=1) pool E14.5

The amount of messenger RNA (mRNA) that can be obtained from E12.5 and E14.5
hearts is not sufficient to execute dye swap experiments for each experimental sample if direct
labelling is used. This forced us to amplify the mRNA by T7-based RNA-amplification. Next, the
labelling of the aaRNAwas executed by covalent binding of a fluorescent dye to aminoallyl-UTP
that was incorporated during the RNA amplification step. This post-amplification RNA-labelling
procedure is particularly convenient for dye swap experiments. The hybridization and washing
of the arrays was automated, and arrays containing a 23K mouse oligonucleotide library were
used.

Analysis of the arrays

Spot intensity. The scan files of the hybridized arrays were first analyzed with the Imagene
software to quantify the fore- and background intensity of each spot, and to flag the empty
and bad spots. The flagging procedure flagged between 37% and 73% of the spots on the
individual arrays, with an average of 55% per array. Next, the data were normalized to adjust
the microarray data for effects that are a result of variation in the technology rather than from
biological differences between the RNA samples, to obtain unbiased and relative expression
for each spot. The normalization was done with the LOESS procedure, a statistic feature to
perform local adjustment on non-parametric data,?* and by utilizing the entire grid of the array.
The normalized data were subsequently analyzed with Rosetta Resolver software.

Dye swap experiments. Normally, dye swap experiments should provide similar data, but
with opposite polarity as the fluorescent dyes have been swapped between the experiments.
When they contain similar data, the dye swap experiments will pair, and thereby the
significance of the final outcome of the microarray experiments will increase. Unfortunately,
the pairing analysis of our dye swap experiments revealed that these did not pair, indicating
a technical problem. On most of the arrays, many spots (on average 55%) had been flagged.
The lack in pairing might therefore be caused by the large number of flagged spots. When
the raw microarray data (before flagging and normalization) was used for pairing analysis, the
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dye swap experiments did not pair either. Taken together, the lack of the dye swaps to pair
indicates that these microarray data have limited consistency between technical replicates.
For the further analysis of the data, the dye-swap arrays were considered as two individual
experiments, but with opposite polarities.

ANOVA analysis. Despite the limited consistency between the experiments, the examination
of the data was continued by ANOVA statistics analysis.?® Anova statistics assesses if there
is a significant difference between the averages of the groups, despite the variance within the
groups, and gives a single P-value to the null hypothesis that there is no difference. The high
variance between the individual Sp3” experiments made it impossible to employ two-way
ANOVA analysis for the identification of the statistically significant changes in gene expression
between wild-type and Sp3” hearts. Therefore, we performed one-way ANOVA analysis, and
compared individual E12.5 or E14.5 Sp3” experiments with the E12.5 or E14.5 wild-type
dataset group. Both dataset groups were comprised of all wild-type experiments of E12.5 or
E14.5, respectively, and P<=0.05 was set as the criterion for differential expression of a gene.
This basis gave per individual Sp3” experiment a list of genes that were differentially expressed
with a certainty of 95% in the particular Sp3” experiment. By charting those sequences
that were differentially expressed in at least two or three individual Sp3” experiments per
developmental stage, we enhanced the significance of these listed sequences. These charting
lists show that 284 and 50 genes are differentially expressed in at least two and three E12.5
Sp3” experiments, respectively, whereas that 209 and 42 genes are differentially expressed
in at least two and three E14.5 Sp3” hearts, respectively. From those listed genes, eleven
genes are represented in the lists with 50 and 42 genes, the E12.5- and E14.5-shortlist. These
eleven genes are represented in Table 2.

The one-way ANOVA analysis and the subsequent charting has supplied four lists of
genes that are differentially expressed with P<=0.05 in at least two and three E12.5 or E14.5

gene symbol gene description

Tpk1 thiamin pyrophosphokinase 1

Spock1 sparc/osteonectin, cwev and kazal-like domains proteoglycan 1
Ypell yippee-like 1

Defcr-rs12 defensin related cryptin, related sequence 12

Abca8b ATP-binding cassette, sub-family A 8b

Lcn5 lipocalin 5

Slc6a20 solute carrier family 6 member 20 (or Xtrp3A)

Abdh1 alpha/beta hydrolase domain containing 1

Nhlh2 nescient helix-loop-helix 2

1810029E06 10 day old male pancreas cDNA, clone:1810029E06

Gb33r immunoglobulin light chain variable region gb33r pseudogene

Table 2. Eleven differentially expressed transcript

One-way Anova analysis identified eleven murine transcripts that are differentially expressed in at least
three Sp3” E12.5 as well as three Sp3”- E14.5 microarray experiments in comparison to the wild-type
dataset group, with P<=0.05. Shown are the current sequence symbol/name, sequence description and
the accession number of representative sequences.
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Sp3” hearts. However, as the one-way ANOVA analysis only aims to identify a significant
difference between two groups, it did not provide any insight in the fold-change in expression
of these genes. So, it is possible that a listed gene is up regulated in one E12.5 experiment,
while it is down-regulated in the other two E12.5 experiments.

Because the discovery of these genes is the most significant result of the analysis, as
they are differentially expressed at two developmental stages, we concentrated on the eleven
genes (Table 2) for further examination.

Clustering analysis. It is important to know if these eleven sequences, although assigned
as differentially expressed at the E12.5 and E14.5 stages, are up or down-regulated in the
individual Sp3” experiments. But above all, is it essential to know if the direction of the changed
expression (up- or down-regulated) level is similar between all individual Sp3” experiments
at both developmental stages, as a similar change might be expected between both
developmental stages. Because the one-way ANOVA analysis did not give information on
changes in expression levels, we performed a clustering analysis. A clustering analysis gives,
besides a representation of the spot intensity per gene and per array, a clustering of the
arrays that display a comparable expression pattern of those genes on which the clustering
analysis is performed as well as a clustering of those genes by their relative fold changes.
We performed clustering analysis of the arrays in a two-dimensional clustering by the fold
change expression of the genes listed in the two shorts list (n=50 for E12.5 and n=42 for
E14.5) that were generated by the ANOVA analysis. Hierarchical clustering, a non-supervised
clustering analysis, clustered eight out of the eleven previously selected sequences together
with a high correlation coefficient in the direction of the fold-changes (Figure 1, horizontal
direction), namely Abca8b, Abdh1, Defcr-rs12, Lcn5, Spock1, Slc6a20, Tpk1, and Ypel1.
The Gb33r and NhIh2 genes clustered together in this direction with a coefficient of ~0.8.
In the vertical direction, this clustering displays no direct correlation between arrays of the
same the genotype (Figure 1). Even more concerning is that the arrays with Cy5 labelled
experimental RNA (called Cy5-arrays) were almost separated from the arrays with the Cy3
labelled experimental RNA (called Cy3-arrays). An additional performed clustering analysis on
the basis of the expression pattern of these genes that are listed in the two long lists (n=284
for E12.5 and n=209 for E14.5) shows even a more dramatic clustering of the Cy5-arrays
away from the Cy3-arrays (data not shown). Furthermore, the clustering analysis shown in
Figure 1 reveals that the arrays had the tendency to form a subcluster per developmental
stage, beyond clustering per fluorescent dye. In a K-means supervised clustering, with the
condition that there are two (E12.5 and E14.5) or four (Sp3” and Sp3** of both stages) vertical
groups, the vertical clustering did not improve either. Additional hierarchical and K-means
clustering analysis with only the Cy5- or Cy3-arrays did also not improve the clustering of the
Sp3** arrays from the Sp3” arrays.

That the clustering analysis has clustered eight out of the eleven selected sequences
together by their relative fold change in expression is of no value, as the experiments/arrays
cluster by the dye used and not by their genotype in the vertical dimension. So the outcome of
cluster analysis did not reveal that the selected eleven sequences have a similar direction in
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Figure 1. Clustering analysis of the microarrays

Hierarchical clustering analysis of all microarrays by the fold change of gene expression for the gene
listed in the two long lists generated by the ANOVA analysis (n=284 for E12.5 and n=209 for E14.5). From
left to right, depicted clustering of the genes by their fold changes, degree of clustering is indicated by
correlation coefficient from 0 to 1, and sequence names. From top to bottom clustering, is depicted degree
of clustering of the arrays. Genotype, age and fluorescent dye of the experiment as indicated. Red spot
reflects a higher signal in the Cy5-channel over Cy3-channel, green spot reflects higher Cy3-signal over
Cyb-signal; brighter spot reflects larger difference between two fluorescent dyes; black spot reflects an
equal Cy3- and Cy5-signal; grey spot stands for a flagged spot.
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the change of their expression in the E12.5 and E14.5 Sp3-null experiments. The tendency of
the arrays to subcluster by developmental stage could be an indication that not many genes
are differentially expressed in the Sp3” experiments.

Whereas the observed clustering of the Cy3-arrays away from the Cy5-arrays underlines
the earlier statement that our microarray experiments have a serious limitation in the
consistency of the data and suggests that this is caused by a technical shortcoming at the
level of the RNA-labelling procedure. We used identical aaRNA samples as starting material to
perform the labelling of the dye-swap experiments. Therefore, the technical shortcoming has
to be searched at the level of covalent binding of the fluorescent dyes to the aminoallyl-RNA,
influence of the fluorescent dyes used on the hybridization or at the level of the detection of
the signal. The clustering analyses also show that the clustering method is a fundamentally
different method to the one-way ANOVA procedure. The advantage of the ANOVA procedure
is that it has the capacity to search for significant differences between groups with a certain
P-value, in spite of the presence of variance within the groups. This makes this analysis
method very suitable and valuable for the analysis of our microarray data.

Fold changes in expression. In a final attempt to know how the expression of the eleven
genes in the Sp3” experiments has changed relative to the wild-type experiments, we
compared the Cy5/Cy3-ratio of the Sp3” experiments with those of the Sp3** experiments.
This ratio, calculated by division of the spot intensity in Cy5-channel by the spot intensity in
the Cy3-channel, is positive when the Cy5-signal higher is than the Cy3-signal. When the
Cy3-signalis higher than the Cy5-signal, the ratio is negative, as the ratio than is a recalculated
by the division -1/ratio. For the comparison of the ratios we classified the ratios-values
above +15 and below -15 as an unreliable outcome of the experiment, and therefore we
excluded them from the comparison. Furthermore, the ratios of the Cy3-experiments were
inversed to compensate for the polarity difference between the Cy5- and Cy3-experiments,

E12.5 E14.5
gene symbol CyS-exp Cy3-exp average Cy5-exp Cy3-exp average
Tpk1 -3.3 -4.1 -3.7 -2.9 -3.1 -2.6
Spock1 -0.7 5.5 -3.1 -2.4 -3.9 -3.1
Ypel1 -29 -4.7 -3.8 -2.0 -3.3 -2.6
Defcr-rs12 5.7 -4.6 5.2 -2.0 -3.4 27
Abca8b 2.3 -4.1 -3.2 2.2 -35 -2.9
Len5 2.2 -4.9 -3.6 -2.4 -2.8 -2.6
Slc6a20 1.7 -4.1 -2.9 2.4 -35 -2.9
Abdh1 2.7 5.2 -4.0 22 -3.6 -2.9
Nhlh2 -2.6 -0.7 -1.6 -2.3 -2.1 2.2
1810029E06 -15 -3.6 -2.5 -2.3 2.7 -25
Gb33r 22 -0.5 -1.3 -1.6 2.2 -1.9

Table 3. Fold changes in expression of the eleven transcripts

Average fold-change expression of the eleven selected sequence, relative to the reference signal, by
comparison of the ratios of the Cy5/Cy3 spot intensities and represented as a Cy5 labelled experimental
RNA. Normalized Cy5/Cy3 ratios were averaged per gene, developmental stage, genotype and fluorescent
dye and subsequently wild-type ratio was subtracted from the accompanying Sp3” ratio.
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thereby Cy3-experiments were represented as Cy5-experiments. The Cy5/Cy3-ratios were
averaged per gene, genotype, and developmental stage as well as per fluorescent dye used
for labelling of the experimental RNA, as the previous clustering analysis revealed the huge
difference between the experiments of the Cy3 and Cy5 labelled RNA. Subsequently, the
averages of the Sp3** experiments were subtracted from the accompanying averages of the
Sp3” experiments. The subtracted Cy5/Cy3-ratios were negative for all the eleven genes per
developmental stage and per fluorescent dye used (Table 3), indicating that they are truly
down-regulated in the Sp3 knockout hearts of both developmental stages. Along with the
outcome of the averaged and subtracted ratios, the Cy5/Cy3-ratios of the eleven transcripts
on each individual Sp3” array have all the same direction change in expression in comparison
to the reference signal. Nevertheless, the value of the examination is limited, because it is
based on averaged ratios and does not take the variance in the wild-type group and the
individual Sp3-null experiments into account. The combination of this examination together
with the one-way ANOVA analysis, which does take the variance within a group into account,
makes the statement that these genes are down-regulated in E12.5 and E14.5 Sp3-null hearts
most likely.

In summary, by the combination of one-way ANOVA, clustering, and examination of the
average fold change we have identified eleven sequences that have the tendency to be down-
regulated in E12.5 and E14.5 Sp3” hearts. However, as the microarray data have a limited
consistency, these results have to be validated in more detail.

Are the eleven genes linked with Sp3?

An intriguing question is if these eleven discovered genes, although assigned as
differentially expressed at the E12.5 and E14.5 stages of the Sp3-deficient embryos, have
a functional link with the cardiac phenotype of the Sp3 knockout mice. This question will be
addressed by a discussion on known the biological characteristics of each gene, in alphabetic
order. The genes that by this assessment are regarded to have a putative relation with the
Sp3-null model will next be examined as possible candidate target genes of Sp3, by an
in silico analysis of their promoter regions for the presence of putative GC-, GT-boxes, and
CACCC-boxes, which are the binding motifs of Krlippel-like factors.”'%26 The promoter regions
of the human and rat homology of these genes will be implicated in this in silico analysis, when
available.

Abca8b. This gene belong to the A subfamily of ATP-binding cassette (ABC) transporter
family. The proteins from this family share two nucleotide binding folds (NBF) with conserved
Walker A and B motifs, a signature sequence and are localized in the cellular membrane by two
membrane spanning domains (MSD1 and 2).2”° They translocate a wide variety of substances,
including ions, peptides, sugars, vitamins, and steroid hormones, across cellular membranes
by hydrolysis of ATP.2*-32 The Abca8b gene is expressed during embryogenesis and in the
neonatal heart and in most other organs.®® Abca8b is suggested to be a drug translocator,
as the human Abca8 protein can translocate drugs across the cellular membrane.®** The
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presence of one GGTGG- and two GGTGGG-motifs at positions -409, -853, and -1237 in the
5'-flanking region of the murine Abca8b gene as well as at similar positions in the 5’-flanking
region of the rat Abca8b gene, do suggest that Sp3 potentially regulates the expression of the
Abca8b gene. However, a role as drug transporter during heart development is highly unlikely.
It may fulfill a more versatile role in transmembrane transport than only transport of drugs, as
the ABC proteins have been implicated in the transport of variety of molecules.30-32

Abdh1. The alpha/beta hydrolase domain containing 1 gene has a N-terminal located
transmembrane domain, an a/f hydrolase fold with unknown function, and it belongs to the
prosite UPF0017 alpha/beta hydrolase protein family.®>% The gene transcript is found during
embryogenesis, and has also an abundant expression pattern in neonatal mice, including the
heart.® The 500 bp upstream region of the murine Abdh1 gene is highly conserved between
mouse and rat, and is rich of conserved GC- and GT-boxes. A single GT-box is located at
position -464 (in murine locus), while conserved individual and clustered GC- and GT-boxes
are found in the murine and rat upstream regions between -1 and -150 bp (Figure 2a). The
5’-flanking region of human Abdh1 gene harbours as well many GC- and GT-boxes (Figure 2b),
but this sequence does not align with the corresponding murine and rat 5’-flanking region.
The presence of the putative GC- and GT-boxes in these three upstream regions, postulates
Abdh1 as a candidate target gene of Sp3. However, one can only speculate on a role of the
Abdh1 protein in the cardiac malformations of the Sp3” fetuses, as there are no functional
data on the Abdh1 protein and on the a/f hydrolase fold available.

Defcr-rs12. Cryptin is a defensin-related peptide, expressed in the epithelial cells of
intestinal crypts,® which belongs to a large family of antimicrobial molecules.®3° A link of
an antimicrobial protein with the Sp3 knockout phenotype appears far-fetched. We therefore
regard this sequence as noise in our microarray experiments.

mouse
A Abdh1 ttttotthgtgggdhttagtaagagaccacgtagagacatttaacctagggagtacaatg -321
LEEEEperrer e e tee e b e e e e e e e e e el
:’;dm ttetgttlygtggggatt-gttagagaccacgtagagacatttaacctagggagtagaaty -459

mouse ggagtggaggatcgtgggegactocgetactgcegetggggetagtgaggttaggcagac ~121
IR e RN e N e e A RN R N RN AR RN R
rat ggagtggaggggegtgggtgact tggetaccectgetgggget tgtgagetteggetgac —159

mouse agccagacaecgocedtcgectcagaactfyg coadsadeadtaggpt -61
\H\\HHHHHHHHHH\\HHHHHlHHTFH\ (BRIl
rat  aaccaaacaccgecedtogectcagga qw sqe999gfega adegaghc  -99

mouse ctgcagaagcctg atggctt haccgcaageggaaga -1
[ARRRAN] HI\IHHHHHHH!HI IH[H\HHHH]\]I\IHIHH
rat ctgcagaggectgecaatggcttgcaagaugtgggtgeacgacaaaccgcaageggaaga -39

B human TGGGGGGTCTGTATCAAGTGCCTGGTACHGEGYBGORGAIGAGCAAAT TATCTACTGTAC ~481
ABDH1 GAGGACTGTGTGGCAGGGACTGTATGAGACAATGCAGAGTGACACTGCAGGAAGGTGCAT ~421

CAAGATGGCAGCTGGGGGAGGCCGCT TGTCTCGGGCTGCACAGCCAAGAACCGCGEAGEG ~121
GARGAAGGCAGGGGHGEGCEEGAGGCCATTCGCAGGTCACTCGGGT TAGATCCGCGCGAG  ~61

GCACTAGGCGACCAQECACCOAGCCCCGCGACCARCTA]CGECEEAICICGECECCATC  ~1

Figure 2. Analysis of the Abdh1 promoter region

(a) Alignment of the 400 bp 5-prime upstream region of the murine and rat Abdh71 genes displays the
conservation of the single and clustered GC- and GT-boxes sequences between mouse and rat. GC- and
GT-boxes are in the murine region present at -27, -63, -69, -81, -85, -87, -107, and -369. (b) The 500 bp
region 5-prime upstream the transcription initiation site of human Abdh1 gene harbours putative GC- and
GT-box at the positions -4, -15, -41, -101, -502, and -506. The region does not align with corresponding
of mouse and rat 5’ upstream regions. GC- and GT-boxes marked by rectangles.
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Gb33r. This sequence is a pseudogene of an immunoglobulin k-light chain variable
region.*® This sequence has to be classified as irrelevant for our current research.

Lenb. LenS (lipocalin 5) was identified as an androgen-dependent protein in the
rat epididymis that is excreted in the lumen of the epididymis and binds retinoic acid.**3
While many reports found expression of Lcn5 gene solely in the epididymis by Nothern blot
analysis,*** Zwain and co workers found immuno-reactive material present in testis, prostate,
seminal vesicles, liver, spleen, and brain of 22, 60, and 120 days old rats (the heart was not
examined).*® However, as they detected signals in these organs of approximately 1% of the
signal of the epididymis, these observations may be due to aspecific signals, thereby leaving
the discussion on the expression pattern open. The function of this lipocalin protein is elusive
as well, as the retinoic acid binding capacity was assumed solely by an in vitro assay.*'#?
Nevertheless, more retinoic acid binding lipocalin proteins are found, for example lipocalin-type
prostaglandin D synthase (Lpgds)*+“” and bovine beta-lactoglobulin (Blg).*® Vitamin A has also
been shown to be essential for cardiac development. For example, the retinoic x receptor a
(Rxra) knockout mouse displays a cardiac phenotype similar to our Sp3 knockout model.4®%0
Furthermore, CACCC-boxes are present in the 550 bp 5’-flanking region of the Lcn5 gene at
positions -76, -115, -178, and -248; a GC-box is found at position -351. Of these boxes, the
CACC-boxes are conserved in the rat homolog of the murine Lcn5 gene, epididymal secretory
protein 1 (Esp1) gene.* The presence of the CACCC- and GC-boxes in the 5’-flanking region
of murine Lcnb, along with its putative function as retinoic acid transporter and the vital role of
retinoic acid in heart development, postulate Lcn5 as a putative target gene for Sp3, although
the question of its expression pattern has to be solved yet.

NhiIh2. This basic helix-loop-helix (blhl) transcription factor is predominantly expressed
in the nervous system, but is absent in fetal and neonatal heart.?"*2 Nh/h2 knockout studies
have revealed that the Nhlh2 protein is associated with adult onset of obesity and disturbed
sexual behaviour.5*% The NhIh2” phenotype together with the absence of Nhlh2 expression
in the heart suggest that the identification of this gene by our microarray experiments is not
informative.

Spock1. Spock1 is a proteoglycan protein, with structural domains that are related to
molecules that have been associated with adhesion, migration, and cell proliferation.®® The
abundant expression of its transcript in the synaptic fields of the developing nervous system
during embryogenesis, and at adulthood in the brain and Schwann cells%%® suggest that
Spock1 fulfils a role in neurogenesis. This points out that this gene is most likely not associated
with the Sp3” cardiac phenotype, although a role in the cardiac conduction system can not be
ruled out.

Slc6a20. The gene has been assigned to the solute carrier family 6, which belongs to
the plasma membrane neurotransmitter transporter superfamily. Member of this superfamily
transport neurotransmitter molecules into the cell against the concentration gradient, by
energy derived from the co-transport of Na*/CI-.6%6' The assignment of SIc6a20 to the solute
carrier family 6 was based on its cDNA sequence, but not on functional analysis of the protein.
Expression analysis in mouse and human revealed that Slc6a20 is only expressed in the
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Figure 3. Analysis of the promoter
regions of the Tpk1 and Ypell

A  mouse AGTAGATACGACCGAATCTCTACCACGACCACTT TAAAACCAAGAAACCGAAACGATTTT -361 genes
TPk TTTTTTTTTTTTCGACGTAAGGATGTTGCACCACTARATAAAATTTCCCAAGGGTAACCA ~301 (a) GC- and GT-box sequences are
TACAAATGTTTCGTGACAAACACGTTTCGTGCCCTTCGTCTTCTACTTTCTCTIEEAEAT 241 . .
GI-\GTCl\CCTGACCCACATTGTCTACCCGCTTACCTTAAGAGGTGACACGTCCCT -181 present n the 400 bp upStream I’eglc)n
TGACTCGTGTCGTCCGACCATGATTCGTGGGGCGCCAACGATCTTCGATGCGIEEEEdET ~121 of Tpk1 gene at positions 95 -123
CGGTCCCCGGGGAGGCCT TCTIECECCCUGAGACACGAGCGCGTGCTTCGGGAGAGGGCGE  —-61 ? ’
TTGCGCGCCGCGCGGGGTCCGAGGCGTCGGCTCGCGGCTCGAAAGCTAGGCAGTGAGGGE ~1 -205, -242, -392, and -394. (b) The

5’-flanking region of the murine Ypel1
mouse ACCTGGAGGCTCTTGGATGGCGACTTGGAGAGTGGAGAANGGGIGASTCAGTATGGAGAGA ~481 .
= Ypell  GGGAAGAAGCTTGCGCTCTAGGGACCCAGCTGCAGAGGTCCTCCTGCCTGCAGCCTGAGG —421 gene contains GC- and GT-boxes at
CGCAAACCTGTGGARAATCTCGGTCCTTTGGCCT TCCAGGACCCTACCTECCCACTGGCC ~361 positions -81 , _83’ _95‘ -1 33’ -1 83’ -1 97’
CCGCGACCTGCCGETTCGCCTGGGTTCCTCGTCAGGCCAACCEACHSGACTCCTGGCGAG ~301
CTEACCAGGACACGT TCCAGCCCAGTCOCCCGAGCGCAGCGGGGCGUEEETERACGCGT ~241 -204, -222, -315, and -365 as well as
ceceeaceaccEeeaceecdrcocTcoAEEEeceaAcBEEGEIN A CoecAEGEEEEET] ~181 CACCC-boxes at positions -248, -293,

CTCGGACACTGATTGGGCATCGCCACGT TCCGAGGCCGT TTATIBEEGACTGGGCTGGGCT ~121
ACGGGTCCAARACAAAGGGCABEEEE - CCaCGoedaaEadrAGGAGGATGCCTCACACE  —61 and -496. GC- and GT-boxes marked

CGGAGTGGGCGCC: GGCCGGAG! GTCt GGGT CACCGGGACCGCCT CCG ] by rectangles With Continuous Iine‘
CACC-boxes marked by rectangles
with dashed line.

kidney.®® The absence of Slc6a20 expression in the heart makes it highly unlikely that this
gene is involved in Sp3 knockout phenotype: this sequence has to be regarded as noise in
our microarray experiment.

Tpk1. This enzyme catalyzes the conversion of thiamin (vitamin B,) into thiamin
pyrophosphate (or TTP)% and facilitates thiamin transport into cell.®3% The TTP molecule is
an essential biological cofactor in carbohydrate metabolism, including the Krebs cycle,®5%
and therefore is Tpk1 an essential protein. A shortage of thiamin or TTP causes the Beriberi
syndrome in human (displaying cardiovascular and neurological defects)®” or the more severe
neuropathological Wernicke-Korsakoff syndrome.®® Expression analysis of the Tpk7 gene
mapped its transcript to a variety of mouse organs, including the heart.®® Murine Tpk1
expression is possibly mediated by Sp3, as several putative GC- and GT-boxes are present in
the 500 bp upstream of its transcription initiation site (Figure 3a), although these appear to be
weak Sp binding sites. In addition, these sites are not conserved between mouse and human,
but the first 500 bp of the human Tpk7 gene do harbour GC-, GT-, and CACCC-boxes as
well. There is no data on a direct correlation of thiamin, TTP or Tkp1 with heart development.
Despite this, the putative role of Tpk1 in the Sp3 knockout model has to be studied, as the heart
expresses Tpk1 and thiamin is vital for the carbohydrate metabolism and energy supply.

Ypel1. Examination of the Ypel1 expression at E9.5 and E10.5 revealed that it is expressed
in the ventral mesoderm at E9.5 and at E10.5 in the branchial clefts, the branchial arches
and the atria, and truncus arteriosus of developing heart.”® Upon transfection in fibroblasts,
this nuclear protein seems to induce an epithelial-like transition accompanied with the
cytoskeleton and cell adhesion machineries.” The 500 bp of the murine Ypel1 gene upstream
region harbours three CACCC-boxes as well as ten putative GC- or GT-boxes (Figure 3b).
The corresponding human region is also rich of potential GC- and GT-boxes, but does not
align to the murine region. Collectively, Ypel1 might be a true Sp3 target gene but a possible
role in heart development remains to be established.

1810029E06Rik. This E10 mouse male pancreas EST is obtained from a high efficiency
full-length cDNA cloning effort.”" No functional studies have been performed on this
sequence.
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In summary, although all the eleven sequence have not been directly linked with cardiac
development, six of these sequences, namely Abca8b, Abdh1, Lcn5, Tpk1, Ypell, and
1810029E06Rik have the potential to be involved in cardiac development and are candidate
target genes of Sp3. To examine if these sequences are in vivo Sp3 target genes, the value of
the found putative GC-, GT-, and CACCC-boxes in their promoter regions has to be evaluated
by gel mobility assays and chromatin immune precipitation (ChiP) assays.”? Besides this,
as the data on the biological function of these genes is too limited to speculate on a link
between these six sequences and the Sp3” cardiac phenotype, the biological processes
that are depending on these putative Sp3 the target genes have to be disclosed well as the
biochemical characteristics of these genes have to be examined in detail. Furthermore, the
fact that these six sequences have been found to be differentially expressed in E12.5 as
well as E14.5 Sp3” hearts increases the significance of the discovery of the six sequences.
However, the down-regulation of the Abca8b, Abdh1, Lcn5, Tpk1, and Ypel1 genes as well as
1810029E06Rik EST can also be due to secondary effects of Sp3 deficiency.

Concluding remarks

Previous research on the Sp3” cardiac phenotype revealed Carp as a putative Sp3 target
gene by in situ hybridisation and analysis of the Carp promoter (van Loo et al., this thesis).
Carp is down-regulated in the ventricles and the left atria of E14.5 Sp3” hearts and its promoter
regions harbours canonical Sp binding sites. In contrast to these experiments, the analysis
of our microarray experiments on E12.5 and E14.5 Sp3” hearts did not mark Carp as a
differentially expressed gene. The absence of Carp in the list of differentially expressed genes
is not caused by a low signal of the Carp spot on the arrays, as the Carp spot was positive
on the arrays that were hybridized with both wild-type and Sp3” experimental RNA. To elicit
which technology gives the correct result for Carp expression, Carp expression should be
determined by additional techniques, for instance by Nothern blot analysis. However, the
technical shortcomings that we have encountered in our microarray exponents argue in favour
of the in situ hybridization data.

The absence of the notification of Carp as a differentially expressed gene in the
Sp3” hearts by the microarray experiments is an additional indication that a technical
shortcoming has limited the data output of the microarray analysis. All these indications argue
for a repeat of these microarray experiments. However, if the experiment would be repeated,
the experimental set-up of the microarray experiments may have to be adjusted, as the gene
expression during the early phases of heart development Sp3” mice should be examined
as well. A local cardiac abnormality during the primitive heart stage can bring about severe
cardiac abnormalities during later cardiac development and can even cause prenatal death,
as has been shown by a mouse line in which Mic2a is deleted specifically in the atrium before
the looping of the heart tube.” The lesson from this observation for our Sp3 knockout model is
that the cardiac abnormalities of the Sp3-null embryos may have their onset during the early
phase of heart development. By our microarray analysis of the gene expression patterns at
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E12.5 and E14.5 Sp3” hearts, we may have missed the target genes of Sp3 that cause the
heart phenotype. Therefore the gene expression pattern in Sp3” hearts staged between the
fusion of the cardiac crescent into a linear tube and the primary looping of the heart tube™
would have to be examined.

In summary, our microarray study to discover candidate target genes of Sp3 in order to
unravel the Sp3” cardiac phenotype has provided six transcripts that are down-regulated
in E12.5 and E14.5 Sp3” hearts. These transcripts are potentially involved in cardiac
development in cooperation with Sp3, and five of them are potential direct Sp3 target genes
based on the presence of Sp binding sites in their promoters. Additional investigation on their
role in the development of the Sp3 knockout cardiac phenotype is necessary to understand
the role that Sp3 fulfils in cardiac development.

Materials and methods

Mice

Sp3 knockout mice' were bred for more than thirteen generations to C57BI/6 mice and
embryos were derived from timed breedings of Sp3*- x Sp3* mice. Genotyping was done by
polymerase chain reaction (PCR), with the use of three primers: for amplifying the wild-type
allele a sense primer in the Sp3 gene (5- GCGTGCAAGCCAGTGGTC-3’), for amplifying
the knockout construct a sense primer in the Neo gene (5-AGCGCATCGCCTTCTATCG-3),
and with common antisense primer in the Sp3 gene a (5’-GGACGATTCTATGATGCCTCC-3’).
PCR conditions: 30 seconds at 94°C, 30 seconds at 57°C, and 30 seconds at 72°C for 30
cycles.

Microarrays

Batch D of the microarrays of by the Biomics core facility of ErasmusMC Rotterdam has been
used forthe experiments. These microarrays contain the 23K mouse LabOnWeb oligonucleotide
library (Sigma/Compugen), representing approximately 23,000 mouse genes.

RNA isolation and preparation

RNA was isolated with TRI Reagent (Sigma T9224). The quality and the concentration of the
RNA was determined with the Agilent 2100 BioAnalyzer on a RNA 6000 Nano LabChip, and
the BioSpec-mini spectrophotometer, respectively.

Probe preparation

Denaturation of the RNA and the annealing of the oligonucleotide to the RNA was done by
adding 3 ug total RNA in 11 pl solution of 0.155 M Trehalose (Fluka 90208) 23 ng/ul T7dt
(5-GGCCAGTGAATTGTAATACGACTCACTATAGGGAGGCGG-AT ,,-3')  oligonucleotide,
and an incubation for 10’ at 65°C followed by 5 on ice. To this mixture, RNAase guard
(Amsersham Biosciences 27-0185-01), dNTPs (Roche 1922505), DTT (Invitrogen 8064-071),
and Superscript Il reverse transcriptase (Invitrogen 18064-071) were added to a 20 pl
1x First strand buffer (Invitrogen 18064-071) mixture to an end concentration of 1.5 pyU, 0.5
mM, 10 uM, and 10 U, respectively, to synthesize first strand cDNA. The incubation conditions
were: 1.5 hours at 42°C, 10’ at 65°C, and 5 on ice.
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The second strand cDNA was synthesized by adding 30 ul 5x Second strand buffer (Invitrogen
10812-014), 30 umol dNTPs (Roche 1922505), 40 Units E. coli DNA ligase (Invitrogen
18052-019), 40 Units E.coli DNA polymerase (Invitrogen 18010-025), and 2 U RNaseH
(Promega M4285) to the first strand cDNA mixture, and finally adjusted to an end volume of
150 pl with H,0. This mixture was incubated for 2 hours at 16°C. The synthesis was completed
by an addition of 2 yl T4 DNA polymerase 3 units/ul (Roche 1004786) and a subsequent
incubation for 10’ at 16°C.

The newly synthesized cDNA was purified by a phenol/chloroform/isoamylalcohol (Invitrogen
15593-031) extraction, and by subsequent washing and concentration of the cDNA on a
micron-30 column (Clontech 636069).

RNA was amplified with and according to the Ambion Megascript T7 kit (Ambion 1334), with
exception for the amount of UTP added. For UTP, we added 5-(3-aminoallyl)-UTP (Ambion
8437) together with non-modified UTP in a ratio of 3:1, with a final UTP concentration of
7.5 mM. The entire amount ofcDNA synthesized was used for RNA amplification.

Prior to the coupling of Cy-label to the aminoallylRNA (aaRNA), the aaRNA was purified and
concentrated to a volume of 10 pl with microcon YM-30 column (Millipore 4241). For the
coupling of Cy-label to the aaRNA, 3 uyg aaRNAin 10 pl 50% DMSO (dimethyl sulfoxide)/0.03 M
Na,C0, pH9.0 was added to dried Cy3- or Cy5-dyes (Amersham Biosciences RPN5661) and
incubated for 1 hour at room temperature in the dark. Subsequently, the probe was purified and
concentrated on a microcon column YM-30 (Millipore 4241) to a final volume of approximately
30 pl.

Hybridization and scanning of arrays

To reduce the background signal, the arrays were presoaked in 2xSSC/0.05%SDS (sodium
dodecyl sulfate)/0.25% Sodium borohydride (Sigma S-9125) for 20 minutes at 42°C, and
washed three times in 1xSSC for 30 seconds at room temperature. Arrays were subsequently
pre-hybridized in 5xSSC/0.05%SDS/4%BSA (Bovine Serum Albumin, Roche 0711454) at 42°C
for 15 minutes, washed at room temperature for 1 minute in 1xSSC, twice for 30 seconds in
0.2xSSC, for 30 seconds with H,0, and finally dried by centrifugation at 1350 g for 2 minutes.
Arrays were hybridized and washed on a Tecan Hybridization Station 4800. Prior to
hybridization, the arrays were first washed two times with 2xSSC/0.05%SDS for 45 seconds
at 45°C. Probe, dissolved in 100 ul Pronto universal hybridization solution (Corning 40024),
was injected at 52°C and hybridized for 16 hours at 45°C with medium agitation frequency.
Afterwards, the arrays were washed two times for 1 minute with 2xSSC/0.05%SDS at 45°C,
four times for 45 seconds with 1xSSC at 23°C and a soak time of 1 minute, two times for 2
minutes with 0.2xSSC at 23°C, and for 30 seconds with 0.2xSSC at 23° and with a soak time
of 30 seconds. Arrays were finally rinsed with H,0 and dried with N, for 2 minutes at 30°C.
The micro arrays were scanned with the Perkin Elmer ScanArray Express HT scanner.

Data analysis

The spot intensities on the arrays were quantified with Biodiscovery’s ImaGene 5.6 program,
and expression values for the spots were extracted using anautomatic segmentation grid. An
automated flagging scheme was used to markspots that would be excluded from the analysis,
e.g. empty, negative, and poor spots.

The raw intensity files were normalized with the ‘Limma’ model from Bioconductor, using the
method of ‘LOESS (Local Regression) pin grid normalization’.?® The landmarks, control spots,
and flagged spots were not taken into account in the normalization. The background of the
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entire array was corrected with ‘Minimum’, then any intensity that was zero or negative after
background subtraction was set equal to half the minimum of the positive corrected intensities
for that array.

The normalized intensity files were uploaded into Rosetta Resolver v4.0 (RosettaBio, US).
One-way ANOVA was employed to identify the statistically significant changes in expression
levels using a set of hybridizations of wild type hearts as the expected expression, and
P<=0.05 was set as the criterion for differentially expressed genes. Selecting those genes that
were differentially expressed in at least two or three individual experiments per developmental
stage enhanced the significance of identification. To account for variation due to labelling,
those genes that had no signal from both channels, and those genes for which less than a
0.05 P-value was found in expression changes between two colours in a self-self hybridization
were excluded from the analysis results. The hierarchical and K-means clustering with K=2 or
4 (cluster initialization: data centroid based search, similarity measure: Pearson correlation)
were performed using normalized ratios (2 log) of genes that were identified differentially
expressed.
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Abstract

Mice lacking the Kruppel-like zinc finger transcription factor specificity protein 4 (Sp4) do
not produce offspring. The Sp4 protein has a versatile expression pattern that includes male
and female gonads and central nervous system. The infertility of the Sp4” mice in combination
with the expression pattern of Sp4 prompted us to investigate their mating behaviour, and
their sociosexual behaviour at adulthood. We made use of a complete Sp4 knockout mouse
line in the fvb/n genetic background, and analysed the mating behaviour of gonadally intact
Sp4"-males, and ovariectomized Sp4’- females after treatment with estradiol and progesterone.
We found an almost complete absence of mounting behaviour of the Sp4-null males, and a
dramatic reduction in lordosis behaviour of the Sp4 knockout females. Additional experiments
revealed that the male Sp4 knockout mice displayed a lack of interest to investigate volatile
and non-volatile odours derived from conspecifics. However, female Sp4-null mice did not
differ from wild-type mice in olfactory investigation. Thus, in contrast to female Sp4 knockout
mice, the absence of sexual behaviour of male Sp4 knockout mice might partly be due to a
deficit in the olfactory system.

Atthe end of the experiment, the testes and seminal vesicles of the 7-month-old Sp4” males
appeared significantly smaller than those of their wild-type littermates. In contrast, their body
weights were higher, probably due to an increase in white adipose tissue. Daily administration
of estradiol for 7 days to the ovariectomized females demonstrated that uteri of Sp4” mice
have a reduced sensitivity to estrogen, suggesting that the mechanism of action of estradiol is
disturbed in Sp4 knockout mice.
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Introduction

Transcription factor specificity protein 4 (Sp4) belongs to the Sp/XKLF (specificity protein/
x Krippel-like factor) family. The family consists of 25 factors, sharing a conserved C-terminally
located DNA-binding domain." This domain is composed of three Cys -Hys, zinc-fingers,
similar to those found in the Drosophila Krippel segmentation protein.2 The DNA-binding
domain recognizes the GC- (GGGGCGGGG) and GT- (GGTGTGGGG) boxes,*® which are
abundantly present in the regulatory elements of vertebrate genomes.”

The Sp subclass of the Sp/XKLF family consists of nine Sp factors (Sp1-9).2 Sp1 and Sp3
have a structural composition similar to Sp4, comprising two N-terminally located glutamine-rich
activation domains and the zinc-finger region.” However, each factor has a distinct physiological
function, and Sp4 has a different expression pattern from Sp1 and Sp3. Whereas Sp1 and
Sp3 are ubiquitously expressed, Sp4 displays a dynamic expression pattern that starts in
the posterior neuropore, in the mouse at embryonic day 9 (E9), followed by expression in
the developing brain, neural tube and central nervous system during the progression of
embryogenesis. Additional embryonic expressing sites are tooth buds, testes, ovaries, nasal
mucosa, vomeronasal organ (VNO), and cardiac conduction system. At adulthood, Sp4 is
most prominently expressed in brain, skeletal muscle and epithelial tissues.%?

The phenotype of Sp4” mice is very different from the phenotypes of Sp7 and Sp3-null mice.
Sp17 embryos are severely growth retarded, and die around E10. Sp3” embryos are mildly
growth retarded, display multiple developmental defects including disturbed tooth- and
lung development, and impaired bone ossification and hematopoiesis.'*'® Sp3-null mutants
die perinatally™ of severe cardiac malformations (van Loo et al., this thesis). In contrast,
Sp4” mice are born at a normal Mendelian ratio. The data on the phenotypes of Sp4 mutant
mice are rather confusing, as three different mouse lines of Sp4 have been generated in
three different genetic backgrounds. One Sp4 mutant line lacks the DNA binding domain.?
The other two Sp4 mutant lines are complete Sp4 knockout lines."®" Supp and Goéliner
reported that 2/3 of the Sp4-deficient pups die within the first weeks after birth,'®'2 in contrast
to Nguyen-Tran and coworkers, who reported an increased mortality between 6-8 months
of age. They revealed that this is caused by cardiac arrhythmia, attributed to a defect in
the cardiac conductive system.™ The surviving Sp4-deficient pups have a transient growth
arrest, but they never catch up completely with wild-type littermates.' The diversity in the
descriptions of the phenotype of Sp4-deficient mice may be explained partially by the different
genetic backgrounds in which the Sp4 mutant allele is present (129/0la with CF-1 for Supp,
129/0la with C57BI/6 for Géliner and J1 129SVJ crossed with Black Swiss for Nguyen-Tran).
In addition, each laboratory has performed different analyses, thus revealing specific aspects
of the phenotype.

A striking aspect of the Sp4-null phenotype is the infertility of the Sp4-null males;?
they consistently fail to produce offspring. Probably, the null males would fertilize females if
they could produce copulation plugs, since their testes showed a normal spermatogenesis
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and their reproductive tracts appear to be normal. Supp et al. (1996) found an absence of
mounting behaviour of the Sp4” males following the introduction of superovulated wild-type
female mice into the cage of the mutant males,'? suggesting that their infertility might be
caused by a failure to copulate. Data about the mating behaviour of Sp4-null males of the
other mouse lines are not available. Depending on the Sp4 mutant line used, the Sp4-deficient
females were reported to display normal fertility,'> or had only sporadically a litter.'® The latter
is probably related to their pronounced delayed vaginal opening time and small uterus size.
Data concerning mating behaviour of the Sp4” females are currently not available.

To further elucidate the biological function of Sp4, we have characterized the disturbed
reproduction of the Sp4-deficient mice, with the complete Sp4 knockout mouse line of Géliner
et al. (2001) crossed back in the fvb/n genetic background. We analysed mating behaviour of
gonadally intact males, since our data (not published) revealed no or only a slight reduction of
the weights of the testes and seminal vesicles of maturating Sp4”- males, indicating a normal
hypothalamo-pituitary-gonadal axis. In contrast, the Sp4”- females were ovariectomized and
treated with estradiol and progesterone to induce estrous behaviour. The outcomes of the
study of sexual behaviour prompted us to investigate the odour perception of Sp4-deficient
males and females.

Results

Male and female sexual behaviour

The previous analysis of the Sp4 knockout mouse showed impaired sexual development
and fertility in females, and a consistent failure of the males to produce offspring.’? We
therefore asked if the lack of reproduction of the Sp4-null mice could have its origin in aberrant
sexual behaviour of these animals. To answer this question, we examined the coital behaviours
and the lordosis frequency of Sp4 knockout males and females, respectively, by behaviour
experiments with gonadally intact Sp4 male and ovariectomized Sp4” female treated with
high levels of estrogen.

Male coital behaviour. Male coital behaviour, such as mounts and intromissions, were
observed in all wild-type males (Figure 1a,b). By contrast, only one Sp4” mouse showed
some male coital behaviour albeit not during all 5 tests: in test 2 and 3, the animal mounted
the estrous female only once, whereas in test 4 the animal mounted the female a total of
17 times as well as intromitted her a total of 7 times. However, this animal never copulated until
ejaculation. By contrast, 6 out of 9 wild-type males ejaculated at least once. Two-way ANOVA
(analysis of variance) with genotype as independent factor and test as repeated factor on
the number of mounts showed a significant genotype effect (F(1,51)= 21.84, p=0.0002), a
significant effect of repeated testing (F(3,51)= 7.27, p=0.0004) and a significant genotype
X test interaction (F(3,51)= 6.64, p=0.007). Post hoc analysis indicated that Sp4-null mice
displayed significantly fewer mounts than wild-type mice and that the number of mounts
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Figure 1. Male coital behaviour

Gonadally intact wild-type and Sp4 knockout males were tested for male coital behaviour with an estrous
female in five sequential tests. Given are the mean number of mounts (a) and intromissions (b) per
genotype and test number. Asterisks indicate numbers of mice per group; error bars are standard error
of the mean.

increased significantly over tests in wild-type but not Sp4-null mice. Two-way ANOVA on the
number of intromissions revealed a significant effect of genotype (F(1,51)=60.83, p=0.0001), a
significant effect of repeated testing (F(3,51)=6.0, p=0.0014) and a significant genotype X test
interaction (F(3,51)=4.57, p=0.0065). Post-hoc analysis showed that Sp4-null mice displayed
fewer intromission that wild-type males and that the number of intromissions increased over
testing wild-type mice but not in tests with Sp4-null mice.

Female coital behaviour. The numbers of lordosis responses in 3 consecutive tests were
pooled. By doing so, all females were mounted atleast 10 times. The wild-type females received
on average 20.6 + 2.2 mounts whereas Sp4” mice received on average 18.2 + 1.7 mounts (no
statistically significant differences in number of mounts received between wild-type and
Sp4 knockout females). As shown in Figure 2, lordosis quotients as calculated by the number
of lordosis divided by the number of mounts x 100% were much lower in Sp4-null females
compared to wild-type females. One-way ANOVA showed a significant effect of genotype
(F(1,16)=92.1, p=0.0001).

In summary, these experiments show that reduced reproduction of the Sp4 knockout mice
is related to impaired sexual behaviour of both sexes, as the Sp4-null males lack mounting
behaviour, and the Sp4” females display a significant reduction in lordosis behaviour.

Odour preferences of Sp4 knockout mice

The olfactory system of many mammalian species facilitates several aspects of social
behaviour, including the determination of sexual partner preference.'”'® The preference for a
partner is determined by volatile- and non-volatile odours that are scattered by conspecifics. In
rodents, the majority of these olfactory signals are detected and processed by a polysynaptic
accessory olfactory system (AOS)."®2° As our results show that the Sp4” mice display aberrant
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sexual behaviour, we assessed if this Figure 2. Female coital
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from either an intact male or
estrous female mouse. ANOVA analysis on the time the males spent sniffing these odours
showed a significant effect of genotype (F(1,16)=60.5, p=0.0001), but no significant effect
of kind of odour (male of female) stimulus nor an interaction. Posthoc analysis revealed that
Sp4-null males spent much less time investigating volatile odours than wild-type males did.
However, none of the genotypes showed a strong preference for either odour (Figure 3a).
When subjects were tested for their preference for soiled bedding (containing predominantly
non-volatile odours) derived from either intact male or estrous female mice, it was again found
that Sp4-null males spent much less time investigating both odour stimuli than wild-type
subjects did (Figure 3b). In contrast to volatile odours, wild-type but not Sp4” males showed
a strong preference to investigate soiled bedding derived from estrous females over that from
intact males. Accordingly, ANOVA showed a significant effect of genotype (F(1,15)= 92.4,
p=0.0001), a significant effect of odour stimulus (F(1,15)=28.3, p=0.0001) and a significant
genotype x odour stimulus interaction (F(1,15)=20.2, p=0.0004).

Odour preference of females. In contrast to males, Sp4-null females spent equal time
investigating the volatile odours of male or female mice as wild-type females did. ANOVA

Figure 3. Odour preference of males
The mean amount of time in seconds that

2:_ E?;fr:;:doodlgur 22_ Efme?r::ealgiodlgur gonadally intact wild-type and Sp4 knockout
+ males spent investigating volatile olfactory

07 07 cues (a) and non-volatile olfactory cues
45 455 (b), when given a choice between odours
40 40 from either an anesthetized intact male or
354 35+ from an anesthetized estrous female in
30— 30— a Y-maze set-up during a 5 minute test.
25 25— Error bars are standard error of the mean.
20 20— n: number of animals investigated in each
§ 15— i ﬁ 15— . group; * Significantly (P < 0.05) different
8 o 8 1o . from wild-type males in time investing
- @ . odours; T Significantly (P < 0.05) different
n gl preference for male or female odour;
wild-type  Spd ko wild-type  Spd ko * Significantly (P < 0.05) different form wild-

(n=9) (n=9) (n=9) (n=9) type males, same odour stimulus; statistical

analysis by ANOVA.
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Figure 4. Odour preference of females
The mean amount of time in seconds that
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30— 30— either an anesthesized intact male or from
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20— » 20— set-up during a 5 minute test. Females
(%} o . . . .
S 15 § 15 were implanted with a Silastic capsule
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@ 5] 5] testing injected with 500 pg progesterone.
o o Error bars are standard error of the mean.
wild-type  Sp# ko wild-type  Spd ko n: number of animals investigated in each
(n=7)  (n=4) (=7)  (n=4) group; "~ Significantly (P < 0.05) different

preference for male or female odour;
statistical analysis by ANOVA.

only showed a significant effect of odour stimulus (F(1,9)=6.2, p=0.03). All females showed a
preference to investigate volatile body odours from an intact male over those from an estrous
female (Figure 4a). When females were offered a choice between soiled bedding from males
and females, again Sp4-null females spent similar amounts of time investigating the bedding
as the wild-type females did. ANOVA showed no significant effect of genotype or odour
stimulus or an interaction between the two factors. There was a slight preference, albeit not
significant, to investigate male-soiled bedding (Figure 4b).

In summary, whereas the Sp4” males display in general adiminished interestin investigating
any kind of the odours offered, the Sp4” females do not display a significant difference in
their behaviour to volatile and non-volatile odours of either intact males or estrous females.
Importantly, the Sp4 knockout males display an impaired preference to non-volatile odours
that normally induce coital behaviour by male mice, since they have a no preference for an
estrous female over an intact male.

Gonads and steroid hormones

Stimulation of the uterus with estrogens. Studies with knockout mice have revealed that
estrogens influence numerous target tissues in the reproductive systems of females and male,
such as the mammary gland, uterus, vagina, ovary, testis, epididymis and prostate.?'?% In the
uterus, estrogens induce a growth response along with the onset of expression various genes,
including the genes encoding the progesterone receptor.?” Since the uterus of Sp4 knockout
female has an immature appearance, we assessed if this immature status is an effect of
aberrant function of the cascade that is induced by estrogens. Therefore, ovariectomized
wild-type and Sp4-deficient females of 24 weeks old were treated daily with 0.08, 0.4, or
2.0 pg estradiol benzoate over a period of 1 week, and subsequently killed and examined.
The wild-type control females experienced the expected dosage-dependent growth of their
uteri after the administration of estradiol benzoate over a period of seven days (Figure 5a).
The uteri of the wild-type mice treated with 0.08, 0.4, and 2.0 ug estradiol benzoate weighted
77.3 (sd 11.0), 99.0 (sd 11.3), and 101.3 (sd 5.9) mg, respectively. Thus, administration of
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0.4 or 2.0 ug of estradiol benzoate results in an increase in uterus weight of 28% or 31%,
respectively, compared to administration of 0.08 ug of estradiol benzoate.

The Sp4 knockout females displayed a blunted dosage-dependent increase of uterus
weight (Figure 5a), in particular when the same doses of estradiol benzoate are compared
(13% with p=0.31 for 0.08 pg, 26% with p=0.05 for 0.4 ug, 25% with p=0.005 for 2.0 pg).
This is despite the fact that their bodyweights are only slightly reduced in comparison to the
wild-type females from the same litters (from 27.4 to 26.3 g with p=0.049) (Figure 6). Even
the high quantity of 2.0 pg estradiol benzoate (a quantity exceeding normal physiological
amounts) is unable to provoke an Sp4-deficient uterus to gain a similar amount of weight as
observed in the wild-type situation. Taken together, these results show that the uteri of the
Sp4-null females display a significantly reduced sensitivity to estrogens.

Testosterone, which is generally thought to be necessary for male sexual behaviour at
adulthood,?*%° is produced in the testis by the interstitial Leydig cells. We therefore examined
the testis as well as the closely related genital organs of 7-months-old Sp4”- males. The testis
Sp4’ males weighed on average 99.7 mg (sd 13.2). This is a weight reduction of more than
35% (p=0.004), as the testis of wild-type males weighed on average 153.5 mg (sd 20.7)
(Figure 5b). The epididymides and seminal vesicles of the Sp4” males are also reduced in
weight, with, respectively, an average reduction of 27% (p=0.0003) and 49% p=0.0001) percent
compared to wild-type littermates (Figure 5b). The epididymides of a Sp4 knockout males

A 130 i B i
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120 200—
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180—
100—
160
90—
80 140
70— 120 p=0.0001
)
£ 60 100
o - =0.00003
o180 80| ¢
o} —_
5 40— cE»
e 60—
2 30— =
= =
(o)) O 40—
10 20
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Figure 5. Comparison of genital organs

(a) The average weight of wild-type and Sp4 knockout uteri after 7 days treatment with different quantities
of estradiol benzoate. (b) The mean weight of two testes, two epididymides and two seminal vesicles of 30
weeks old wild-type and Sp4 knockout males. P-values indicate to what extent the weight of the tissues of
the wild-type and Sp4” mice significantly differ from each other, per condition. Asterisks indicate numbers
of mice per group; sd: standard deviation; error bars are standard deviation; statistics by Student’s t-test.
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Figure 6. Body weight at late
p=0.000003 adulthood

The mean body weight of 24 weeks
old female and 30 weeks old male
wild-type and Sp4” mice. P-value
indicates to what extent the body
weights of the wild-type and
Sp4” mice significantly differ from
each other, per given condition.
Asterisks indicate numbers of mice
per group; sd: standard deviation;
error bars are standard deviation;
statistics by Student’s t-test.
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weighed on average 53.7 mg (sd 5.5) versus 73.8 mg (sd 14.2) for wild-type epididymides,
whereas the seminal vesicles of the Sp4” weighed on average 50.2 mg (sd 13.2) versus the
averaged weight of 97.5 mg (sd 14.2) of the seminal vesicles of wild-type males (Figure 5b).
These reductions in tissue size are in sharp contrast to the increased bodyweight of the
Sp4 knockout males. They have, when they are seven months old, an average bodyweight of
34.9 gram (sd 1.6). This is an increase of 25% (p=0.00003) compared to wild-type littermates,
who have an average bodyweight of 27.6 gram (sd 0.9). As we observed an abundant amount
of white adipose tissue in these Sp4males at the time of dissection, the increased bodyweight
might be the result of the accumulation of white adipose tissue.

Discussion

Absence of coital behaviour

The present study shows that the attempts to breed with adult Sp4” males have been
unsuccessful owing to the absence of coital behaviour. This behavioural deficit could be the
consequence of a several of causes. One of them is a severely impaired ability to smell
volatile and non-volatile odours of conspecifics or the absence of motivation to investigate
these odours. Mice have a dual olfactory system, consisting of the main olfactory system,
which is capable of responding to volatile odours and the accessory olfactory system, which
is thought to respond to volatile and non-volatile odours.?' The Sp4 knockout males spend
appreciably less time sniffing volatile and non-volatile odours of gonadally intact males or
estrous females than their wild-type littermates. In addition, they showed no preference for
non-volatile odours of estrous females over non-volatile odours of gonadally intact males,
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while wild-type males do display such a preference. Thus, our data indicate that Sp4-null males
have a dysfunctional main- and accessory olfactory system. The specific role of the main
olfactory system and the accessory olfactory system for male mating behaviour is not fully
clear. In the male hamster, lesions of both the main- as well as the accessory olfactory system
are needed to eliminate consistently mating behaviour.®?> A strong reduction in male mating
behaviour has also been found in the rat after bulbectomy.?' Recently, it was found that mating
behaviour of male mice was not affected by surgical removal of the vomeronasal organ.® This
corroborated earlier findings in male Trp2-null (transient receptor potential 2) mice.?*3® These
mice are characterized by a non-functional vomeronasal organ, but they display normal levels
of male mating behaviour. Together, these observations suggest that in mice elimination of
male sexual activity results from non-function of the main olfactory system as well as the
vomeronasal system . Besides the deficits in the olfactory system, other factors might equally
be responsible for the absence of sexual behaviour since Sp4-deficient female mice also
display severely impaired lordosis behaviour. However, their aberrant sexual behaviour does
not appear to result from defects in the perception of socially relevant odours, since their
response to sexually-related volatile- and non-volatile odours is not significant different from
wild-type females.

The absence of both male and female sexual behaviour in mice as a consequence of a
non-endocrine manipulation indicates that a fundamental process in the brain, needed for the
expression of male and female sexual behaviour, might be disturbed in the Sp4 knockout.
For this behaviour it is of vital importance that brain structures that mediate in this behaviour
in adulthood develop correctly during brain development early in life. Recently, it has been
found, that estradiol is an important mediator in this process, by studies on knockout females
of the aromatase (Cyp19) gene.®*” These females, which lack the enzyme that aromatizes
testosterone into estradiol,®% display at adulthood a reduced female and male sexual
behaviour after treatment with estradiol and progesterone, and estradiol and testosterone,
respectively.*® Whereas wild-type females display male and female sexual behaviour after
appropriate hormonal stimulation. These observations indicate that during embryonic life
estradiol is needed for the correct development of the mouse brain as a sexual organ. Since
Sp4 is expressed in the brain of mouse embryos'®'? and Sp1 like factors might be involved
in the mechanism of action of estradiol,*! it is possible that the deficiency of Sp4 affect the
normal brain development and thereby bring about the absence of normal sexual behaviour of
these animals. To address this topic, first the exact expression pattern of the Sp4 protein in the
brain in the sequential stages of life should be elucidated. Namely, today it is only known that
Sp4 is expressed in brain during development and at adulthood,®'? but a detailed expression
pattern is unknown.

Sex hormones are not solely important in the developmental process of the brain, but
also in the execution of the physiological processes in the brain that lie behind sexual
behaviour.?"#24* The impaired coital behaviour of the Sp4-null line may have its origin at this
level. Such information comes from the aromatase knockout males. These males lack capacity
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to aromatize testosterone into estradiol in the brain. This defect causes a similar phenotype
as we have found in the Sp4 knockout males: impaired discrimination between conspecifics
through olfactory and visual cues, and the lack of normal coital behaviour.%6:3

Role of ER signalling

More data support the hypothesis that the aberrant reproduction of Sp4 knockout line
is related to sex hormones. Namely, desides the fact that uteri of Sp4” females have an
immature appearance at around 8 weeks of age,’® we show here that their uteri are blocked
in execution of the developmental program that is normally induced by estrogens. This block
is not complete, because estrogen-treated Sp4” uteri still gain weight in a dose- dependent
fashion (Figure 5). Thus, Sp4 deficiency affects development of the uterus, resulting in an
apparently largely dysfunctional uterus in the end.

This anomaly could either be brought about by a defect in estrogen signalling or by a defect
in a downstream action that is normally induced by estrogen. Abnormality in the estrogen
cascade is a plausible hypothesis, since the analysis of ERa” and ERB” mice has shown that
the lack of proper estrogen signalling in the uterus affects maturation, resulting in an immature
uterus.?2® Thus, expression of the ER itself might be affected by Sp4 deficiency, since Sp4
is expressed in the uterus.'> Gel mobility shift assays, transactivation studies and pull-down
experiments on material obtained from cultured cells do indeed suggest that Sp factors,
mainly Sp1 and Sp3, are involved in regulation of ER expression.*'4*4” The composition of
Sp4 is highly similar to the ubiquitously expressed Sp1 and Sp3 proteins.**% |t is therefore a
generally accepted hypothesis that genes harbouring GC- and GT-boxes in their regulatory
elements are not targeted by a single Sp factor, but by a number of Sp factors. In view of this,
it is likely that, besides Sp1 and Sp3, Sp4 might be involved in the expression of the ERs.

Alternatively, it is possible that distribution of the ER is not affected in the Sp4” mice, but
that the expression of target genes of the ER signalling pathway are affected. Functional
interactions between the ER and either Sp1 or Sp3 in the regulation of target genes of the
ER-cascade have been described by a number of laboratories (e.g. references %-%7). It is
therefore possible that Sp4, which we have shown to be important for sexual maturation and
development of sexual behaviour, is involved in activation of target genes of the ER pathway.
It is not known if transcription factors Sp1 and Sp3 are involved in reproduction, since the
premature death of the Sp7 and Sp3 mouse knockout lines excludes an assessment of
reproductive fitness. The Sp7 knockout mouse is already severely retarded during early
embryonic development and dies around E10.5% The Sp3” mouse, however, survives until
late embryogenesis, but succumbs to perinatal lethality due to severe dysfunction of the heart
(Chapter 3, this thesis). However, although the knockout mouse lines from these two proteins
do not give a clue if they are functional in tissues of the reproductive system, the ubiquitous
expression pattern of these two proteins suggests that they might be deployed in these tissues,
in addition to Sp4.
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Late-onset obesity

The late-onset of obesity by the Sp4 knockout males during late adulthood is remarkable,
since the Sp4” animals display a growth arrest during their early life-phase.'® Late-onset obesity
in males has also been reported in mouse models with aberrant sex hormone signalling. The
ERa” mouse develops progressive obesity with advancing age, starting after the stage of
sexual maturation. This obesity is a result of the growth of the white adipose tissue, but not
of the brown adipose tissue.**¢" Furthermore, Sato et al. (2003) showed that deficiency of the
androgen receptor (AR) also gives rise to obesity during adulthood, but solely by males. This
obesity is also, like in the ERa™ mice, a result of accumulation of white adipose tissue.®? In the
Sp4-deficent males, the obesity with late-onset may also be the result of an increase of white
adipose tissue, as we have observed a growth of their white adipose tissue. This suggests,
in combination with the infertility of the Sp4-deficienct males, that a sex steroid hormones
cascade is aberrant in the Sp4 knockout mouse, similar to the AR or ERa knockout mouse
lines. Possibly, the cause of the obesity for the Sp4 knockout males is related to the reduced
testis size, since this tissue is the main source of the androgenic hormone testosterone.
However, it must be noted that the testes of Sp4-deficient males have a normal morphology
and produce motile sperm. In conclusion, the observed late-onset obesity in males is in
agreement with the hypothesis that transcription factor Sp4 contributes to functional signalling
of sex steroid hormone pathways.

In summary, we have shown that the severely impaired reproduction capacity of the
Sp4 knockout mouse line is brought about by dysfunction of a number of physiological
processes. The data support the hypothesis that these abnormalities might be brought about
by dysfunction of the signalling cascades that rely on activation by steroid sex hormones.

Materials and Methods

Animals

Sp4 knockout mice' were back-crossed for more than 10 generations to fvb/n mice.
Heterozygous Sp4 males and females were bred to generate wild-type, heterozygous and
Sp4- null offspring. Genotyping was performed by polymerase chain reaction (PCR) analysis
of tail DNA, using 3 different primers: a sense primer in the Sp4 gene amplifying the wild-type
allele (5-CAAACTGTCCAGGTCCAGAA-3’), a sense primer in the Neo gene amplifying the
knockout allele (5-AGCGCATCGCCTTCTATC-3’), and a common antisense primer in the
Sp4 gene (5'-CTCACAACCATATACCAATGCAAG-3’). PCR conditions: 94°C for 45 seconds,
54°C for 45 seconds and 72°C for 30 seconds for 34 cycles. All experimental males were
housed alone whereas the females were housed in groups of 3-4 (genotypes mixed). All
animals were kept under a reversed light-dark cycle (12:12 LD). Food (regular mouse chow)
and water were always available ad libidum.

Stimulus males and females were derived from a C57BI/6 breeding colony at the Center
for Cellular and Molecular Neurobiology, University of Liege, Belgium. The stimulus females
were ovariectomized in adulthood under general anesthesia using a mixture of ketamine
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(200 pg/g, per mouse, intraperitoneally, i.p.) and medetomidine (Domitor® from Pfizer,
8.3 ug/g, per mouse, i.p.). Mice received atipamezole (antisedan® from Pfizer, 2.5 ug/g per
mouse, subcutaneously, s.c.) at the end of the surgery to antagonize medetomidine-induced
effects, thereby accelerating their recovery. At the time of ovariectomy, they were implanted
subcutaneously with a Silastic capsule (inner diameter: 1.57 mm; outer diameter: 2.41 mm;
length: 5 mm) containing crystalline 17B-estradiol diluted 1:1 with cholesterol). Three hours
before testing, stimulus females were injected sc with 500 ug progesterone. Stimulus males
were left gonadally intact.

All behavioural tests were conducted between 13:00 and 18:00h during the dark phase of
the LD cycle. Furthermore, no behavioural testing was conducted during the 24h following
cleaning of the subjects’ cages.

Analysis of coital behaviour of male and female Sp4-null mice

Male coital behaviour. Gonadally intact male wild-type (n=9) and Sp4-null (n=10) mice were
tested for their male sexual behaviour with an estrous female. All males were subjected to a
total of 5 tests (once a week) andall behavioural tests were conducted in the male’s home
cage. The test began when a stimulus female was placed in the male’s cage. The latency to
the first mount, intromission, and ejaculation, as well as the number of mounts, intromissions,
and ejaculations were recorded. The test lasted until ejaculation occurred or 30 minutes if no
ejaculation was achieved. Males that ejaculated during one of the five tests were not tested
again. After the last test, the males were killed and weighed. Subsequently, the testes and
seminal vesicles were dissected and weighed.

Female coital behaviour. Female wild-type (n=8) and Sp4-null (n=9) mice were ovariectomized
in adulthood using the same procedure as described for the stimulus females. By contrast,
the experimental females were not implanted but received two injections of 10 ug estradiol
benzoate (EB) 48 and 24h before testing, with an additional progesterone injection of
500 pg 2-4 hours prior to behavioural testing. All lordosis tests were conducted in a Plexiglas
aquarium (35 cm long X 25 cm high X 19 cm wide), the floor of which was covered with
fresh sawdust. At the beginning of each test, a sexually active male was placed alone in the
aquarium and allowed to adapt for 15 min. Subsequently, an experimental female was placed
in the aquarium and the lordosis responses of the female to the mounts of the stimulus male
were recorded. The test lasted until the female had received 10 mounts or 10 minutes had
elapsed. All females were tested a total of three times for lordosis behaviour. At the end of
each test, a lordosis quotient (LQ) was calculated by dividing the number of lordotic responses
by the number of mounts X 100%. After the last test, the experimental animals received daily
injections of estradiol benzoate for 7 days. 24 hours after the last injection the females were
killed, the body weights determined and the uteri dissected and weighed.

Analysis of odour preferences of male and female Sp4-deficient mice

New groups of male and female Sp4” and their wild-type littermates were tested for odour
preferences in a Y-maze adapted for mice.'® As in Experiment 1, males were left gonadally
intact, whereas females were ovariectomized in adulthood following the procedure as
described above. In contrast with Experiment 1, females were implanted with a Silastic
capsule containing 17B-estradiol (1:1 dilution with cholesterol). In a pretest, mice were put
for 5 minutes in the Y-maze without any stimulus animals placed in the goal boxes, to adapt
to the testing apparatus and to determine whether they would develop any side preferences.
Then, mice were subjected to a total of two consecutive tests (5 minutes each) in which
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they were offered the choice between either volatile body odours from an estrous female
and those of an intact male (test 1) or non-volatile odours form bedding soiled by males and
that soiled by estrous females (test 2). To expose the subjects to volatile body odours only,
stimulus animals were anaesthetized to prevent them from interacting by vocalizations with
the experimental subjects, and placed in the distal goal boxes of the Y-maze. Furthermore, the
doors of the goal boxes were opaque to prevent the subject from seeing the stimulus animals.
To expose the subject to volatile odours, an electric fan placed behind the start box at the
beginning of the stem of the Y-maze pulled air over the stimulus animals placed in the distal
goal boxes. Furthermore, all doors were perforated to pull air through the entire maze. The
time the subject spent sniffing the male and female odours (poking its nose through the holes
in the door and/or actively sniffing the door of the goal box) was recorded with a stopwatch.
In addition, the number of entries into each arm of the Y-maze was scored. The maze was
cleaned with 70% alcohol between trials.

Soiled bedding was collected from stimulus animals (n=3) that were treated with estradiol by
silastic capsules and with progesterone by SC injection; they were placed in a cage containing
fresh sawdust at the time of the progesterone injection. Bedding was collected 10 hours later.
Likewise, gonadally intact males (n=3) were placed in a cage containing fresh sawdust and
bedding was collected 10 hours later. All bedding was stored in Ziploc freezer bags at -80°C
until used in the experiment. A bowl containing bedding was placed at the end of each arm of
the Y-maze. The doors separating the goal boxes from the rest of the maze were removed.
The time spent sniffing the bedding was recorded for each subject with a stopwatch. The
maze was cleaned with 70% alcohol between tests.

Statistical Analysis

The data on the behaviour tests were compared by analysis of variance (ANOVA). When
appropriate, ANOVAs were followed by Tukey highest significance difference (HSD) post hoc
comparisons adapted for repeated measures ANOVA. For statistical analysis of the weight
measurements, the Student’s t-test was performed.
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Research on the Sp/XKLF factors has revealed that Sp1,' Sp3,2 and Sp4,° although sharing
high similarity in their protein compositions,*5 have distinct biochemical characteristics,* and
have their own and incomparable contribution to life, as has been demonstrated by gene
knockout studies.>5° However, their precise biological functions are still a timely research
topic. In this Chapter, | discuss biological functions of the transcription factors Sp3 and Sp4, on
the basis of the data presented in this thesis. An outlook on research that could be performed
on Sp3 and Sp4 in the future is given.

What is the physiological role of Sp3?

Studies on the Sp3 protein have shown that complete ablation of the gene encoding this
ubiquitously expressed protein causes growth retarded embryos, impaired development of a
number of tissues (see references ¢7'° and Chapter 2), and leads to perinatal death of the
fetuses.® In principle, pre- and perinatal death might be caused by impaired development
of the hematopoietic system.”""* However, although Sp3 deficiency affects the lymphoid,
erythroid, and myeloid compartments of the hematopoietic system, the Sp3 knockout fetuses
experience moderate hematopoietic defects that do not lead to severe anemia with subsequent
embryonic death. The hematopoietic defects do not appear to result from an obstruction or
blockade in development and differentiation of the Sp3” hematopoietic precursor, but rather
from a reduced efficiency of this process. A delayed progress of hematopoietic differentiation
is also observed in the Sp3*- embryos. They have an initial backlog in development of their
hematopoietic system compared to wild-type mice, from which they recover within the first
weeks after birth. The moderate hematopoietic defects of the Sp3-null fetuses argue for the
assumption that the presence of Sp3 in the hematopoietic compartments is of benefit, but
not a matter of life and death, and suggest that Sp3 is either not an essential transcription
factor in this process or that the essential function of the Sp3 protein in hematopoiesis is
partially compensated by another factor. Candidate factors for such a counterbalance are
the Sp- and Krippel-like factors that are also expressed in the hematopoietic lineages,
namely Sp1 (unpublished results, U. Jagle, 2001), Sp4 (unpublished results, P.F. van Loo
and R.H. Hendriks, 2003), EKIf,"'2 and BKIf."® Breeding of knockout alleles of these factors
into the Sp3* background could reveal if one of these factors is partially redundant with Sp3
during hematopoiesis. If a factor is partially redundant, the double heterozygous setting of this
factor and Sp3 will exaggerate the hematopoietic phenotype of Sp3 knockout. Furthermore,
as redundancy most probably takes place at the transcriptional level, it will increase the
interaction of the compensating Kriippel-like factor to regulatory elements of Sp3 target
genes. Such an increase in binding to the DNA could be investigated by chromatin immune
precipitation (ChiP) assays'®'” when Sp3 target genes have been discovered.

The discovery of cardiac malformations in the Sp3”- embryos has elucidated their premature
cause of death. Anew question that arises is: how would the Sp3-deficient mouse develop when
it would not encounter cardiac malformations during embryogenesis. Would the Sp3” mouse
still die prematurely or would it survive? Would the impaired tooth- and lung development as
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well as the impaired bone ossification turn out to be only transient phenotypes? Would the
disturbed expression of the uteroglobin/Clara cell secretory protein (UG/CCSP), amelogenin,
ameloblastin, and osteocalcin®'° turn out to be only a reflection of delayed development, or are
they indeed bona fide Sp3 target genes? Whereas conventional mouse knockout approach
makes further research on the effect of Sp3 deficiency on maturation impossible, Sp3*- mice
may already provide a hint to the answer. We have observed that Sp3*- mice often display
a reduced bodyweight and have an increased chance to die early, as 10-15% of them die
before 24 weeks of age. Investigation of their cardiac development at E12.5 and E14.5 did
not disclose anatomical heart abnormalities, but it is still possible that Sp3* mice develop
cardiac malformations during adulthood, like Sp4” mice do.'® Nevertheless, the Sp3*- mouse
indicates that reduced levels of Sp3 can give rise to a phenotype at adulthood. The complete
absence of Sp3 would therefore be expected to result in a more severe phenotype. To study
the effect of complete depletion of Sp3 on maturation and adulthood, the severe cardiac
phenotype has to be circumvented. To this end, advantage could be taken of Cre/lox'®? or
FIp/FRT?' recombination systems, and a conditional Sp3 knockout mouse line should be
generated. By tissue-restricted expression of recombinase enzymes, these approaches
enable the creation of tissue-restricted ablation of the Sp3 gene. This would provide a platform
to study the effect of Sp3 deficiency on the developmental processes beyond E16.5 and
without the influence of disturbed blood circulation, which is caused by cardiac dysfunction.
With a conditional Sp3 knockout by the Cre/lox systems, tooth development in the absence
of Sp3 could be analysed by a Cre recombinase under the control of the promoter region
of the mouse dentin sialophosphoprotein (Dspp) gene,??> whereas lung development in the
absence of Sp3 could be investigated by Cre controlled by doxycycline-dependent surfactant
associated protein C (Sftpc) promoter.?*?* Ossification of the bones of the Sp3” mice, a process
that depends on chondrocytes and osteoblasts cells, could be investigated by a chondrocyte
or an osteoblast specific deletion of Sp3. A procollagen type Il (Col2) driven Cre?*% can
deplete Sp3 form chondrocytes, whereas Cre under the control of the promoter regions of
the bone gamma-carboxyglutamate protein 2 (Bglap2 or OG2) or procollagen, type I, a 1
(Col1a1) genes? produces an osteoblast-specific knockout of Sp3. Likewise, depletion of Sp3
in the heart beyond the remodelling stage by an inducible Cre-Nkx2-5 construct?® enables
investigation of the effect of Sp3 deficiency on the heart during maturation and adulthood. It
should be taken into account that several cell types from outside the heart fields contribute
to heart development.?**° To exclude that the heart phenotype arises from a defect in these
cell types, the promoters that are used to create tissue-specific ablation of Sp3 should not be
expressed in these cells.

The heart comprises many different cell types, for example myocytes, epicardial derived
cells (EPDCs) and endothelial cells.®'*® The cells that contribute to the heart arise form the
primary and secondary heart fields®3® as well as from areas outside the two heart fields.?®*
As a consequence of the numerous cell types in the heart *' and the ubiquitous expression of
Sp3, itis not clear which cell type(s) contribute(s) to the cardiac phenotype of the Sp3” fetuses.
That it is important to map these cells, shows the retinoic acid receptor (Rxra) knockout mouse.
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The Rxra’” mice, displaying a cardiac phenotype similar to that of the Sp3” mouse, has a
myocardial phenotype that does not descend form a defect in the myocardial lineage.¢-%
The conditional knockout strategy may help, by targeted ablation of Sp3 in specific cell types,
to trace back the origin of the Sp3-null phenotype to specific cell types. Recommended
promoters to drive the recombinase enzymes are, for example the paired box gene 3 (Pax3)
for neural crest cells,***° the endothelial-specific receptor tyrosine kinase (Tek or Tie2) for the
endothelial cell-lineage*' and myosin light chain 2v (Mlc2v)® or myosin light chain 2a (Mlc2a)
for myocytes.*?44

Abnormal electrophysiological characteristics of the heart have been shown to contribute
to severe cardiac malformations. For example, mutant mice for the gap junction proteins
connexin40, -43, and —45 (Cnx40, -43, -45), proteins required for the propagation of electrical
pulse in the heart,*® display embryonic cardiac morphological abnormalities along with aberrant
electrical impulse propagation. The Cnx40-deficient mice display double-outlet right ventricle
(DORYV) or tetralogy of Fallot (TOF),* and exhibit conduction abnormalities,*” whereas the
Cnx43-null mice display abnormal coronary artery patterns*® along with slow propagation of
ventricular activation and sudden arrhythmic death.4>% The Cnx45” mice develop abnormal
cushions, have a block in contraction and die before E10.5.5'%2 The necessity of proper pulse
propagation for heart development, but also the probability of aberrant electrophysiological
characteristics due to the hypoplasticity of the myocardium of the Sp3” hearts itself,> argue for
an assessment of an electrocardiogram (ECG) of the Sp3 fetuses. If the early perinatal death
of the Sp3-null embryos makes it impossible to obtain an ECG, a transgenic mouse approach
with a reporter gene under the control of the Cnx40, -43 or -45 promoter regions® may reveal
if these gap junction proteins have a disturbed expression pattern in the Sp3-null mice and
reveal an underlying aberrant pulse propagation.

The possibility that the cardiac phenotype of the Sp3” mice has its onset during the early
phase of heart development has to be considered, as an early morphological abnormality
in the heart can develop into severe cardiac malformations and cause prenatal death. This
has been shown for an atrium-specific deletion of the Mlc2a gene.*® That a local cardiac
abnormality leads to severe overall cardiac malformations may be the result of shear stress, as
a number of previous studies have demonstrated that alterationsin fluid forces experienced by
endothelial cells, including those of the endocardium, can result in changes in their alignment
and changes in gene expression.’®%° Therefore the effect of Sp3 deficiency on the earlier
phases of the heart development, between the staged of the fusion of the cardiac crescent
into a linear tube and the primary looping of the heart tube,®' has to be examined in detail in
the Sp3-null embryos.

What is the physiological role of Sp4?

Deficiency of the transcription factor Sp4 in the mouse causes a versatile phenotype.
One of the most obvious abnormalities of the phenotype is the impaired reproduction of
the male and the female sex. Studies on the coital behaviour of both sexes have revealed
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that their impaired reproduction is, at least, brought about by the absence of normal sexual
behaviour to conspecifics. Coital behaviour is induced and coordinated by the brain, which
is also a major site of Sp4 expression.*® However, as the precise expression pattern of
Sp4 in the brain has not been analysed in detail yet, it is impossible to link the expression
pattern of Sp4 with the impaired coital behaviour of the Sp4” male and female mice. This
requires a detailed examination of the expression of the Sp4 protein in the brain tissue by
immunohistochemistry.

The brain compartments that normally express Sp4 might have an abnormal anatomical
appearance in the Sp4” mice as a consequence of the lack of Sp4. When the Sp4 expressing
brain compartments have been localized via an immunohistochemistry approach, these
structures should be examined for anatomical appearance in Sp4” male and female mice.
If abnormal organization of one of these structures can be identified, this might shed light
on the abnormal coital behaviour of these animals. For this inquiry, advantage should be
taken of the B-galactosidase gene that has been knocked in the Sp4 locus. Expression of the
B-galactosidase gene is regulated by the endogenous Sp4 promoter, and expression of the
lacZ gene in heterozygous mice should mirror the structures that express Sp4 in the wild-type
situation. Comparison with lacZ expression in the knockouts should reveal any structures that
are affected by the absence of Sp4.

The infertility of male Sp4-deficeint mice is primarily the result of absence of sexual
behaviour. Normally, coital behaviour is triggered by volatile and non-volatile odours of
conspecifics. However, this process is impaired in Sp4-deficient males. They show a strongly
reduced interest in volatile and non-volatile odours, and they lack preference for non-volatile
odours of an estrous female over such odours from a gonadally intact male. In rodents,
non-volatile odours of conspecifics are detected and processed by the polysynaptic accessory
olfactory system (AOS).5>%* The olfactory cues are first detected by the vomeronasal organ
(VNO)®5%8 via the Vr16” and Vr2 receptors.58¢° When these receptors are exposed to olfactory
cues, the VNO project these stimuli into the accessory olfactory bulb (AOB).5* Subsequently,
stimuli are projected along various neural pathways, including the anterior-dorsal medial
amygdale (MeAD) and the posterior-doral medial amygdale (MePD).7%"

Possibly, the projection of these olfactory cues along the neural pathways is impaired in
the brain of the male Sp4” mouse. This hypothesis could be addressed by an analysis of the
activation of the downstream neuronal pathways in the brain of Sp4” males after they have
been in contact with odours of a male or estrous female. A reflection of neuronal activity is
the expression of c-Fos. Fos protein becomes transiently expressed in neurons in response
to direct stimulation by growth factors ad neurotransmitters,’>7* and it is known that several
areas of the AOS in the male rodent brain display an increase in Fos expression after an
exposure to female odours.”7® Thus, by taking advantage of Fos expression, examination of
this expression by immunohistochemistry might reveal a block in the functioning of the AOS of
the Sp4-null.
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How do Sp3 and Sp4 mediate transcription?

The Sp factors are likely to function at the level of transcriptional regulation, as they are
transcription factors. This implies that the phenotypes displayed by their knockout mouse lines
may primarily be caused by aberrant transcription of specific target genes. The discovery of
these target genes is therefore absolutely essential to unravel the puzzle.

Previous studies on the Sp3” mouse revealed a number of genes that have an altered
expression in the absence of Sp3: Ug/Ccsp; amelogenin; ameloblastin; osteocalcin,®'° and
Carp (this thesis). Furthermore, previous attempts to identify target genes of Sp3 by a cDNA
microarray approach or a method to specifically amplify differentially expressed genes (the
selective amplification via biotin- and restriction-mediated enrichment/SABRE method)”” on
whole E13.5 Sp3” embryos were unsuccessful. The microarray experiments described in
this thesis (Chapter 4) also turned out to be not that enlightening. Although this experiment
revealed a number of genes that might be differentially expressed in the absence of Sp3, the
placing of these genes in the framework of the Sp3” embryonic cardiac phenotype would
be based on speculation, due to the limited available data on their expression patterns,
biochemical characteristics, and in vivo functions. This conclusion forces us to validation the
outcome of these microarray experiments, but also to study the functions of these genes in
more detail. To identify Sp3 target genes among these genes, their regulatory regions have to
be examined for the presence of functional Sp binding sites”® and CACC-boxes,'® which are
both target sequences for Sp factors. Such analysis could be done by gel retardation assays’™
or ChiP experiments.'®

It cannot be excluded that the few and partially unclear data from the microarray experiments
described in Chapter 4 were caused by technical shortcomings. This argues for a repeat of
these microarray experiments. Furthermore, as the cardiac phenotype of the Sp3” mice may
have its onset during very early developmental stages, the gene expression patterns of the
primitive Sp3-null hearts should be analysed by a microarray approach.

Nevertheless, the limited progress that has been made with the microarrays and SABRE
experiments in the discovery of differentially expressed genes suggests that other approaches
have to be chosen to unravel the Sp3 puzzle. A new approach to find Sp3 target genes could
be the identification of the regulatory elements that bind Sp3. This can be achieved by a pull
down of these regulatory elements with an antibody against Sp3 or a tagged Sp3 protein, and
to analyse them by subsequent cloning and sequencing steps.'”8#" This method can also be
applied to the Sp4 protein, in order to elucidate its biological function.

The ubiquitous expression pattern of Sp3 suggests that the factor fulfils a general and
identical function in all cell types. However, it is also possible that Sp3, despite its ubiquitous
expression, fulfils a unique function in each cell type as a transcriptional mediator. To test this
hypothesis, Sp3 target genes should be identified in at least two different tissues, by the earlier
proposed analysis methods, and the data obtained from both tissues should be compared.
Suitable candidate tissues for such a study are the heart and hematopoietic system, as both
tissues are affected in the Sp3* mouse.
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There are, similar to the situation for Sp3, no target genes of Sp4 identified via analysis of
the Sp4 knockout mouse line. However, the uterus might be a good candidate tissue to for
search Sp4 target genes. The uterus has a disturbed physiological function in the absence
of Sp4. In the normal situation, cells of the uterus proliferate and differentiate in response
to estrogens. In contrast, the uteri of Sp4 females display a severely reduced proliferation
and differentiation response. This abnormality makes it possible to investigate the abnormal
gene expression profile in the Sp4-deficient uterus upon estrogen treatment by comparing
this profile with the gene expression profile from a wild-type female uterus that has been
treated with estrogen as well. For this study, wild-type and Sp4 knockout females should be
ovariectomized and treated with estrogen for multiple time periods. The treatment of the mice
for a number of time periods makes it possible to study the effect that Sp4 depletion has in
successive phases of estrogen induction of the uterus. Arecommended technique for analysis
of the gene expression profiles is the micro-array technique. Target genes might be related
to the estrogen signalling, as the uterus anomaly of the Sp4” females also has been found
in the estrogen receptors a and B-null mice (ERa” and ERB7).82# In these mice, estrogen
signalling is disrupted by depletion by one of the estrogen receptors, which gives rise to an
impaired proliferation and differentiation of the uterus. Other hints that the Sp4 target genes
in the uterus are part of the ER signalling come from the many studies that have shown that
Sp1 and Sp3 in vitro regulate either the expression of ER itself***" or both the ER,s and target
genes.®9 Since it is known that the zinc-finger regions of Sp1, Sp3 and Sp4 recognize the
GC- and GT-boxes with indistinguishable affinity,” it is tempting to hypothesize that Sp4 might
also fulfill a function in regulation of the ER cascade.

For the complete understanding of the role of Sp3 and Sp4, not only biological processes
and genes that are dependent on Sp3 or Sp4 have to be discovered. It is also necessary that
their biochemical characteristics are entirely disclosed and understood. Additional research
topics on Sp3 include: what is the contribution of each of the four isoforms of Sp3 to the
transcription of Sp3 target genes;* how does the inhibitory domain regulate transcription; and
how is the activity of this domain modulated.®® Furthermore, the proteins that interact with
Sp3 should be discovered and the contribution of the promoter composition to transcriptional
potential of Sp3 has to be elucidated.5

In conclusion, although the puzzles of Sp3 and Sp4 are not finished yet, more puzzle
pieces have been put in place during the last few years. The puzzles display a picture of the
physiological processes that are depending on Sp3 and Sp4, and of their target genes. Building
the complete picture is the challenge faced by ongoing research on these Sp-factors.
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Samenvatting

Een organisme is opgebouwd uit vele verschillende celtypes, die ieder hun eigen
biologische functie vervullen. Alleen wanneer de cellen hun functie goed uitvoeren, kan het
organisme waartoe ze behoren zich ontwikkelen en instandhouden. Welke functie een cel
heeft en hoe deze moet worden uitgevoerd staat gecodeerd in het erfelijk materiaal van de
cel, het DNA. Al het DNA samen heet het genoom. Het genoom bevat de genen die coderen
voor eiwitten, dit zijn de uitvoerders van de processen in de cel. De combinatie van cellulaire
processen in een cel geeft de cel haar uiteindelijke functie in het organisme. Voor de vorming
van eiwitten wordt de DNA-code van een gen allereerst via transcriptie overgeschreven in een
RNA-molecuul. Dit RNA-molecuul wordt vervolgens via translatie vertaald in een keten van
aminozuren, dit is het eiwit. Deze twee processen zijn strikt gereguleerd, zodat de productie
van de eiwitten op de juiste plaats en op het juiste moment plaatsvindt. Het eerste proces, de
transcriptie, wordt gereguleerd door transcriptiefactoren. Dit zijn eiwitten die kunnen binden
aan specifieke DNA-motieven in het genoom. Door binding aan dergelijke DNA-motieven
kunnen deze factoren de transcriptie van een gen stimuleren of juist onderdrukken en zo
de aanmaak van een eiwit reguleren. In de cel zijn vele verschillende transcriptiefactoren
aanwezig met ieder hun eigen functie en hun eigen voorkeur voor een DNA-motief. Doordat
ieder gen beschikt over een unieke combinatie van DNA-motieven die een specifieke
combinatie van transcriptiefactoren bindt, kan ieder gen op het juiste moment en op de juiste
plaats overgeschreven worden in RNA dat vervolgens weer kan worden vertaald in eiwit. Zo is
het mogelijk om vele verschillende celtypen te hebben in één organisme met ieder hun eigen
biologische processen en functie.

Dit proefschrift beschrijft de experimenten die zijn uitgevoerd om de functie van Sp3 en
Sp4, twee transcriptiefactoren, te begrijpen. Dit is gedaan met behulp van muizenlijnen waarin
de genen van Sp3 of Sp4 gericht waren uitgeschakeld. Door deze gerichte uitschakeling
konden processen worden geidentificeerd die Sp3 of Sp4 nodig hebben om goed te verlopen,
doordat deze processen juist verstoord waren in de Sp3- of Sp4-deficiénte muizen. Door
middel van het analyseren van deze verstoorde processen kunnen hun biologische functies
nu beter worden begrepen.

In hoofdstuk 1 wordt een overzicht gegeven van de Sp/XKLF (specificity protein/
x Krippel-like factor) familie van transcriptiefactoren, waartoe Sp3 en Sp4 behoren.
In meer detail wordt de Sp subfamilie van de Sp/XKLF familie besproken, die bestaat
uit negen Sp factoren (Sp1-9). Onder meer passeren de domeinen die deze Sp factoren
gemeenschappelijk hebben de revue, maar ook domeinen die uniek zijn voor één Sp factor.
Ingegaan wordt op de invloed die elk domein heeft op de potentie van de Sp factor om als
transcriptiefactor het transcriptieproces te reguleren en hoe deze potentie door de cel kan
worden gemodelleerd en gereguleerd. Het overzicht van de fenotypes van de bestaande
muizenlijnen die deficiént zijn voor een Sp factor laat zien dat elke Sp factor een unieke
biologische functie vervult in embryogenese, postnatale ontwikkeling en overleving.
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Analyse van de Sp3-deficiénte muis heeft duidelijk gemaakt dat deze transcriptiefactor
essentieel is voor de ontwikkeling van een aantal weefsels tijdens de embryogenese, maar
ook voor de postnatale overleving van de muis. Echter de doodsoorzaak van Sp3“ muizen kon
nog niet worden opgehelderd. Hoofdstuk 2 beschrijft de bestudering van de ontwikkeling van
het bloedvormende weefsel, het hematopoietische systeem. Dit weefsel is bestudeerd omdat
Sp3 in de literatuur herhaaldelijk functioneel geassocieerd is met dit weefsel en een defect in
het bloedvormende weefsel zou de vroegtijdige dood van Sp3” muizen kunnen veroorzaken.
Analyse van de populatie witte bloedcellen, de lymfocyten (bestaande uit B en T cellen),
op dag 18.5 van de embryonale ontwikkeling (E18.5) onthulde een gedeeltelijke blokkade
in de T-cel ontwikkeling op het DP (CD**CD?* cellen) stadium in de Sp3” zwezerik en een
gereduceerde B220* B-cel populatie in de Sp3” lever en milt. De reductie van deze populatie,
die voornamelijk op het conto komt van de B220*IgM* cellen, wordt niet waargenomen als Sp3-
~ pre-B cellen zich in een kunstmatige experimentele setting (een in vitro essay) ontwikkelen
tot B220*IgM* cellen. Op E14.5 is tevens het percentage van circulerende foetale rode
bloedcellen, de erythrocyten, in de bloedbaan van Sp3” foetussen sterk verminderd. Dit gaat
samen met een verminderde voortgang van de ontwikkeling van foetale Sp3” voorlopercellen
van de erythrocyten tot rijpe erythrocyten in een in vitro essay. De vroegtijdige dood van de
Sp3” muizen dwong ons, om voor het bestuderen van de volwassen hematopoiese, een in vivo
transplantatie experiment uit te voeren. In dit experiment is gekeken of E12.5 Sp3” levercellen,
wanneer deze getransplanteerd werden in muizen waarvan het eigen hematopoietische
systeem geinactiveerd was, konden bijdragen aan de vorming van het hematopoietische
systeem van de muis waarin ze getransplanteerd werden. De resultaten lieten zien dat de
embryonale Sp3-deficiénte levercellen in beperkte mate instaat zijn om aan de B- en T-cel
populaties bij te dragen, maar niet aan de myeloide- en erythroide celpopulaties.

De gevonden afwijkingen aan het hematopoietische systeem kunnen echter niet de
vroegtijdige dood van de Sp3” muizen verklaren. Door nieuwe waarnemingen kregen
we de hint dat hartfalen de oorzaak van hun vroegtijdige dood zou kunnen zijn. Zo was
waargenomen dat Sp3-deficiénte muizen in de C57BI/6 genetische achtergrond al tijdens
de zwangerschap overleden en dat zij daarnaast onderhuids vocht ophoopten op E14.5, wat
wijst op een verminderde bloedcirculatie. Deze waarnemingen vormden de aanleiding tot een
studie naar hartontwikkeling in Sp3” foetussen, waarvan de resultaten staan beschreven in
hoofdstuk 3. Dat de hartontwikkeling van Sp3” foetussen is verstoord blijkt reeds uit de wijde
binnenbocht van hun gedraaide hartbuis op dag E10.5. Deze vroege hartafwijking heeft tot
gevolg dat de in- en uitstroomgebieden van het hart zich tijdens de hartontwikkeling niet
goed positioneren in het hart. Dit heeft uiteindelijk tot consequentie dat ongeveer 90% van
de E14.5 Sp3” embryo’s een hart met een dubbele uitstroom rechterventrikel hebben en
dat bijna 65% van hen daarnaast ook nog een dubbele instroom linkerventrikel ontwikkelt.
Verder is het myocardium, het spierweefsel van een hart, heel dun en sponzig van structuur
in een Sp3-deficiént hart. Dit leidt in meer dan de helft van de Sp3 deficiénte muizen tot
gaten in de myocardlaag van de atria en ventrikels, waardoor bloed zich kan ophopen
tussen het myocardium en het epicardium, de buitenste laag van het hart. Voor het in kaart
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brengen van de rol van Sp3 in de hartontwikkeling hebben we de transcriptie van een aantal
hartspecifieke genen, waaronder Nkx2-5, Gata4, Anf en Carp, geanalyseerd in Sp3” harten
van E10.5, E12.5 en E14.5 embryo’s. De expressie van de meeste genen is niet veranderd
tijdens de ontwikkeling van de Sp3” harten, met het Carp (cardiac ankyrin repeat protein)
gen als uitzondering. Het Carp transcript is in E14.5 oude Sp3” harten bijna geheel afwezig.
Analyse van de Carp promotor maakte duidelijk dat Sp3 kan binden aan DNA-motieven in
deze promotor, wat suggereert dat Carp in vivo direct door Sp3 wordt gereguleerd.

Het ontstaan van de hartafwijkingen in de Sp3” foetussen kan echter niet alleen verklaard
worden door de sterk verminderde Carp expressie op E14.5. Dit impliceert dat Sp3 daarnaast
ook de expressie reguleert van andere genen die belangrijk zijn voor hartontwikkeling. Om
deze genen te identificeren zijn er microarray-experimenten uitgevoerd. Deze experimenten,
beschreven in hoofdstuk 4, boden de mogelijkheid om juist die genen te ontdekken die
een afwijkende expressie hebben in de harten van Sp3” embryo’s. Voor de uitvoering van
de experimenten zijn de genexpressiepatronen van Sp3** harten vergeleken met die van
Sp3” harten op de embryonale leeftiiden E12.5 en E14.5. De gegenereerde datafiles van
de microarray-experimenten zijn vervolgens genormaliseerd en geanalyseerd verschillende
statistische procedures. Ondanks datde kleurinversie experimenten geen duidelijk overlappend
expressie patroon hebben en ondanks de negatieve resultaten van de clustering, beide
veroorzaakt door beperkte consistentie van de microarray-data als gevolg van technische
onvolkomenheden, konden elf mRNA sequenties worden geidentificeerd die een verlaagde
expressie laten zien in E12.5 en E14.5 Sp3” experimenten. Zes van deze transcripten zijn
mogelijk samen met Sp3 betrokken bij de ontwikkeling van het hart en vijf van deze zes
transcripten zijn kandidaat targetgenen van Sp3.

Het Sp4 gen heeft een zeer afgebakend expressie patroon en komt met name tot expressie
in de hersenen en zenuwen. In het oog springende afwijkingen van de Sp4-deficiénte muizenlijn
zijn het ontbreken van paringsgedrag bij de mannetjes en een verstoorde seksueleontwikkeling
bij de vrouwtjes. Aangezien de oorzaak van deze afwijkingen nog niet in kaart is gebracht,
zijn er aanvullende experimenten uitgevoerd om het primaire defect dat deze afwijkingen
veroorzaakt te lokaliseren. Deze experimenten, waaronder gedragstudies die tot doel
hebben om de functie van Sp4 te begrijpen, staan beschreven in hoofdstuk 5. Met behulp
van gedragstudies kon het ontbreken van de paringsgedrag van de Sp4” mannetjes worden
gelokaliseerd tot een defect in hun reukvermogen om niet-vluchtige geuren van bronstige
vrouwtjes te herkennen. Daarnaast hadden de Sp4” mannetjes in het algemeen minder
interesse in zowel vluchtige als niet-vluchtige geuren ten opzichte van wildtype mannetjes. In
tegenstelling tot eerdere beschreven waarnemingen, vonden we dat ook de Sp4” vrouwtjes
een sterk verminderd paringsgedrag vertoonden. Echter bij de vrouwtjes vindt het sterk
verminderd paringsgedrag niet zijn oorsprong in een verstoorde capaciteit om onderscheid
te maken tussen geuren van mannetjes of bronstige vrouwtjes. Verder wees bestudering
van de gonaden van volwassen Sp4” muizen uit dat (1) de uterus bij de vrouwtjes een sterk
verminderde inductie geeft in respons tot oestrogenen, (2) de gonaden van de mannetjes op
latere leeftijd sterk gereduceerd zijn in omvang en (3) dat de mannetjes op latere leeftijd een
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overgewicht ontwikkelingen dat op het conto komt van wit vetweefsel. Deze laatste observaties
geven aan dat de werking van de androgene en/of oestrogene hormonen mogelijk verstoord
zijn in de Sp4-deficiénte muizen.

In hoofdstuk 6 worden de biologische functies die Sp3 en Sp4 vervullen gedurende
ontwikkeling en handhaving van een lichaam van een gewervelde bediscussieerd aan de
hand van de informatie over de twee transcriptiefactoren die in dit proefschrift is gepresenteerd.
Tevens wordt er een visie gegeven op onderzoek dat in de toekomst gedaan kan worden om
de biologische functies van Sp3 en Sp4 verder in kaart te brengen.
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