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Scope of the thesis

The ameliorating effect of increased y-globin gene expression in B-thalassemia and Sickle cell
disease, favored y-globin gene reactivation as the most attractive treatment approach. This has led
to intense research efforts to elucidate the mechanism of y-globin gene switching with the aim of
reversing the switching process. Many DNA cis elements (e.g. LCR, -117 HPFH mutation, BGL3
region) as well as trans regulatory protein such as BCL11a, LDB1, and KLF1 has been identified that
are important for developmental globin genes regulation. This and other evidences from literature
suggest the involvement of other protein factors, as yet unknown, on y-globin promoter or LCR that
work remotely with previously known protein factors. We recently described an unbiased
proteomics approach; Targeted Chromatin Purification (TChP), to identify other possible proteins
involved in y-globin silencing.

ZBP-89 was identified as one of the proteins in y-globin chromatin purification. Here we report

functional study on the role of ZBP-89 in globin regulation.
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Introduction

Hemoglobin and Disease

Blood is a circulating body fluid providing nutrients and oxygen to the cells and removing waste
products from the same cells and it provides protection from infectious agents. Blood cells are
suspended in plasma, which constitute 55% of the blood fluid. Blood cells comprise red blood cells,
white blood cells and platelets. The most abundant cells in blood are red blood cells (erythrocytes),

which contain mostly hemoglobin.

/
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Figure 1. 3D structure of Hemoglobin molecule (left). Molecular structure of Heme group (right).

Hemoglobin is a protein complex containing four chains (two o-like and two B-like chains) with one
heme group each whose iron atom binds oxygen temporarily to deliver it to all tissues where the
oxygen is exchanged for carbon di-oxyde (Fig. 1). The o-and B-like chains change during the
embryonic, fetal and adult stages of development (Steinberg MH, 2001). Early on the embryonic
hemoglobins Gower 1 (C,¢,), Gower 2 (a,,€;) and Portland (&,y,) are expressed. They are replaced by
fetal hemoglobin (Hemoglobin F) (o,y,) and finally by Hemoglobin A (a,;) and Hemoglobin A,
(a,0,) in the adult. Many mutations have been characterized in the human globin loci, a number of
which lead to the formation of pathogenic forms of hemoglobin due to the absence of a- or B-chains
or to mutations in the protein chains. Hemoglobin H (34) and Hemoglobin Barts (y,) are found in a-
thalassemias, Hemoglobin S (a,f%) is found in people with sickle cell disease, while Hemoglobin C

(OLZBCZ) and Hemoglobin E (OLZBEZ) are found in patients with chronic hemolytic anemia and
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Hemoglobin C and Hemoglobin E are found in B-thalassmias.

Mutant hemoglobin was discovered more than the half century ago and many mutations in the
o and B—globin gene loci have been determined. Many of the mutations are silent and don’t show
any clinical phenotype, but a number of mutations and deletions cause a severe phenotype and are
common in areas traditionally infested with malaria. Sickle cell anemia and B-thalassemia are the
most common B-hemoglobinopathies and one of the world’s most frequent monogenic diseases,
because heterozygote carriers are at an advantage with respect to Plasmodium falciparum malaria
infection (Steinberg MH, 2001; Flint et al, 1993; Weatherall, 2005). Around 7% of the global
population carry a globin mutation (Weatherall & Clegg, 2001). These diseases occur in South East
Asia, Middle East, the Mediterranean area and Africa and to a lesser extent in all other areas of the

world due to recent immigration of carriers from these areas to other parts of the world (Fig. 2).
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Figure 2. Distribution of Thalassemia and sickle cell disease in worldwide (left) and carrier frequency in the

Netherlands (right)(Dr. P.C.Giordano).

B-hemoglobinopathies are inherited disorders that result from mutations in one of the globin genes
caused a decreased level of B-hemoglobin or a decreased ability of hemoglobin to bind oxygen and

usually manifest themselves after the first months of life once y-globin expression are silenced.

Thalassemia

Thalassemia is characterized by a reduction in the synthesis of globin chains. B-thalassemia is the
most common autosomal recessive disorders worldwide; however dominant mutations have also

been reported. B-thalassemia is caused by the reduced level (beta®) or absence (betao) of B-globin
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chains and unassembled a-chains precipitate causing oxidative damage to the cell membrane (Rund
& Rachmilewitz, 2005; Weatherall, 2010). Such cells are recognized by macrophages quickly and
removed from the circulation instead of having the normal 120-day life span. B-thalassemia is
caused by a base substitution, small deletion or insertion and comes in many different forms (Table
1). Thalassemia major also called Cooley’s anemia or Mediterranean anemia. The phenotypes of
homozygous or genetic heterozygous compound B-thalassemias include thalassemia major and

intermedia.

Types of B-thalassemia

Thalassemia major
p-thalassemia Thalassemia intermedia
Thalassemia minor

HbC/B-thalassemia
B-thalassemia associated with an Hb variant HbE/B-thalassemia
HbS/B-thalassemia

Hereditary Persistence Fetal Hemoglobin and f}-thalassemia

B-thalassemia-tricothiodystrophy

B-thalassemia associated with other manifestations X-linked thrombocytopenia with thalassemia

Autosomal dominant forms Hemoglobin Hakkari

Table 1. Different types of B-thalassemia (Renzo Galanello and Raffaella Origa; 2010).

The most common method of treatment of B-thalassemia major is blood transfusion plus chelation
therapy (Figure 3). Blood transfusion compensates the hemoglobin shortage in the bloodstream.
However frequent blood transfusion causes a buildup of excessive amounts of iron in the
bloodstream, which needs to be regulated by chelation therapy.

Hemoglobin is a protein complex containing four chains (two a-like and two B-like chains, with one
heme group each whose iron atom binds oxygen temporarily to deliver it to all tissues where the
oxygen is exchanged for carbon di-oxyde (Fig. 1). The a-and B-like chains change during the
embryonic, fetal and adult stages of development (Steinberg MH, 2001). Early on the embryonic
hemoglobins Gower 1 (,¢,), Gower 2 (a.,€;) and Portland (&,y,) are expressed. They are replaced by

fetal hemoglobin (Hemoglobin F) (a,y,) and finally by Hemoglobin A (a,3,) and Hemoglobin A,
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(0,0,) in the adult. Many mutations have been characterized in the human globin loci, a number of
which lead to the formation of pathogenic forms of hemoglobin due to the absence of a- or -chains
or to mutations in the protein chains like hemoglobin C and hemoglobin E which formed due to
mutations in the B-globin gene. Hemoglobin H (B4) and Hemoglobin Barts (y,) are found in a-
thalassemias, Hemoglobin S (a,8%,) is found in people with sickle cell disease, while Hemoglobin C
(aZBCZ) and Hemoglobin E (aZBEZ) are found in patients with chronic hemolytic anemia and
Hemoglobin C and Hemoglobin E are found in B-thalassmias.

The most successful means of P-hemoglobinopathies treatment is hematopoietic stem cell
transplantation (Krishnamurti et al, 2008). However it is very difficult to find an appropriate HLA
matched donor and it is very expensive. Thalassemia was one of the first candidate diseases to gene
therapy and the first such treatments have been carried out recently (Cavazzana-Calvo et al, 2010)
while other centers are planning similar trials. However this treatment is still experimental and also
very costly and dangerous. Due to the cost general application of these two treatments is out of
reach of the vast majority of patients. As a result, treatment is often focused on raising the level of

HbF as it can ameliorate the effects of the disease (see Fig. 3).
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Figure 3. Symptoms and current treatments of Thalassemia (Rund et al, 2005).

Sickle cell disease (SCD)

Sickle cell disease emerges as the result of a mutation in the B-globin gene, which causes a
substitution of the amino acid glutamic acid (a charged residue) to valine (a hydrophobic residue) at
the sixth amino acid position (Ingram, 1956; Pauling et al, 1949). The presence of HbS can change
red blood cells shape to a sickle-shape during deoxygenation, which can cause the blockage in one
of the small blood vessels resulting in a local necrosis of the tissue (Fig. 4). SCD can lead to many
complications, including anemia, strokes, haemolytic crisis, pain crisis, acute chest syndrome, organ
damage, vision loss, infection and skin ulcerations. Individuals who are homozygous SS generally
show the most severe sickle cell disease, and the primary hemoglobin present in their red blood

cells is sickle hemoglobin. Individuals affected with other types of sickle cell disease are compound
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heterozygotes and show a variable phenotype. They possess one copy of the HbS variant plus one
copy of another variant such as HbC or Hb B-thalassemia. These individuals produce a mixture of
variant hemoglobins (Okpala IE, 2004). Sickle cell trait individuals who possess one copy of the sickle
variant and one copy of the normal B-globin gene, produce a mixture of sickle hemoglobin and
normal hemoglobin and don’t express symptoms of sickle cell disease (Eichner, 2007; Sears, 1978),
although one study found that sickle cell trait may be a risk factor for sudden death during physical
training (Kark et al, 1987). Importantly, individuals with sickle cell trait are more protected than
normal individuals from malaria (Aluoch, 1997). The high frequency of HbS carriers is believed to be

a result of this protective effect.
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Figure 4. Effects of sickle cell anemia on RBC (Stuart et al, 2004). Under deoxygenated conditions, incorporation

of HbS into the hemoglobin tetramer forms the fibrous polymers.

Structure and developmental expression of the B-globin locus

Mammalian enucleated red cells are unique in the animal kingdom, while they remain nucleated in
fish, amphibians and birds (Gulliver, 1875). Two different populations of red cells are generated at
different times of development in mammals: the first population has larger and nucleated red cells
and are generated transiently in the yolk sac (primitive erythropoiesis) that these cells do eventually

enucleated whereas the second population consists of smaller, enucleated red cells during fetal and
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postnatal life continuously (definitive erythropoiesis). The cells differentiate as part of blood islands
and obtain their unique concave shape late in the process by nuclear extrusion (McGrath et al, 2008;
Palis, 2008; Tavassoli, 1991). The human a-like globin genes are located on chromosome 16, while

the B-like globin genes are located on chromosome 11.

The human a-globin locus

The a-globin locus resides on chromosome 16 and contains 5’-{2-{1-ya-pa-a2-a1-6-3’ in the same
order as they are expressed during development (Fig.6). There are four pseudogenes within the a-
globin gene cluster (Forget et al, 2001). During the embryonic stage of development the {2-globin
gene is expressed while the a2 and a1 genes are expressed during the fetal and adult stage. a2 and
al encode identical a-globin chains (Liebhaber et al, 1986). A strong DNasel hypersensitive site and
transcription factor-binding site, known as HS-40 and located around 40 kb upstream of the a-globin

gene cluster (Higgs et al, 1990) controls the expression of the genes(Fig. 5).

HS-40 Yo

Human a-cluster
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-40 -30 -20 -10 10 20 30kb

Figure 5. The location of a-globin locus elements on chromosome 16 (Wijgerde 1998)

The human B—globin locus

All of the B-globin genes present in the B-globin locus are regulated by a variety of cis-acting
elements. Each of the globin genes has their own promoter. All contain three consensus motifs,
namely CACCC, CCAAT and TATA boxes. The most important distant cis-acting element for the tissue
and developmental stage specific expression is the Locus Control Region (LCR) (Grosveld et al 1987).
In addition there are a number of other elements such as the enhancers 3’ of the y- and f-

genes. The function of some of these is important for the appropriate developmental switching of
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the genes together with the respective globin gene promoters. All these elements bind a variety of
transcription factors (Bank, 2006). The human B-like globin locus contains five globin genes and DNA
regulatory sequences located both proximal, distal to and inside the genes. The B-globin locus is
surrounded by olfactory receptor (OR) genes which are not expressed in erythroid cells (Bulger et al,
2000; Bulger et al, 1999) as the result of a fairly recent evolutionary event, because the B-globin
locus in other species such as birds are located in completely different surrounding sequences and
genes. The globin coding region was first cloned as a cDNA (Rabbitts, 1976) and one of the first
complete genes to be cloned and sequenced (Proudfoot, 1976; Rougeon et al., 1975). The cluster of
five genes occurs in the order 5'- €, Gy, Ay, 6 and B which is the same order of their expression

during development (Fig. 6).
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Figure 6. Location of human B-globin locus elements. The top line shows the genes and the major hypersensitive
sites at the 5’ and 3’ side of the locus. The bottom line shows the different hemoglobin molecules formed with

the a-like chains during development. (Testa , 2009).

The two y-globin genes are the result of a 5 kb tandem duplication. The coding region of these two
genes differs by one nucleotide in exon 3, where the Gy gene codon is GGA and Ay gene codon is
GCA. Fetal hemoglobin is composed of 40% Gy and 60% Ay in adult cells, whereas throughout fetal
development, it is approximately 70% Gy and 30% Ay (Schroeder et al, 1971). During development,
different globin genes are expressed and the site of hematopoiesis also changes (Fig. 7). The
embryonic e-globin gene is expressed in the yolk sac in the first trimester. By the 13" week of
gestation (first switch) the Gy and Ay globin genes are activated in the fetal liver and remain
expressed during the remainder of fetal life. The B (97%) and 6 (3%) globin genes are first activated

in the fetal liver and take over after birth (the second switch) leading to the replacement of fetal
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hemoglobin (HbF) with adult hemoglobin (Hb A & Hb A;). HbF levels normally decrease to less than
1% of total globin expression by the end of first year of life. The B-globin and d-globin genes are
expressed in erythroid cells derived from bone marrow. The 8-globin gene is expressed at very low
levels and hence the major hemoglobin is HbA while the minor hemoglobin (HbA2) is expressed
between 1.5%-3.5% of the total hemoglobin in adult life (Rochette et al, 1994). The LCR is required

for high level of B-globin expression in erythroid cells.

Chromosome 16 Globin proteins Chromosome 11
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Figure 7. Globin expression. The left panel shows the site of hematopoiesis during development (top) and which
globin genes are expressed (bottom). The panel on the right shows the composition of the different types of

hemoglobin during development.

Hereditary persistence of fetal hemoglobin (HPFH)

The expression of y-globin is maintained at a high level in individuals with HPFH and 33 thalassemia
in adult life and HPFH individuals have a normal phenotype. Elevated levels of hemoglobin F
ameliorate manifestation of sickle cell anemia and B-thalassemia (Steinberg, 2009). HPFH condition
is subdivided into deletion (Fig. 8) and non-deletion HPFH. For non-deletional HPFH sites of changed
DNA-protein interactions have been located between the -260 and +25 region of the y-globin
promoter (Gumucio et al, 1988; lkuta & Kan, 1991; Jane et al, 1992; Mantovani et al, 1987;
Mantovani et al, 1988; Martin et al, 1989; O'Neill et al, 1990). These point mutations in the
promoter of the y-globin genes have been found at positions -114, -175 and -200 in the 5’ promoter
regions HBG2 and HBG1 (Chakalova et al, 2005; Gibney et al, 2008; Grosso et al, 2008; Hoyer et al,
2002; Liu et al, 2005). Furthermore, the y-globin gene remains active at the adult stage when the —

117 G to A HPFH mutation is introduced in the promoter (Berry et al., 1992). In contrast many
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different large deletions in the B-globin locus cause deletion HPFH, probably resulting from a
rearrangement of regulatory regions either by deleting suppressor sequences or bringing activation
sequences close to the y-globin genes (Fig. 8). HPFH can result from mutations outside the locus. For
example KLF1 haplo-insufficiency caused by point mutations such as K288X and S270X in the KLF1
gene (Borg et al, 2010; Satta et al, 2011) of this trans-acting factor leads to increased y-globin
expression. A correlation of high HbF levels with several quantitative trait loci (QTL) including the
Xmnl polymorphism in the promoter of Gy-globin gene, picked up a single nucleotide polymorphism
in the gene of BCL11a on chromosome 2, in the HBS1L-MYB intergenic region on 6q23, chromosome
8 and the X chromosome (Chang et al, 1995; Chang et al, 1997; Garner et al, 2002; Labie et al, 1985;
Lettre et al, 2008; Solovieff et al, 2010; Thein et al, 1994; Uda et al, 2008; Wyszynski et al, 2004).

£ Sy v yp 8 P
. .-
5 3
Previously described HPFH

HPFH-1 (Black) 106 kb } f,jf"r |
HPFH-2 (Ghanaian) 105kb | 7
HPFH-3 (Indian) 48.5 kb i {

HPFH-4 (ltalian) 40 kb |'| |'|

HPFH-5 (Sicilian) 13 kb —

HPFH-6 (SEA) 30 kb [ i

HPFH-7 (Hb Kenya) 22.7 kb |—|

French deletion 19.7 kb : :

French West-Indies deletion 23.7 kb :
Algeria deletion 23.9 kb i

Figure 8. Location and size of HPFH deletions (Joly et al, 2009).

Pharmacological induction of y-globin expression
The pharmacological treatment of the B-hemoglobinopathies is largely focused on increasing y-

globin expression or on decreasing a-globin expression. Sustained fetal hemoglobin expression of

20



Introduction

more than 20% reduces the clinical events in SCD (Powars et al, 1984). Drug therapy of [-
thalassemia has focused on stimulating y-globin gene expression to reduce anemia and eliminate
transfusion requirement. Agents which are able to reactivate y—globin expression fall into two
groups: cytotoxic/chemotherapeutic agents and epigenetic reagents, both of which result in some
unfavorable side effects on cells. As a result, none of inducer agents is efficient enough (and safe
enough in high doses) to "cure" patients. One of pharmacological chemicals is a ribonucleotide
reductase inhibitor (Hydroxyurea), which stimulates expression of fetal hemoglobin and currently
has been approved by FDA and it is widely used to treat patients with B-hemoglobinopathies
(Charache et al, 1992; Platt et al, 1984; Veith et al, 1985). Increased expression of fetal hemoglobin
is of great importance in sickle cell disease and B-thalassemia because this event can mainly
neutralize the adverse excess of a—chains (Charache et al, 1995). So-called "HU-responder" patients
can become transfusion independent and HU can convert more severe patients to a milder
phenotype (Voskaridou et al, 2010). B-thalassemia and sickle cell anemia were the first disorders
treated with epigenetic therapy (Charache et al, 1983a; Ley et al, 1983). Two of the main classes of
therapeutic agents are histone deacetylase (HDAC) or DNA methyltransferase inhibitors. HDAC
inhibitors such as short chain fatty acids (e.g. butyrate & valproate) lead to elevated levels of histone
acetylation thereby inducing fetal hemoglobin expression and erythropoiesis (Bohacek et al, 2006;
Castaneda et al, 2005; Pace et al, 2002; Torkelson et al, 1996). 5-azacytidine is incorporated into
DNA and then bound to DNA methyltransferase (DNMT) leading to depletion this enzyme and
selective degradation DNMT1, resulting in re-expression of y-globin genes (Charache et al, 1983b;

Creusot et al, 1982; DeSimone et al, 1983; Dover et al, 1983; Ghoshal et al, 2005; Ley et al, 1982).

The Locus Control Region

Locus control regions (LCRs) are defined by their ability to drive the expression of the linked genes
independent of the position of integration in the genome resulting in copy number dependent
expression. The first LCR was identified to regulate in the human B-globin locus (Fraser & Grosveld,
1998; Grosveld et al, 1987; Talbot et al, 1989) comprises 4 DNase | hypersensetive sites (HSs).
Deletion of the LCR from the mouse genome resulted in a B-globin expression level at 1-4% of that
of has found in wild type cells, which led to the suggestion that the LCR - at least in part - works

though activation of transcriptional elongation (Bender et al, 2000; Schubeler et al, 2001).

21



Chapter 1

The LCR is composed of several small elements that show high sensitivity to DNase | digestion
(hypersensitive sites or HS). They are located between 6 to 22 kb upstream of the g-globin gene and
are required for high level expression at all developmental stages (Forrester et al, 1986; Fraser &
Grosveld, 1998; Tuan et al, 1985). The B-globin locus remains DNase | resistant in cells in which
globin genes are not expressed, while in erythroid cells they exhibit a high degree of sensitivity to
DNase | (Bulger & Groudine, 1999) that changes during different developmental stages and
erythropoiesis in erythroid cells (Gribnau et al, 2000). Transcription factors bind to the HSs of LCR for
their activity. The core elements of HS are 200-400 bp in size that encompass binding sites for
erythroid specific and ubiquitous transcription factors. The core elements are separated each other
by more than 2 kb (Philipsen et al, 1990b). The enhancer activity of the LCR resides in 5'HS2, 3, 4,
while 5’HS1 or 5 show very low activity (Fraser et al, 1990; Hardison et al, 1997; Tuan et al, 1989).
Each HS contains one or several binding motif for GATA-1, TAL-1, NF-E2, KLF1, SP1, BRG-1 and a
number of other DNA binding proteins (Gillemans et al, 1998; Goodwin et al, 2001; Im et al, 2005;
Martin & Orkin, 1990; Ney et al, 1990a; pruzina et al, 1991; Talbot et al, 1991). Each HS has a
different developmental specificity interact with other HSs (Ellis et al, 1996) and also interact with
the globin genes. To determine the developmental influence of the HS, each HS region was
introduced in combination with y- and B-globin genes into transgenic mice. This showed that HS1
plays a small role during development. HS2 contributes equally to y or B transgene expression
throughout development. HS3 is the most active hypersensitive site during the embryonic/fetal
stage and remains active in the adult. HS4 contributes to expression of the locus at low level during
embryonic and fetal stage but is the most active site at B-globin expression during adult stage
(Fraser et al, 1993b). Deletion of HS2 from the LCR resulted in a minor decrease of ¢-, y- and -globin
expression at all stages of development, while deletion of HS3 resulted in major decrease of &-
globin gene expression and an increase of y-globin gene expression in embryonic stage and doesn’t
affect the timing of globin gene switching. Deletion of only the 200-300 bp of core regions of HS3 or
HS4 has a big effect on expression of globin genes (Bungert et al, 1995; Ellis et al, 1993; Fraser et al,
1993b; Hug et al, 1996; Peterson et al, 1996; Philipsen et al, 1990a; Talbot et al, 1990). GATA
consensus sites are present in all regulatory elements of the globin genes. Many transcription-
binding sites were found within the core of the HS2 that including GATA-1 and SP1 (which are
important for erythroid specificity of HS2), KLF1 and TEF2/BKLF — the latter three binding to the
same sequences in the LCR - which all the motifs are found in the promoter and enhancer of each of

B-like globin gene. Moreover, a conserved motif (TGCTGA(C/G)TCA(T/C) in HS2 is essential for
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powerful enhancer activity that is associated to NF-E2/Ap-1 binding YY1 and USF binding sites are
essential for full HS2 activity (Caterina et al, 1991; Ney et al, 1990b; Talbot & Grosveld, 1991). The
core region (225 bp) of HS3 contains a triple repeat of GATA sites in combination with a CACC box
and appears to be the only element that is able to activate the globin genes when present as a single
copy locus in the absence of the other HS elements (Ellis et al, 1996; Philipsen et al, 1993; Philipsen
et al, 1990b). KLF1 is an active factor in HS3, which induces DNase | sensitivity to this region. The
core region of HS4 (280 bp) contains binding sites for erythroid specific transcription factors as
GATA-1, NF-E2, SP1 and ubiquitous factors including TEF2/BKLF (Pruzina et al, 1991). HS4 is not able

to activate the linked B-globin gene as a single copy transgene (Fig. 9).
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Figure 9. The position of various transcription factor-binding sites within HS2, HS3, HS4 (Stamatoyannopoulos

and Grosveld 2001).

Transcriptional regulation of the B-globin locus
Trans-acting factors are proteins that function as DNA binding, transcriptional activator/repressor or
protein interaction (Mitchell & Tjian, 1989). Most transcription factors act as part of a larger

complex, which can function as an activator or repressor.

GATA-1
GATA-1 was identified as the first transcription factor in erythroid cells. GATA-1 is a zinc finger
erythroid specific activator that recognizes the consensus sequence (A/T)GATA(A/G) found

throughout B-globin locus (Martin & Orkin, 1990). GATA-1 contains two conserved zinc finger
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domains. The C-terminal zinc finger is involved in DNA binding, while the N-terminal zinc finger
domain is essential for protein-protein interaction (Blobel et al, 2001). It is expressed in
megakaryocytic, mast, dendritic, erythroid, eosinophilic cells and at basal levels in hematopoietic
progenitors (Evans & Felsenfeld, 1989; Sposi et al, 1992; Stachura et al, 2006). It mostly activates
erythroid specific genes in erythroid cells but also represses genes associated with the immature and
proliferative state including GATA-2 and c-kit cytokine receptor (Munugalavadla et al, 2005; Weiss et
al, 1994; Welch et al, 2004). GATA-1 can force differentiation from hematopoietic cells to red blood
cells (Evans & Felsenfeld, 1989; Fujiwara et al, 1996; Pevny et al, 1995; Pevny et al, 1991; Simon et
al, 1992). GATA-1 overexpression induces the proliferation of pro-erythroid cells and inhibits the
differentiation into mature erythroid cells (Whyatt & Grosveld, 2002). The consensus sequence of
GATA-1 is often found in close proximity to that of KLF1 and SP1. GATA-1 binds to the LCR DNase |
hypersensitive sites and gene promoters in -globin locus (Johnson et al, 2002; Kim et al, 2007). It
forms a number of different complexes most notably FOG-1 (Tsang et al, 1997), LMO-2 (Osada et al,
1995)/TAL-1, KIf1/SP1 (Merika & Orkin, 1995), CBP/P300 (Blobel et al, 1998). GATA-1 interacts with
GATA-1 interacting factor FOG-1 (Crispino et al, 1999; Tsang et al, 1997), TAL-1 complex (Wadman
et al, 1997), the repressive MeCP1 complex that FOG-1 serves as the bridging factor, the chromatin
remodeling ACF/WCRF, the essential hematopoietic factor Gfi-b, distinctly (Rodriguez et al, 2005).
GATA-1 forms several distinct complexes with the ACF/WCRF complex, FOG-1, FOG-1 and MeCP-1,
TAL-1/Ldb-1 and Gfi-1b.

FOG-1

The first factor that was found to interact with GATA-1 was FOG-1. It is a multiple zinc finger protein
that recruits other transcription factors to GATA-1 but does not bind to DNA directly itself (Chang et
al, 2002). Both GATA-1 and FOG-1 are important factors in erythroid and megakaryocytic
differentiation (Fujiwara et al, 1996; Pevny et al, 1991; Tsang et al, 1998). FOG-1 recruits
components of NuRD complex like histone deacetylase, providing a mechanism for GATA-1-

dependent gene repression (Hong et al, 2005; Rodriguez et al, 2005).

SCL/TAL1, LMO2, Ldb1/NLI1, E2A

A protein complex composed of SCL/TAL1, LMO2 (LIM protein domain), Ldb1/NLI1 (LIM domain
interacting protein), E2A can associate to GATA-1 (Wadman et al, 1997). The E2A/TAL-1 heterodimer
is bound to the E-box sequence, CANNTG, which are separated by 9 to 12 bp from GATA site (Soler
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et al 2010). The complex composed of all five proteins binds to Gata/E-box motif through GATA-1
and E2A/TAL-1 heterodimer respectively. (Goardon et al, 2006; Wadman et al, 1997; Soler et al
2010). TAL-1 is a basic helix loop helix transcription factor that can function both as activator and
repressor (Schuh et al, 2005). The repressor function of TAL-1 is primarily controlled through its
interaction with ETO-2 (Soler et al, 2010; Tripic et al, 2009). The LDB-1 complex is essential to
establish the interaction of the B-globin gene and the LCR to provide transcriptional activation

during erythroid differentiation (Song et al, 2010; Xu et al, 2003).

EKLF/KLF1

Erythroid Kruppel-like factor (ELKF/KLF1) is an erythroid specific transcription factor that is
expressed throughout all developmental stages and is critical for erythropoiesis (Miller & Bieker,
1993; Nuez et al, 1995; Perkins et al, 1995). It contains a N-terminal proline rich transactivation
domain and three C-terminal zinc finger domains that recognize CCNCNCCCN motif on DNA. The -
globin gene promoter binds KLF1 and mutations in the CACCC box lead to p-thalassemia (Feng et al,
1994);Bieker & Southwood, 1995). KLF1 in combination with GATA-1 also binds at three consecutive
sites in HS3 which is probably responsible for its unique property to provide copy number
dependent expression in a single copy constuct (Gillemans et al, 1998). KLF1 is a bi-functional
protein (transcriptional activator/repressor) that is characterized by post-translational modifications
that promote protein-protein interaction. The C-terminus of KLF1 is acetylated on lysine 288 by
CBP/P300 and phosphorylated on threonine 41 by casein kinase Il resulting in an interaction of KLF1
with a SWI/SNF related complex (E-RC1) through BRG-1 (Armstrong et al, 1998; Bottardi et al, 2006;
Brown et al, 2002; Ouyang et al, 1998; Sengupta et al, 2008; Zhang et al, 2001). Repression activity
of KLF1 is associated with acetylation of lysine 302, enabling its interaction with the corepressors
HDAC-1 and SIN3A and sumoylation of lysine 74, that enables its interaction with HDAC-1 and Mi2-
B (Chen & Bieker, 2001; Chen & Bieker, 2004; Siatecka et al, 2007). KLF1 binds specifically to adult
globin gene promoters and also to HS1, HS2, HS3 and HS4 throughout all development stages. The
expression level of KLF1 increases during development (Zhou et al, 2006). Importantly KLF1 activates
the BCL11a gene which has been identified as y-globin repressor (Sankaran et al, 2008). Low levels of
KLF1 during embryonic and fetal stages results in low expression level of B-globin and BCL11a and a
high level of y-globin expression (Borg et al 2011). A high expression level of KLF1 in adult stage
promotes a high level of -globin and BCL11a (Bieker, 2010).
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NF-E2

NF-E2 is an erythroid specific transcription factor (Romeo et al, 1990). NF-E2 interacts with Maf
recognition elements (MARE) within HS2 and HS3 sub-regions of B-globin locus LCR directly
(Forsberg et al, 2000; Kang et al, 2002; Talbot & Grosveld, 1991). NF-E2 contains two distinct
domains: the hematopoietic subunit P45 (bZip) and ubiquitous subunit P18 (MafK). The P45 subunit
interacts with CBP and P300, ubiquitin ligase and TBP-associated factor TAFII130 (Amrolia et al,
1997; Cheng et al, 1997). Interaction of the P45 domain of NF-E2 with TAFII130 mediates looping
between the LCR and the globin genes promoters (Amrolia et al, 1997). The CREB-binding protein
(CBP) and P300, which possess histone acetytransferase activity, are recruited by NF-E2 and GATA-1
to the LCR and the distant B-globin gene (Armstrong & Emerson, 1996; Johnson et al, 2001; Letting
et al, 2003). NF-E2 cooperates with GATA-1 to recruit RNA polymerase Il to the 3-globin promoters
(Johnson et al, 2002).

BCL11a

BCL11a is a C2H2 type zinc-finger transcription factor, which is associated with y-globin silencing and
hemoglobin switching. Down-regulation of BCL11la induces y-globin expression in human adult
erythroid progenitor cells. BCL11a interacts with GATA-1, FOG-1 and subunits of NURD complex
including CHD4, HDAC1, 2 and MTA2 in erythroid cells. The full-length isoforms of BCL11a (XL/L) are
expressed in adult bone marrow and at a lower level in fetal liver. They are absent in primitive
erythroblasts, while short variants of BCL11a are expressed in primitive erythroblasts and fetal liver
(Sankaran et al, 2008). BCL11a is not expressed in primitive erythroid cell of mice, and only full-
length isoforms of BCL11a are expressed in definitive erythroid cells of mice (fetal liver and adult
bone marrow). BCL11a binds strongly to HS3, the embryonic e-globin gene, and 3 kb downstream of
the Ay—globin gene. The pattern of the binding site BCL11a is the distinct from GATA-1 and SOX-6
(Cheng et al, 2009; Yu et al, 2009).

PYR complex

The poly primidine (PYR) complex, a chromatin-remodeling complex, which is presence in adult life,
contains SWI/SNF (BAF) activator complex subunits and nucleosome-remodeling deacetylase (NURD)
repressor complex subunits like CHD4. The PYR complex requires the presence of lkaros to interact
with DNA (Lopez et al, 2002). The 250 bp PYR-binding DNA sequences are located 1 kb upstream of

the human 3-globin gene. Deletion of an intergenic DNA-binding site of PYR complex from a human

26



Introduction

B-globin locus construct resulted in delayed human y- to B-globin switching in transgenic mice
involving the PYR complex good candidate for human globin switching (O'Neill et al, 1991; O'Neill et
al, 1999).

ZBP-89/ZNF148

The Kruppel-type transcription factor ZBP-89 is located on human chromosome 3g21 encompassing
9 exons. The promoter contains high GC content and lacks canonical CAAT and TATA boxes. Acidic
domain that interacts with coactivator P300, synergy control (SC) domains serve as sites for
sumolyation, basic, zinc finger, two more basic, serine-rich, and PEST domains are found in ZBP-89
protein (Bai et al., 2000; Bai et al., 2003; Chupreta et al., 2007; Feo et al., 2001). ZBP-89 binds to a
GC-rich region, and represses or activates known target genes. When acting as a repressor, it has
been proposed that ZBP-89 and Spl compete for binding to the same or overlapping GC-rich
sequences (Merchant et al., 1996). ZBP-89 has been reported to interact with GATA1 and Mafk and
it is involved in erythroid development and differentiation (Brand et al., 2004; Woo et al., 2011; Woo
et al., 2008a). Knock down of ZBP-89 in zebrafish results in the "bloodless" phenotype due to
disruption of both primitive and definitive erythropoiesis (Li et al., 2006). It has been proposed that
ZBP-89 represses gene transcription via specific recruitment of HDAC1 to promoters of its target

genes (Wu et al., 2007).

Epigenetic regulation

Epigenetic regulation plays an important role in gene expression and regulation. Chromatin is the
complex of DNA and histone proteins, is important for the packaging of chromosal DNA and
regulation of expression of the genome. Epigentic regulation comprises DNA methylation and
histone modifications. The DNA methyltransferse enzymes DNMT3B and DNMT1 mediate DNA
methylation. The position of the methylation plays a role in controling the expression of gene in the
transcriptional unit. For example, methylation in transcription start site blocks initiation whereas in
the gene body can even stimulate transcription elongation. In the globin gene cluster, DNA
methylation is associated with inactive DNA, while hypomethylation is associated with gene activity.
For example the y-globin gene promoter becomes methylated during development, while the [3-

globin gene promoter remains unmethylated (Goren et al, 2006; van der Ploeg & Flavell, 1980).
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Histone modifications are a number of post-translational modifications of histone amino acids like
acetylation, phosphorylation, methylation and uniquitination. Different amino acids on different
histones are modified differently and are associated with functions such as gene activity, repression

or replication (Fig. 10).

{h modification gain

1 modification loss
I cown-reguiation
NH, | [ up-reguiation

Figure 10. The histone modification marks (Gargalionis et al, 2012). The core nucleosomal structure with gain
(cross) or loss (rectangular) of main acetylation (Ac) and methylation (Me) marks on specific histone residues.

Up-regulating or down-regulating properties of these marks have been shown green and red respectively.

Chromatin remodellers such as the SWI/SNF complex modulate nucleosome positioning in an ATP
dependant manner, which affects replication, transcription recombination and repair, while other
enzymes such as histone acetyltransferase (HAT) and histone deacetyltransferse (HDAC) modify
histones in an ATP independent manner. Some chromatin remodelling and deacetylase complexes
like the NURD complex possess both functions (Tong et al, 1998; Zhang et al, 1998). Chromatin
remodelling modifies chromatin access to transcription factors or replication factors. Epigenetic
regulation is also important in hemoglobin switching. Repressive complexes including the NuRD
complex or arginine methyltransferase 5 that methylates histone H4 at position R3 can induce
additional epigenetic marks at the promoter through recruitment of a multiprotein repressive

complex (Rank et al, 2010; Zhao et al, 2009). Furthermore, PRMT1 has been linked to B-globin
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activation. Its knockdown resulted in loss of H4R3me at the chicken [B-globin gene, loss of
acetylation on both H3 and H4 and also an increased in marks associated with inactive chromatin
(H3K9 and H3K27) (Huang et al, 2005). Chromatin Target of Prmtl (Chtop) expression rises during

development and its knockdown resulted in depression of y-globin (van Dijk et al, 2010).

Active chromatin hub (ACH) in globin regulation

The eukaryotic enhancers can be located far away from the gene they regulate. Long-range
interaction between promoter and gene regulatory elements can activate gene expression via form
a spatial organization of chromatin loop. Proteins bound to enhancers interact directly with proteins
bound to promoters with intervening DNA looping out. The proximity between the promoter and
the enhancer assembles the pre-initiation RNA polymerase complex on the promoter (Cook, 2003;
Drissen et al, 2004a; Fraser, 2006; Jing et al, 2008; Kadauke & Blobel, 2009; Liu & Garrard, 2005;
Tolhuis et al, 2002; Vilar & Saiz, 2005). The five HSs of the LCR interact with extra 5’ and 3’ HSs to
form an ACH in the B-globin locus (Palstra et al, 2003) converting it to an active chromatin structure
(Forrester et al, 1990; Kioussis et al, 1983). The intervening chromatin and inactive genes loop out.
The B-globin gene remains in proximity to the ACH when the -globin gene promoter is deleted and
additional deletion of HS2 or HS3 shows that HS3 in combination of B-globin promoter is essential
for maintenance of the ACH in definitive erythroid cells. These results show that the presence of
HSs, but not globin promoters, is important for ACH formation (Patrinos et al, 2004)). Chromatin hub
interacts with active embryonic and fetal globin genes and forms ACH in primitive stage. During
development in definitive stage, it switches to adult globin genes (Fig. 11) (Palstra et al, 2003). Some
of the proteins involved in the B-globin LCR interaction are erythroid specific transcriptional
activators including KLF1, GATA-1, NF-E2, but also co-activators like Brgl, NLI/Ldbl and insulator
related proteins such as CTCF/cohesin (Drissen et al, 2004b; Song et al, 2007; Song et al, 2010; Vakoc
et al, 2005). CTCF is involved in chromatin architecture and deletion of CTCF can destabilize long-
range interactions and cause a change in active and repressive histone marks. The cohesin complex
interacts with CTCF and co-occupies CTCF sites in the chromatin of the B—globin locus (Hou et al,
2010; Wendt & Peters, 2009). The cohesion complex consists of Smc1, Smc3, Rad21 and SA, which is
loaded onto to chromatin through the loading factor (NIBL-1). A deficiency of cohesin or NIPBL-1
disrupts the LCR enhancer-promoter interactions and inhibits gene expression (Chien et al, 2011).
The NF-E2 subunit (P18) is thought to interact with cohesion subunits (Rad21 and Smc1)(Brand et al,
2004).
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Figure 11. A. Location of human B-globin locus elements, B. The 3-D interactions between the HSs and the globin
genes in erythroid cells (Patrinos et al 2004). The five HSs (The most 5’ and 3’ HSs) of the LCR form the chromatin

hub, with which the globin genes interact to form the ACH resulting in high-levels of transcription.

Aim of the thesis

The aim of this thesis was to further investigate the proteins that are involved in hemoglobin
switching with the eventual goal to be able to manipulate the repression of the y-globin genes in
adult B-thalassemia or sickle cell disease patients. Activation of the y-globin genes in such patients
would lead to the amelioration of the disease. The first part of this work was initiated by Dr Farzin
Pourfarzad who developed a method to directly isolate the proteins that are bound to the 3-globin
chromatin hub, when the y-globin genes are repressed during development. This resulted in the
identification of a number of novel proteins that appear to be involved in the switching process
including the transcription factor ZBP-89/ZNF148. The second part of the work describes the

function of this protein in the switching process.
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Targeted Chromatin Purification (TChP)

ABSTRACT

Here we show for the first time that transcription factors bound to regulatory sequences can be
identified by purifying these unique sequences directly from mammalian cells in vivo. Using
Targeted Chromatin Purification (TChP), a double pulldown strategy with a tetracycline-sensitive
“hook” bound to a specific promoter, we identify transcription factors bound to the repressed -
globin gene-associated regulatory regions. After validation of the binding, we show that knockdown
of a number of these transcription factors, in human primary erythroid cells, induces y-globin gene
expression. Reactivation of y-globin gene expression ameliorates the symptoms of B-thalassemia
and sickle cell disease and hence these factors provide potential novel targets for the development

of therapeutics to treat these patients.
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INTRODUCTION

The sensitivity of proteomics technology has been improved during recent years to a level where it
becomes feasible to purify very small amounts of proteins and obtain their identity by mass
spectrometry (Walther and Mann, 2010). As a result it has become possible to attempt the direct
identification of proteins bound to chromatin in vivo in mammalian cells. The only procedure to
identify such proteins directly has been published by Déjardin and Kingston (2009). Using an elegant
hybridization technique called Proteomics of Isolated Chromatin (PICh), they identified factors
bound to telomeres. Since there are two telomeres per chromosome and hence almost 100
telomeres per mouse or human cell, their total length approximates 0.01-0.07% of the genome
(Déjardin and Kingston, 2009). We are interested in identifying chromatin-bound proteins to
promoter sequences and regulatory regions of a particular gene. Such DNA elements are normally
present in two copies per genome, constitute each less than 1 kilo base (kb) and are therefore
almost two orders of magnitude less abundant than the combined telomeres. It is unlikely that such
a small percentage of the genome can be purified sufficiently by PICh to allow the identification of
specific proteins. We therefore devised a different method, using the human B-globin locus as a
proof of principle in this report.

Our specific interest in this locus originates from the suppression of the human fetal y-globin genes
in adults, since a release of this suppression is of clinical interest for patients suffering from B-
thalassemia or sickle cell disease. Presently, the most common treatments for these diseases are
blood transfusions combined with iron chelation therapy, or treatment with hydroxyurea or short
chain fatty acids, the latter two leading to an increase of fetal y-globin gene expression (Bank, 2006;
Inusa, 2007; Mankidy et al., 2006; Perrine, 2008; Stamatoyannopoulos, 2005). The y-globin chains
replace the absent or abnormal B-globin chains, thus ameliorating disease symptoms. However,
these treatments are not satisfactory since they do not lead to a normal quality of life nor prevent a
relatively early death. At present, bone marrow transplantation is the only effective cure, a risky
procedure that is not available to the large majority of patients.

Despite intense research efforts by many laboratories, it is only partly understood how the human y-
globin genes are normally suppressed around the time of birth when expression switches to the
adult B-globin gene. Several factors have been identified to be involved in the suppression of the y-
globin genes. For example, BCL11a and KLF1 were recently shown to lead to elevated y-globin gene

expression when their activity is suppressed (Borg et al., 2011; Sankaran et al., 2008; Xu et al., 2011;
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Xu et al., 2010). Interestingly, the promoters of the y-globin genes were previously identified as the
regions responsible for their suppression (Berry et al., 1992; Dillon and Grosveld, 1991; Li et al.,
2001; Starck et al., 1994; Yu et al., 2006), whereas the BCL11a protein binds to a region downstream
of the y-globin genes. BCL11a interacts with Sox6, Gatal, Fogl and the NuRD repressor complex and
these interactions are thought to act via the y-globin gene promoter and regulatory regions
(Sankaran et al., 2008; Xu et al., 2010). KLF1 is indirectly involved as it positively regulates the -
globin and BCL11la promoters. This suggests that the y-globin promoter interacts with the
surrounding regulatory sequences to achieve silencing.

The direct proteomics approach that we developed, Targeted Chromatin Purification (TChP), entails
the pulldown of a protein hook that is crosslinked to the y-globin gene promoter. Importantly, this
will also purify interacting cis-regulatory regions as these are spatially organized in a chromatin hub
(Palstra et al., 2003; Patrinos et al., 2004). Here we show that this approach successfully identified a
number of protein factors bound to the globin chromatin hub whose reduced expression leads to
the activation of the y-globin genes in human erythroid cells. These factors shed light on the
mechanism of y-globin gene switching and may provide novel targets for the development of drugs

that release the suppression of y-globin genes in B-thalassemia and sickle cell disease patients.

RESULTS

Experimental design

We opted for an unbiased proteomics approach by introducing Tet operator (TetO) sequences in the
upstream y-globin promoter. These sequences are bound by a tagged TetR protein that is used as a
hook to pull down the y-globin promoter together with its associated regulatory sequences by
affinity purification. We considered that the experimental system should meet three important
requirements. Firstly, the bait should not disturb the normal expression pattern of the y-globin gene.
Secondly, the fragments of interest each constitute less than one-millionth of the genome; hence
many cells are needed to enable the purification of sufficient amounts of material for further
analysis. Thirdly, a large number of general (contaminating) chromatin-binding proteins will be

found, because the relevant sequences constitute such a small part of the genome. The control
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sample should therefore be a close mimic of the experimental sample to control for these
contaminants.

We used mouse transgenesis to generate a model system meeting these requirements. The basic
design of the approach is schematically shown in Figure 1. Binding sites for the bacterial tetracycline
repressor protein (TetR) were inserted into a human B-globin minilocus that contains the locus
control region (LCR), the Ay-globin gene and the 3’ hypersensitive site 1 (Figure 1A). Previous
experiments have shown that such a y-globin minilocus is regulated properly in the mouse (Dillon
and Grosveld, 1991). The y-globin gene is expressed in the embryo and early mouse fetal liver, it is
silenced around embryonic day 14 (E14) in the fetal liver and remains silenced in the adult (Peterson
et al., 1998; Strouboulis et al., 1992).

The modified globin minilocus (LCR-TetO-y) was introduced into transgenic mice that are p53 null
(LCR-TetO-y::p53null mice) to facilitate the derivation of immortalized cell lines (Dolznig et al., 2001;
Donehower et al., 1992; von Lindern, 2001). Next, we constructed a triple tag in the TetR protein
(TetR3T, Figure 1A) that enables sequential purification on HA and streptavidin affinity beads. The
TetR3T cDNA was cloned in the hematopoietic expression vector plE3.9IntpolyAA (Ohneda et al.,
2002) and this construct (TetR3T) was introduced in transgenic mice expressing the E. coli BirA biotin
ligase from the pEV expression vector (de Boer et al., 2003); BirA efficiently biotinylates the Bio tag
of the TetR3T protein as shown by probing Western blots of crude nuclear extracts with HRP-
streptavidin (see below). Crossing of the TetR3T::BirA mice with the LCR-TetO-y::p53null mice
resulted in quadruple LCR-TetO-y::TetR3T::BirA::p53null mice after several breeding and selection
steps. Quadruple LCR-TetO-y::TetR3T::BirA::p53null embryos were collected at 13.5dpc, a
developmental time point coinciding with the suppression of the human y-globin transgene, and
used to generate fetal-liver derived erythroid progenitor cell lines (Dolznig et al., 2001; Peterson et
al., 1998; Strouboulis et al., 1992; von Lindern, 2001) (Figure 1B). One of these cell lines was used
for the suppressed Ay-globin chromatin hub purification and identification of the bound proteins by

mass spectrometry (Figure 1C, D).
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Figure 1| Scheme of the TChP approach. (A) Generation of the LCR-TetO-y and TetR3T-G1HRD constructs

resulting in the two transgenic mouse lines: TetR3T::BirA and LCR-TetO-y::p53null mice (B) LCR-TetO-

v::TetR3T::BirA::p53null mice were used to derive the LCR-TetO-y::TetR3T::BirA::p53null cell line. (C) Purification

of the y-globin chromatin hub after formaldehyde crosslinking, the LCR-TetO-y::TetR3T::BirA::p53null cell line

chromatin is fragmented and used for HA and biotin pulldown. em = Hypothetical crosslink. (D) De-crosslinking of

the isolated chromatin proteins, identification by mass spectrometry and functional testing for potential role in y-

globin regulation.
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Development of the experimental system

First, the TetO site was tested in electrophoretic mobility shift assays with TetR3T::BirA fetal liver
cell extracts. This showed strong binding of TetR3T to the TetO sequence (data not shown). We
found no evidence for binding of other proteins. Next, seven copies of the TetO sequence were
introduced into the Stul site 380 base pair (bp) upstream of the transcription initiation site of the y-
globin gene in the y-globin minilocus (Figure 1A). This LCR-TetO-y locus was used for transgenesis,
and several LCR-TetO-y transgenic lines were selected for further analysis (Figure S1). The
developmental mRNA expression pattern of y-globin from the LCR-TetO-y locus was analyzed and
the results obtained with line 05-23736-05, which contains two copies of the transgene, are shown
in Figure 2A. From these data we conclude that the LCR-TetO-y locus is expressed properly during
development. It is active during the embryonic period, suppressed during the late fetal liver stage
and it remains inactive in the adult.

We next performed Chromosome Conformation Capture sequencing (3C-Seq) to visualize the spatial
organization of the suppressed human LCR-TetO-y-globin minilocus in the mouse fetal liver-derived
cell line. This showed that the suppressed human y-globin gene promoter is indeed in close
proximity to human LCR 5’HS2, 3, 4 and 3’HS1 (Figure 2B). In parallel, the TetR3T cDNA was cloned in
the plE3.9IntpolyAA vector (Ohneda et al., 2002) resulting in the TetR3T construct. This vector
recapitulates the hematopoietic expression pattern of the mouse Gatal gene, driving expression at
all developmental stages of erythroid cells, also when the y-globin gene is suppressed. The TetR3T
protein is composed of the TetR DNA binding domain coupled to CFP, three copies of a nuclear

localization signal, an HA tag and a biotinylation tag (Figure 1A and Figure 2C).
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Figure 2| Transgenic mouse proof of principle experiments. (A) S1 nuclease protection analysis of globin
expression in LCR-TetO-y transgenic mice. RNA was prepared from fetal livers and adult blood of transgenic mice
carrying two copies of the LCR-TetO-y transgene (line 05-23736-05). Controls are shown on the right. E12.5 wt:
RNA from liver of wild type mouse E12.5 mouse embryo; E12.5 PAC8.1: RNA from liver of E12.5 mouse embryo
carrying a complete human B-globin locus. The positions of the protected fragments for mouse a-globin (m-a), B-
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reads. (C) Construction and expression of the TetR3T hook protein. Top panel: Depiction of the TetR3T cDNA
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TetR3T expression as shown by streptavidin-HRP stained western blot of fetal liver and brain extracts of wt,

47



Chapter 2

TetR3T, BirA and TetR3T::BirA compound transgenic E13.5 embryos. Molecular weights are shown on the right

(See also Figure S1).

Purification of the suppressed y-globin chromatin hub

Erythroid progenitor cell lines (von Lindern, 2001) were derived from LCR-TetO-
y::TetR3T::BirA::p53null fetal livers at E13.5. The cell lines were cloned and further propagated in
vitro. Out of these, a cell line was randomly selected that showed the expression pattern of mouse
fetal liver at this stage of development; very low expression of the human y-globin gene and high
levels of mouse a- and B-globin expression (Figure 2A). This cell line was expanded for the
subsequent optimization of each step of the biochemical purification of the suppressed y-globin
associated chromatin. First, the TetR3T precipitation by streptavidin beads was tested (Figure 3A).
We also used chromatin immunoprecipitation (ChIP) to confirm that the TetO repeats were bound
by the TetR3T protein, and released upon the addition of doxycycline (Figure 3B). The TetR3T
protein and its bound TetO sequences could be efficiently pulled down by streptavidin as well as
anti-HA beads (Figure 3), in principle enabling consecutive pulldowns.

We next tested whether the chromatin captured with the HA beads could be eluted efficiently by
the addition of HA peptide, allowing a subsequent pulldown step on the eluted chromatin by
streptavidin. The results show that all of the bound material could be eluted efficiently by HA
peptide (Figure 3C, D). Both pulldowns showed an enrichment of the sequences upstream and
downstream of the TetO sites (Figure 3B, D).

Subsequently all parameters for TChP were optimized. This included fixation conditions, crosslinking,
choice of beads for pulldown, buffer composition, blocking agents to prevent non-specific binding,
large-scale culture and the elution conditions. The optimization details are shown in extended
experimental procedures (supplementary document).

The optimization resulted in conditions that gave over 50-fold purification for both the HA- and the
biotin pulldown (Figure 3). In the final optimized protocol the yield of the purification steps,
measured as TetO DNA recovery after the HA and biotin pulldowns, was estimated at < 2% of the

starting material.
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Figure 3| Affinity purification of the y-globin chromatin hub. (A) Left panel; gel electrophoresis of the nuclear
extracts after colloidal blue staining. The first lane contains a control extract from an identical cell line not
containing the TetR3T construct. Middle panel; detection of the TetR3T protein with an HA-specific antibody on
western blot. Right panel; detection of the TetR3T protein with streptavidin HRP on western blot. * naturally
occurring biotinylated proteins (de Boer et al., 2003). (B) Top: map of the y-globin locus (not to scale) and the
distances of the various fragments from the TetO sites in the promoter. Bottom: chromatin precipitation of the
different fragments on streptavidin beads in the presence or absence of doxycyclin. The mouse B-major and
Amylase genes were used as negative controls. (C) Left panel; gel electrophoresis of the nuclear extracts after
ChIP with an HA-specific antibody. The lanes show the bound, washed and eluted of the beads fractions. H and L
are the heavy and light chains of the HA-specific antibody. Right panel: western blot detection of the TetR3T
protein with streptavidin HRP of the lanes shown in the left panel. *: naturally occurring biotinylated proteins (de
Boer et al., 2003). (D) Top: same as top in B. Bottom: PCR detection of the various fragments of the y-globin locus

or the mouse B-major and Amylase control genes after ChIP by binding to HA beads followed by HA peptide
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elution, in the presence or absence of doxycyclin. Bars in B and D represent averages of 3 independent

measurements; error bars represent s.d..

Proteomics analysis of the pulled down chromatin

Currently, the sensitivity limit for peptide identification by LC-MS (Orbitrap) mass spectrometry is in
the high attomole range. This suggests that a minimum number of 3x10° cells is required to recover
sufficient amounts of suppressed y-globin chromatin complexes with the optimized procedure. This
would still be on the borderline of detection. The maximum culture volume we were able to handle,
using the optimized purification protocol, was 1.2 liter. We therefore repeated the purification
several times to maximize identification of possible specific hits. To purify chromatin hub complexes
1.2 | of cells were grown to a density of 2.5x10° cells per milliliter. For each experiment, we grew
two cultures in parallel, one with and one without doxycycline. The cells were harvested, treated
with 1% formaldehyde and the crosslinked chromatin was subjected to the isolation procedure.
After the final step, the chromatin was de-crosslinked and the proteins were separated by SDS-
PAGE. The lanes were sliced and each slice was used for mass spectrometry analysis. We performed
a total of four independent experiments, collectively identifying 729 proteins with a Mascot score of
>40. Of these, 660 were also present in the doxycycline-treated purification experiments or were
very unlikely to be involved in the suppressed y-globin chromatin hub, such as abundant structural
and cytoplasmic proteins, glutathione S transferase and ribosomal proteins. These were relegated to
the bottom of the list, leaving 49 candidates (Table 1 and Table S1). Amongst these 49 candidates
were a number of factors that have been reported previously to bind to the LCR or the y-globin
promoter: Apex1, Actl6a (Baf53A), Gatal, Dnmtl, Cdc5l, Zfp148 (ZBP-89) and Chd4 (Mi-2f) (Harju-
Baker et al., 2008; Karmakar et al., 2010; Mahajan et al., 2005; Olave et al., 2007; Woo et al., 2011).
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Identified Description Molecular Number of Number of total Total
protein weight (Da) unique identified coverage
detected peptide (%)
peptides
Apex1 apurinic/apyrimidinic endonuclease 1 35867 3 3 14.2
Actl6a BAF53a 47913 4 4 16.8
Gatal GATA binding protein 1 43274 2 2 9.0
Nap1l1 nucleosome assembly protein 1-like 1 45602 2 2 6.9
Zfp691 zinc finger protein 691 33075 2 3 6.4
Rad23a RAD23a homolog 34813 2 4 6.2
Supt5h suppressor of Ty 5 homolog 120988 3 3 4.5
Cdc5l cell division cycle 5-like 95498 2 2 4.4
2fp148 transcription factor BFCOL1 86469 2 11 3.8
Tcfeb Transcription factor EB 52638 2 8 3.8
Sox30 SRY-box containing gene 30 68103 2 7 3.6
Chd4 chromodomain helicase DNA binding 94191 2 2 3.4
protein 4
Ehmt1 euchromatic histone methyltransferase 1 | 139146 2 4 33
Ctnnbll nuclear protein NAP 65421 2 2 3.2
Fanci Fanconi anemia, complementation group | 89597 2 2 31
|
Wdr12 nuclear protein Ytm1p 47770 1 1 2.8
Dnmtl DNA methyltransferase 1 185624 3 3 2.2
Smarca2 SWI/SNF related subfamily 173244 2 3 19
2fp532 zinc finger protein 532 151855 2 4 1.5
Ccdc88b coiled-coil domain containing 88B 128640 2 4 0.8

Table 1| Summary of the selected proteins and their identified peptides. (See also Table S1)
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Chromatin hub occupancy of identified proteins

To validate the chromatin occupancy of the identified proteins we selected a set of proteins known
to bind to the locus, and a number of proteins not known to bind to the locus for which we could
obtain antibodies for ChIP experiments. ChIP experiments were carried out on the LCR-TetO-y-globin
minilocus transgene in the mouse fetal liver-derived cell line. We tested for binding of Apex1, Actl6a
(BAF53A), Gatal, Nap1l1, Supt5h, Cdc5l, Zfp148 (ZBP-89), ChD4 (Mi2-f), Ehmt1, Ctnnbl1, Fanci, and
Son. Six out of these 12 proteins, Apex1, Gatal, Cdc5l, Zfp148, Chd4, and Fanci, showed binding to
different elements within the minilocus. In particular, the 5’HS3 regulatory region showed binding of
all six proteins, while the other elements showed binding of only one or two of these proteins.
Particularly striking was the strong enrichment of Zfp148 (ZBP-89) at 5'HS2 (Table 2 and Figure 4).
These results strongly suggest that the proof of principle experiments successfully identified a

number of factors bound to the globin locus.
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Figure 4| Chromatin occupancy along the LCR-TetO-y minilocus in mouse erythroid fetal liver cell line for 12
selected proteins identified by TChP. Results are shown only for proteins with more than 1.8-fold enrichment.
The enrichments are normalized relative to antibody 1gG species and endogenous Amylase signals. Bars
represent averages of two experiments. The different transcription factors tested are color-coded in the bar

graph as shown on the right.
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Knock down | globin mRNA | HbF % | HbF posetive cells %
Binds to (ChIP)
efficiency ¥/ (y+B) (HPLC) (IHC)
Scramble | 0% 0.1 4.0 5
ZBP-89 65% 0.5 9.0 18 HS3 and HS2
HS4, HS3, y-globin gene and
CDC5L 90% 0.7 12.8 25
3HS1
APEX1 55% 0.8 19.0 19 HS3 and gamma gene
CTNNBL1 | 85% 0.2 6.1 Not Determined no binding detected
SUPTS 70% 0.2 5.3 Not Determined no binding detected

Table 2| Summary of functional studies. The experiments were performed in HEP cells grown from at least two
independent donors. The knockdown experiments are expressed as average of at least two different shRNA

viruses.

Functional assessment of identified proteins

We next carried out functional assays for a number of the proteins identified, to address whether
they have any effect on the expression of the suppressed y-globin genes. We tested this with the
human homologues of these proteins in human erythroid progenitor (HEP) cells (Borg et al., 2010;
Leberbauer et al., 2005).

ZBP-89 knockdown (65% at the protein level) resulted in a five-fold rise in y-globin mRNA expression
and a rise in HbF (Figure 5A-C and Table 2). This was accompanied by an increase of the percentage
of cells expressing high HbF levels as determined by immunohistochemistry (IHC) (Figure 5D and
Table 2). These results were reproduced with HEP cells derived from 6 different healthy individuals

(data not shown).
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Identical sets of experiments were performed for CDC5L, APEX1, SUPT5H and CTNNBLL. In all cases
at least two of the shRNA tested resulted in a knockdown of the factor and the experiments were
reproduced in at least two independent donors. The results of these knockdown experiments are
summarized in Table 2. Knockdown of the CDC5L and APEX1 proteins in HEP cells resulted in
increased level of y-globin mRNA and HbF, which was also observed at the cellular level by
immunohistochemistry (Table 2). Two of the non-binding proteins in our ChIP experiments (Table 2
and Figure 4), SUPTSH and CTNNBL1, were also knocked down efficiently by different shRNAs but
these KDs showed no or very little change in the level of y-globin at mRNA or protein level. We
conclude from these knockdown experiments that a number of the factors we identified by TChP
indeed appear to be involved in suppression of y-globin gene expression. Importantly, knockdowns
of some of the factors had no effect strongly suggesting that the observed induction of y-globin gene

expression upon knockdown of ZBP-98, CDC5L and APEX1 is specific
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Figure 5| Lentiviral shRNA-mediated knockdown of ZBP-89. (A) Top panel, immunoblot for ZBP-89 shRNA-
mediated knockdown in HEP cells. First lane: no virus control; NT: Non-target shRNA lentiviral transduced HEP
cells. Bottom panel: APEX1 staining serving as loading control. (B) S1 nuclease protection analysis of globin
expression in ZBP-89 depleted HEP cells. First lane: no virus control, NT; Non-target shRNA, ZBP-89 sh2, 3 and 5;
short hairpins to human ZBP-89. Controls (to the right): 3xHEP; triple amount of RNA from non-virus treated HEP

and FL (human fetal liver) as the positive control; size marker: pUC18xMspl. The positions of human a-, y- and B-
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globin protected fragments are indicated. (C) HPLC hemoglobin analysis of the ZBP-89 shRNA knockdown in HEP
cells. (D) HbF Immunohistochemistry of ZBP-89 shRNA knockdown HEP cells. Scale bars, 10 pm.

DISCUSSION

Here we show for the first time that chromatin factors bound to unique sequences can be identified
directly through the purification of the target locus sequences (Targeted Chromatin Purification,
TChP) in vivo. Although the results obtained are not directly comparable with those of Dejardin and
Kingston (Déjardin and Kingston, 2009), the TChP approach presented here may be more generally
applicable and suitable to the isolation of unique sequences. The two approaches are fundamentally
different and each method has its advantages and disadvantages. The PICh method involves a
hybridization step to capture the target chromatin while TChP relies on the binding of the TetR
protein to the TetO sequences. The latter is likely to be more efficient than hybridization, but has
the disadvantage that it requires the introduction of sequences that serve as a “bait” into the
naturally occurring sequences. Therefore, a control should be carried out to ensure that the
introduction of the bait has not changed the behavior of the target sequence. The advantage is that
once the sequences have been introduced, multiple purification steps can be carried out with the
same bait, using the appropriate tags and elution conditions. In each approach it is essential to run a
comparable negative control to allow the identification of candidate binding proteins. Dejardin and
Kingston list approximately 200 proteins in the control PICh pulldown, probably due to mismatched
hybridization and non-specific sticking of irrelevant chromatin. The latter is supported by the
observation that 74 of the 200 PICh background proteins were also found among the TChP
background proteins.

Here we have used a transgenic mouse approach and derived an erythroid cell line from it. This was
necessary since the human y-globin gene presents a specific developmentally regulated expression
pattern which is not reproduced upon transfection. In many cases it would be possible to transfect
the promoter or other sequence of interest into an appropriate cell line. An advantage of our
method is that one can easily generate mice that are p53 null and express both the TetR protein and
the BirA ligase ubiquitously, which would allow application of TChP to genes not expressed in

erythroid cells (Driegen et al., 2005; Katsantoni et al., 2003).
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Collectively, TChP identified 729 unique protein IDs in four independent purifications. Of these, 457
proteins hits were also identified in the doxycycline-treated control purifications and were therefore
considered as background contaminants. We classified 223 proteins as unlikely candidates to
interact with chromatin; these were abundant proteins such as ribosomal, structural and
cytoplasmic proteins that were not seen in the control experiments for as yet unknown reasons. We
considered the remaining 49 candidates for their possible role in y-globin gene suppression. We
selected a number of these candidates by applying the following criteria: are they expressed in
human erythroid cells; are they likely to be bound to chromatin; are antibodies available for ChlIP,
and are shRNA clones available for functional analysis? That left approximately 20 candidates for
testing, including Apexl1, Cdc5l, Zfp148 (also known as ZBP-89), Supt5h, and Ctnnbll. We
investigated whether downregulation of these factors affects y-globin expression in adult human
HEP cells.

ZBP-89 (also known as BFCOL1, BERF-1, ZNF148 in human and Zfp148 in mouse) knockdown resulted
in y-globin gene activation. ZBP-89 is a Krlippel-type zinc finger transcription factor that binds to a
GC-rich region, and subsequently represses or activates its target genes. ZBP-89 interacts with
GATA1 and Mafk, and it is involved in erythroid development and differentiation (Brand et al., 2004;
Woo et al., 2011; Woo et al., 2008).

CDCSL (cell division cycle 5-like) is a cell cycle regulator important for G2 to M transition and has
sequence specific DNA binding activity (CTCAGCG). Its DNA binding domain has similarities to MYB
(Takashi and Kazuo, 1996), which is known to be involved in y-globin repression (Jiang et al., 2006;
Kuroyanagi et al., 2006). Cdc5l is able to bind to the y-globin promoter (Olave et al., 2007) and it
interacts with B-catenin like 1 protein (Ctnnbll) (Conticello et al.,, 2008). Interestingly, CDC5L
knockdown increased fetal hemoglobin, whilst a reduced level of CTNNBL1 had no substantial effect
on y-globin expression (Table 2).

Moderate knockdown of APEX1 (Apurinic-apyrimidinic endonuclease 1) also increased y-globin
expression. Apexl is a multifunctional protein involved in DNA repair activity, proofreading
exonuclease activity and in modulating DNA binding activity of several transcription factors including
AP-1, CREB and NRF2. Interestingly, AP-1 and CREB bind to the human B-globin LCR 5’HS2 (Johnson
et al., 2002; Talbort and Grosveld, 1991). APEX1 belongs to a multiprotein complex necessary for
both transcription and DNA replication at the B-globin locus (Karmakar et al., 2010). SUPT5H and
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CTNNBL1 knockdown did not result in y-globin gene activation, indicating that these factors are not
involved in y-globin repression.

In the knockdown experiments we observed y-globin upregulation for 3 out of 5 factors tested.
Moreover, identifying specific proteins such as Gatal, Dnmt1, Chd4, Cdc5l that are already known to
interact with the y-globin promoter or -globin locus LCR provides confidence regarding the validity
of the TChP procedure developed in this paper and suggests that this method could be used more
generally. Using the p53 null mouse background it could be applied to any other (immortalized) cell
type that could either be grown in large amounts in culture or be isolated directly, e.g. from liver or
brain.

The TChP method may be improved further in order to increase the yield and decrease the
background contamination by incorporating some extra steps, other crosslinking agents and/or tags.
For example, a density fractionation step to isolate the chromatin after crosslinking could be used to
remove contaminating proteins. Probably the most important loss of efficiency is the crosslinking of
the TetR protein to the TetO sequence. TetR binds as a dimer to an inverted repeat sequence (Orth
et al., 2000) and its crosslinking may be improved substantially by the incorporation of additional
lysine or cysteine amino acids next to the binding sequence, and the incorporation of dG next to the
TetO binding site. It is known that lysine-dG and cysteine-dG are the most efficient combinations for
formaldehyde crosslinking (Lu et al., 2010; Orth et al., 2000). Further improvements may be
achieved by an elution step of the streptavidin pulldown as part of the purification procedure, either
by using biotin analogues (Hirsch et al., 2002) or by adding a restriction site to the bait that would
cleave the target DNA sequence from the TetO sequences. In addition, a sequence-specific protease
site could be introduced between the tag and DNA binding moiety of the TetR3T protein. Finally
incorporation of additional tags would allow an extra purification step to improve the signal over
background ratio.

In summary we have shown that proteins bound to unique sequences in the genome can be purified
sufficiently for identification by mass spectrometry. This resulted in the identification of a number of
known but also novel proteins that are potentially involved in the suppression of the human y-globin

genes.
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Experimental Procedures

DNA constructs

A human y-globin gene Clal-Kpnl fragment from the y-globin minilocus (Dillon and Grosveld, 1991)
was modified as a subclone by insertion of the TetO heptamer (Gossen and Bujard, 1992) ligated to
a short random sequence containing Swal and Pmel restriction enzyme digestion sites into the Stul
site of the y-globin gene promoter 380 basepairs upstream of the transcription initiation site and a
loxP sequence inserted in the Clal site (sequences are provided in extended experimental
procedures online) (Figure 1 and S1). The modified Clal-Kpnl fragment was cloned back into the
minilocus by standard A phage packaging (Stratagene) and transduction into E. coli DH10B. DNA was
isolated and the integrity of the modified minilocus established by cleavage with EcoRl and gel
electrophoresis (Figure S1).

The 642 bp TetR binding domain (Gossen and Bujard, 1992) was cloned in frame with CFP cDNA
(PECFP-N1, Clontech). The insert was recloned into pEYFP-Nuc replacing eYFP (Clontech) thereby
gaining the 3x NLS and SV40 polyA sequence. A biotinylation tag (de Boer et al., 2003) and HA tag
(YPYDVPDYA), separated by a few glycine residues as linker and restriction sites, were cloned in
frame from ligated overlapping oligonucleotides between the NLS and poly A resulting in TetR3T
cDNA. The sequences of overlapping oligonucleotides for HA-Bio tag synthesis are provided in
extended experimental procedures.

The TetR3T fragment was excised by EcoRI-Notl digestion and inserted into the Notl site of the
G1HRD expression vector (Ohneda et al., 2002). The resulting TetR3T-RG1HRD vector was tested for
integrity and standard transfection and expression in MEL cells which demonstrated its localization

to the nucleus by CFP fluorescence.

Transgenesis and cell line derivation

The minilocus DNA was cut with Sall, the insert fragment isolated by gel electrophoresis and injected
into fertilized oocytes (Dillon and Grosveld, 1991). A number of y minilocus transgenic mice was
obtained, one of which contained two copies of the minilocus (line 05-23736-05). Its integrity was
established by EcoRI digestion and Southern blots of genomic DNA (Figure S1). Similarly The Asp718-
Pvul TetR3T restriction fragment was isolated from the vector by gel electrophoresis and injected

into fertilized eggs (de Boer et al., 2003). The resulting mice expressed the TetR3T protein in the
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erythroid lineage. Finally the mouse strains were crossed to yield LCR-TetO-y::TetR3T::BirA::p53null
mice (Donehower et al.,, 1992). These mice were intercrossed and E13.5 fetal liver cells were

cultured to obtain the LCR-TetO-y::TetR3T::BirA::p53null cell line (Dolznig et al., 2001).

Cell cultures
The culturing of human erythroid proerythroblasts (HEPs) (Leberbauer et al., 2005) and LCR-TetO-
v::TetR3T::BirA::p53null cells (von Lindern, 2001) was essentially as published with minor

modifications provided in extended experimental procedures.

Chromatin Immunoprecipitation (ChIP) and y-globin chromatin purification using Targeted
Chromatin Purification (TChP)

Crosslinked chromatin was prepared by adding formaldehyde directly to culture medium to a final
concentration of 1%, and incubated for 10 minutes at room temperature. The reaction was stopped
by the addition of 1 M glycine to a final concentration 0.125 M. The cells were disrupted and the
DNA fragmented by sonication at 0 °C . y-globin locus, DNA sequences and their bound proteins,
were precipitated using HA-agarose beads. The precipitated material was eluted by HA peptides
followed by a sequential Dynabeads M-280 streptavidin (invitrogen) pull down for further
purification. The efficiency of purification was analyzed by immunoprecipitation and quantitative
PCR. Purified material was analyzed by mass spectrometry for identification of proteins bound to the
v-globin locus and its associated DNA sequences. The Anti-HA-agarose beads pulldown, HA elution,
further purification by streptavidin pulldown, Chromatin Immunoprecipitation (ChIP),and the
analysis of precipitated material by immunoprecipitation and quantitative PCR protocols are

detailed in extended experimental procedures.

Mass spectrometry

1D SDS-PAGE gel lanes were cut into 2 mm slices using an automatic gel slicer and subjected to in-
gel reduction with dithiothreitol, alkylation with iodoacetamide and digestion with trypsin
(Promega, sequencing grade), essentially as described (Wilm et al., 1996) Nanoflow LC-MS/MS was
performed on an 1100 series capillary LC system (Agilent Technologies) coupled to either an LTQ-
Orbitrap mass spectrometer (Thermo) or an LTQ linear ion trap (Thermo), both operating in positive

mode and equipped with a nanospray source. Peptide mixtures were trapped on a ReproSil C18
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reversed phase column (Dr Maisch GmbH; column dimensions 1.5 cm x 100 um, packed in-house) at
a flow rate of 8 pl min™. Peptide separation was performed on ReproSil C18 reversed phase column
(Dr Maisch GmbH; column dimensions 15 cm x 50 um, packed in-house) using a linear gradient from
0 to 80% B (A = 0.1 % formic acid; B = 80% (v/v) acetonitrile, 0.1 % formic acid) in 70 min and at a
constant flow rate of 200 nl min™ using a splitter. The column eluent was directly sprayed into the
ESI source of the mass spectrometer. Mass spectra were acquired in continuum mode;
fragmentation of the peptides was performed in data-dependent mode. Peak lists were
automatically created from raw data files using the Mascot Distiller software (version 2.3;
MatrixScience). The Mascot search algorithm (version 2.2, MatrixScience) was used for searching
against the NCBI database (taxonomy: Mus musculus; release NCBInr_20081130.fasta). The peptide
tolerance was set to 10 ppm (Orbitrap) or to 2 Da (ion trap) and the fragment ion tolerance was set
to 0.8 Da. A maximum number of 2 missed cleavages by trypsin were allowed and
carbamidomethylated cysteine and oxidized methionine were set as fixed and variable

modifications, respectively. The Mascot score cut-off value for a positive protein hit was set to 40.

Chromosome Conformation Capture Sequencing (3C-Seq)

3C material was prepared essentially as described (Palstra et al., 2003; Soler et al., 2010). Apol was
used as the primary restriction endonuclease. Purified 3C DNA was used for 3C-Seq library
preparation as described (Palstra et al., 2003; Soler et al., 2010; Stadhouders et al., 2011), using
Nlalll as secondary restriction endonuclease. Viewpoint-interacting DNA fragments were PCR-
amplified using viewpoint-specific divergent primers (Forward specific for Ay 5’- CAG GTA GTT GTT
CCC CTT CA; Reverse 5’- AAT CCA TTT CGG CAA AGA ATT C) linked to standard Illumina adapter
sequences. The resulting 3C library was single-read sequenced on the Illumina Genome Analyzer Il
platform generating 76 bp reads. Images were recorded and analyzed by the GAP pipeline. The
resulting reads were trimmed to remove viewpoint-specific primer sequences and mapped against
NCBI build hg18 of the human genome using ELAND alignment software. To calculate the coverage,
aligned reads were extended to 56 bp in the 3’ direction using the r3C-Seq pipeline (Thongjuea et al.,
unpublished). The interaction-enriched regions per Apol fragment were measured by calculating the
number of reads per million (RPM) per restriction fragment. Data were visualized using a local

mirror of the UCSC genome browser.
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Lentiviral shRNA-mediated knockdown

shRNA vectors were obtained from the TRC Mission human and mouse library from Sigma.
Packaging was done as described by the Sigma Mission library protocol. HEP cells were transduced
with lentiviruses containing shRNAs, puromycin was added at a concentration of 1 pg mli?t for 24

hours and the cells were kept in culture for another 5 days before harvesting and further analysis.

RNA purification
Total RNA was extracted from cells using the TRI reagent (Sigma) and used directly for S1 nuclease

protection analysis of globin expression.

S1 nuclease protection assays
S1 nuclease protection assays were performed as described (Hanscombe et al., 1991). The dried gels
were exposed to a Typhoon TRIO phosphorimager screen (GE Healthcare), and signal intensities of

individual bands were quantified with Image Quant 5.2.

Western blotting

200x10° cells were lysed in 100 pl of RIPA buffer (10 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1% Nonidet
P-40, 1% NaDOC, 0.1% SDS), the same volume of Laemmli buffer was added and the samples were
boiled for 5 minutes. 20 pul of each sample was resolved by 4-12% gradient SDS-PAGE (Invitrogen),
and transferred to 0.45 um nitrocellulose membrane. The membranes were blocked for 1 hour in
1xTBS with 2% BSA and 0.05% Tween20 and incubated in primary (overnight) and secondary (1
hour) antibody. Primary antibodies: Abcam FANCI (KIA1794) ab15344; ZBP-89 ab69933; CTNNBL1
ab76243, CDC5L ab51320, Nap1l1 ab21630, Ehmt1 ab41969, Supt5 sc-101158, Baf53 ab3882, Santa
Cruz APEX1 (Ref-1 C4)X sc-17774 X, CHD4 (Mi2) sc-8774, Gatal sc-265, , SPT5 (Supt5) sc-101158,
and Bethyl Mcm5 A300-195A. Western blots were developed with the ECL Western Blotting

Detection Reagents (GE Healthcare) and quantified with a Kodak Image Station 440CF.

HPLC analysis
Hemoglobin subtypes were measured by HPLC (BioRad).
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Immunohistochemistry

Cells were spotted on poly-prep slides (Sigma), fixed with 4% paraformaldehyde, permeabilized in 10
mM citric acid (pH 6.0), and blocked with 5% BSA. Primary antibody incubation was performed in
blocking solution for 16 hrs at 4 °C, followed by peroxidase staining. Pictures were taken with an
Olympus BX40 microscope (40x objective, NA 0.65) equipped with an Olympus DP50 CCD camera
and Viewfinder Lite 1.0 acquisition software. HbF-positive cells were determined using Photoshop at

a tolerance level of 80.
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Figure S1| The LCR-TetO-y minilocus (related to Figure 2). A) The drawing shows the y-globin minilocus (Dillon
and Grosveld, 1991) and the position of the insertion of the loxP site and 7 copies of the TetO sequences
upstream of the y-globin gene promoter. B) The EcoRI restriction digest of the normal y-globin minilocus (WT
LCR-Ay) and the modified y-globin locus (LCR-TetO-y) cosmids. The fragment containing the TetO sequences is
indicated. The lanes on the left show the Southern blot of several transgenic mice containing two copies of the
locus and hybridized with the y-globin minilocus as probe (Dillon and Grosveld, 1991) and a Pstl fragment of the

carbonic anhydrase gene as loading control. The transgene has two head to tail copies as determined with 5’"HS5
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and 3’HS1 probes (not shown). The identities of the bands are indicated on the left. The fragment sizes of the

marker bands are indicated on the right.

. . cover uniq total .
Identified protein | Score Da %) i — description
1 Hmgb2 505 24318 36.2 8 12 high mobility group box 2
2 Hmgb3 299 23167 26 4 6 high mobility group box 3
3 Ybx1 275 35822 22.4 3 3 Y box protein 1
4 Actl6a 264 47913 16.8 4 4 BAF53a
5 Apex1 258 35867 14.2 3 3 apurinic/apyrimidinic endonuclease 1
6 Cdc5l 232 92361 4.6 2 2 cell division cycle 5-like (S. pombe)
7 Gtf2f2 205 28421 20.1 4 4 general transcription factor IIF, polypeptide 2
8 Dnmtl 167 185624 2.2 3 3 DNA methyltransferase 1
9 Mybbp1la 156 152773 1.9 2 2 MYB binding protein (P160) 1a
10 Gatal 142 43274 9 2 2 GATA binding protein 1
11 Nap1l1 130 45602 6.9 2 2 nucleosome assembly protein 1-like 1
12 Ddx3y 112 28188 8.6 2 9 DEAD (Asp-Glu-Ala-Asp) box polypeptide 3
13 Son 99 226000 2.2 2 2 truncated SON protein
14 Ctnnbl1 93 65421 3.2 2 2 catenin, beta like 1
15 Snw1l 91 38806 3 1 1 SNW domain containing 1
16 Zfp830 82 40790 4.4 1 1 zinc finger protein 830
17 SuptSh 79 120988 4.5 3 3 suppressor of Ty 5 homolog (S. cerevisiae)
18 Chd4 77 94191 3.4 2 2 chromodomain helicase DNA binding protein 4
19 Wdr12 72 47770 2.8 1 1 WD repeat domain 12
20 Ccdc88b 68 128640 0.8 2 4 coiled-coil domain containing 88B
21 | Smc4 64 147602 3.2 3 5 | structural maintenance of chromosomes 4
22 Ranbp2 63 142089 3.2 3 13 RAN binding protein 2
23 Sox30 62 84285 2.9 2 7 SRY-box containing gene 30
24 Csrpl 58 21425 11.4 1 1 cysteine and glycine-rich protein 1
25 Dbf4 56 75042 4.2 2 3 DBF4 homolog (S. cerevisiae)
26 Zfp148 56 86469 3.8 2 11 zinc finger protein 148
27 Tcfeb 55 59616 3.4 2 8 transcription factor EB
28 Nup50 53 49921 5.4 1 1 nucleoporin 50
29 Kif22 52 73430 3.3 2 6 kinesin family member 22
30 Uhrfl 51 54565 2.1 2 3 ubiquitin-like, containing PHD and RING finger
31 Cul3 51 89519 4.2 2 11 cullin3
32 Zfp691 50 33075 6.4 2 3 zinc finger protein 691
33 Spopl 49 45442 9.4 2 2 speckle-type POZ protein-like
34 Smarca2 48 173244 1.9 2 3 SWI/SNF relatedregulator of chromatin
35 Lmcdl 47 42167 6 2 3 LIM and cysteine-rich domains 1
36 Irsl 46 131783 2.2 2 3 insulin receptor substrate 1
37 Ubr4 46 149228 4.1 2 4 ubiquitin protein ligase E3 recognin 4
38 Huwel 46 86058 6.2 2 2 HECT, UBA and WWE domain containing 1
39 Ddb1 46 128053 0.8 1 1 damage specific DNA binding protein 1
40 Foxcl 45 57261 5.8 2 2 forkhead box C1
41 Zfhx4 44 396922 2.2 2 2 zinc finger homeodomain 4
42 Tepl 44 294811 1 2 2 telomerase associated protein 1
43 Nbn 44 84703 6.8 2 6 nibrin
44 Rad23a 44 39802 5.5 2 4 RAD23a homolog (S. cerevisiae)
45 Cand1 44 25791 4.4 1 1 cullin associated and neddylation disassociated 1
46 Zfp532 43 151855 1.5 2 4 zinc finger protein 532
47 Mbnl1 43 37807 3.2 1 1 muscleblind-like 1 (Drosophila)
48 Fanci 43 89597 3.1 2 2 Fanconi anemia, complementation group |
49 Ehmtl 42 135382 3.4 2 4 euchromatic histone methyltransferase 1

Table S1| Mass spectrometry results of TChP experiments (Related to Table 1).
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Proteins found also in pulldowns of chromatin from LCR-TetO-y::TetR3T::BirA::p53null cells treated
with doxycyclin and unlikely to be associated with y-globin suppression were considered as

background and removed.
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Supplemental Extended Experimental Procedures

Short random sequence containing Swal and Pmel restriction enzyme digestion sites inserted into
the Stul site of the y-globin gene promoter 380 basepairs upstream of the transcription initiation site
30nt_Pme_Swa_Stu_EcoRV_AspF

5’>GTA CTA CGT AAT ACG ACT CAC TAG TGA GAT GTATTT AAATAG CTT TGT TTA AAC TGA GCG CCG
GAG GCCTAG ATATCG

30nt_Pme_Swa_Stu_EcoRV_AspR

5’>GTA CCG ATA TCT AGG CCT CCG GCG CTC AGT TTA AAC AAA GCT ATT TAA ATA CAT CTC ACT AGT
GAG TCG TAT TAC GTA

LoxP sequence inserted in the Clal site Clal-Kpnl fragment from the y-globin minilocus (Dillon and
Grosveld, 1991).

5’>CGA TAT AACTTC GTA TAA TGT ATG CTA TAC GAA GTT ATG GCG CGC CTT

The sequence of overlapping oligonucleotides for HA-Bio tag synthesis:

HA-Bio-F1: 5’>GAT CCT ATC CTT ACG ATG TAC CCG ACT ATG CAT ATT CTG CTG GTC
HA-Bio-F2: 5’>ATC ACC ACC ACC ATC ACC ATC ACC ATC ACT TAG TTC CTC GTG GTT CTC CTG
GTATIT CTG

HA-Bio-F3: 5’>GCG GAG GGG GTG GCG CGT CAT CGT TGC GTC AGA TCC TTG ATA GTC AAA
AAATGG AGT

HA-Bio-F4: 5’>GGC GCA GCA ACG CTG GGG GTT CTT AAT AGC

His-Bio-R1: 5’>GGC CGC TAT TAA GAA CCC CCA GCG TTGC

His-Bio-R2: 5’>TGC GCC ACT CCA TTT TTT GAC TAT CAA GGA TCT GAC GCA ACG ATG ACG
CGC CACCCC

His-Bio-R3: 5’>CTC CGC CAG AAA TAC CAG GAG AAC CAC GAG GAA CTA AGT GAT GGT GAT
GGT GAT GGT GGT

HA-Bio-R4: 5’>GGT GAT GAC CAG CAG AAT ATG CAT AGT CGG GTA CAT CGT AAG GAT AGG

Culturing of human erythroid proerythroblasts (HEPs)
Human buffy coat was obtained from the blood bank (Sanquin, The Netherlands), and blood

peripheral mononuclear cells were collected from the interphase after Ficoll step gradient
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purification, and washed. For initial expansion, 5x10° cells ml™ were cultivated in serum-free
medium (StemSpan; Stem Cell Technologies, Vancouver, BC, Canada) supplemented with Epo (2 U
ml? EPREX Ortho-Biotech, Tilourg, The Netherlands), the synthetic glucocorticoid Dexamethasone
(Dex, 1 uM; Sigma, St Louis, MO), SCF (100 ng ml™; R&D Systems, Minneapolis, MN), and lipids (40
ug ml™ cholesterol-rich lipid mix; Sigma) for about 5 days. The cells were fed every day by partial
medium changes with the same medium. After 5 days, large proerythroblasts became visible and by
day 7 they started to overgrow the culture. In order to purify proerythroblasts from lymphocytes
and macrophages Percoll purification was carried out and the cells were isolated from the
interphase. Homogeneous cultures of erythroid progenitors were kept in the same medium at 1.5-
2x10° cells ml’lby daily partial medium changes. Proliferation kinetics and size distribution of the

cells were monitored daily using an electronic cell counter (CASY-1; Scharfe System, Reutlingen,

Germany).

Culturing of LCR-TetO-y::TetR3T::BirA::p53null cells

LCR-TetO-y::TetR3T::BirA::p53null cells were grown in Stem-Pro 34 medium (Invitrogen)
supplemented with 2mM L-Glutamine (Invitrogen), Epo (1 U mI™* EPREX Ortho-Biotech, Tilburg, The
Netherlands), the synthetic glucocorticoid Dexamethasone (1 uM; Sigma, St Louis, MO) and SCF (100
ng ml™; R&D Systems, Minneapolis, MN) (Dolznig et al., 2001). Cells were harvested at a density of

2-3x10° cells mI™.

Chromatin Immunoprecipitation (ChIP) and fy-globin chromatin purification using Targeted

Chromatin Purification (TChP)

Part A. Crosslinking and Chromatin preparation

Chromatin was crosslinked by adding formaldehyde directly to culture medium to a final
concentration of 1%, and incubated for 10 minutes at room temperature. The reaction was stopped
by the addition of 1 M glycine to a final concentration 0.125 M. The cells were spun at 450g for 3
min at 4 °C (Eppendorf centrifuge 5810R), the supernatant was decanted and the cells were washed
2 times with ice cold PBS. The cells were resuspended at a density of 2x10° cells mI™ in sonication
buffer (10 mM Tris-HCI, 1 mM EDTA , 0.5 mM EGTA, pH 8.0) plus 1x complete EDTA-free protease
inhibitor (Roche), and incubated for 10min on ice. The cells were disrupted and the DNA fragmented

by sonication at 0 °C (Sanyo, SoniPrep150 large probe, 20 times, amplitude 9; 15” on; 45" off). The
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sample was centrifuged for 10 minutes at 15,000g (Eppendorf centrifuge 5415D) at 4 °C, and the
supernatant aliquoted. The pellet was discarded. The samples (chromatin) were snap-frozen in liquid
nitrogen and stored at —80 °C. The efficiency of sonication was analyzed by adding 8 ul 5 M NaCl to
200 pl chromatin sample and the crosslinks were reversed at 65 °C for 4 hours. The DNA was

recovered by phenol chloroform extraction and run on an agarose gel to analyze shearing efficiency.

Part B. Pulldown
Note: When proceeding to the PCR or immunoblot protocol a portion of the diluted chromatin (2%;
~20 ul) was kept to quantify the amount of DNA or protein. This sample was considered to be the

starting material input.

Anti-HA-agarose beads pulldown

100l of monoclonal Anti-HA-Agarose beads (Sigma Cat#f A2095) were washed twice with 1 ml PBS.
The agarose was pelleted by brief centrifugation for 1min at 400g (Eppendorf centrifuge 5415D) and
the supernatant was discarded. The beads were equilibrated with 1 ml ChIP dilution buffer (0.01%
SDS, 1.1% Triton X100, 1.2 mM EDTA, 16.7 mM Tris-HCl, pH 8.1, 150 mM NaCl) and the agarose
pelleted by brief centrifugation for 1 min at 400g. The supernatant was discarded. The equilibration
step was repeated two more times.

The beads were blocked for 1 hour with 1% fish skin gelatin (Sigma G7765), 0.2 mg ml™ chicken egg
albumin (Sigma A-5503) and 40 pl sonicated salmon sperm DNA (10 mg ml™). The agarose was
pelleted by brief centrifugation (1 min) at 400g and the supernatant was discarded.

A chromatin sample equal to 20x10° cells (i.e. 100 pl) was taken up in 1 ml ChIP dilution buffer
containing 1x complete EDTA-free protease inhibitor (Roche).

The agarose was pelleted by brief centrifugation and the supernatant collected. The pre-cleared
supernatant was added to the blocked beads and incubated at 4 °C overnight with rotation.

The agarose was pelleted by centrifugation (1 min at 400g) and the supernatant carefully removed.
The protein HA-agarose::TetR-HA-biotag::chromatin complex was washed for 3-5 minutes on a
rotating platform with 1 ml of each of the buffers in the following order, all at 4 °C; a Low Salt
Immune Complex Wash Buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI, pH 8.1,
150 mM NacCl), one wash; a High Salt Immune Complex Wash Buffer (0.1% SDS, 1% Triton X-100, 2
mM EDTA, 20 mM Tris-HCl, pH 8.1, 500 mM NacCl), one wash; LiCl Immune Complex Wash Buffer
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(0.25 M LiCl, 1% NP-40, 1% deoxycholic acid (sodium salt), 1 mM EDTA, 10 mM Tris, pH 8.1), one
wash; TE Buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8.0), two washes.

At this stage the HA-agarose::TetR-HA-biotag::chromatin complex was ready for either an
Immunoprecipitation and Immunoblot assay, PCR assay or elution by HA peptide followed by

streptavidin purification.

Chromatin Immunoprecipitation (ChIP)

ChIP for specific protein factors was essentially as described in the previous section with minor
adjustments. The HA-agarose beads were replaced with antibody against the protein of interest and
incubated overnight at 4 °C with rotation. Depending on the antibody, Protein A or G agarose
Salmon Sperm DNA beads, Millipore, were added the next day and incubation at 4 °C with rotation
was carried out for another hour. After this step, washes were performed and the rest of the

procedure was followed as described above.

Streptavidin paramagnetic beads pulldown

Streptavidin paramagnetic beads chromatin pulldown via TetR3T protein was performed essentially
similar to Anti-HA-agarose beads pulldown with slight modifications. 50 ul beads were used per
20x10° cells and the beads were pelleted with a magnet instead of centrifugation. In the PCR
protocol beads were kept after elution and were discarded after first phenol chloroform extraction.
This is because of strong binding affinity of biotin- streptavidin that can not be eluted in elution

buffer only.

Optimization of parameters for TChP

The Optimized parameters for TChP were as follow:

e  Titration of crosslinking agent - 1% formaldehyde, 10 min at 37 °C
e  DNA shearing - Sonication

e  Pre-clearing of the chromatin -2 NO

e Blocking the beads - 1% fish skin gelatin

e  Sonication buffer vs. SDS lysis buffer - Sonication buffer

e Number of cells per 100 pl of HA beads > 2x10’

e  Optimal streptavidin beads -> Dynabeads® M-280
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Immunoprecipitation and immunoblot protocol

Following washing of the beads the immunoprecipitated complex can be analyzed by immunoblot
analysis. 25 pl of 1x Laemmli buffer was added per sample and boiled for 10 minutes. 20 ul was
loaded per lane of NUPAGE 4-12% Bis-Tris gel (Life Technologies), and the immunoblot procedure

carried out.

PCR protocol to amplify DNA bound to the beads

500 pl of freshly prepared elution buffer (1% SDS, 0.1 M NaHCO3) was added per sample of the
pelleted agarose-antibody-protein or TetR-HA-biotag::DNA complex beads. The sample was
vortexed briefly and then incubated at room temperature for 15 minutes with rotation. The agarose
was pelleted by brief centrifugation (1 min) at 400g and the supernatant (eluted purified chromatin)
was transferred to a fresh tube. 20 pl of 5 M NaCl was added to the eluate (500 pl) and the protein-
DNA crosslinks were reversed by heating at 65 °C for at least 4 hours. 10 pl of 0.5 M EDTA and 20 pl
1 M Tris-HCl, pH 6.5 were added plus 2 pl of 10 mg ml™? Proteinase K and incubated for one hour at
45°C. The DNA was cleaned by two phenol chloroform and one chloroform extraction. 1 ul of 20 pg
mit glycogen (Roche, 14267332) was added followed by 0.6 volumes of isopropanol. After 30 min at
—20 °C the sample was centrifuged and the pellet washed with 70% ethanol and air dried. The pellet
was resuspended in water, the input into 400 pl and pulldown sample into 200 pl; and 4 pl was used

per PCR reaction.

Quantitative PCR conditions and primers

Quantitative real-time PCR (MylQ, Bio Rad) was performed using 0.75 ul of SYBR Green | (Sigma
$9430) 1/2,000 dilution in DMSO, Platinum Tagq kit (Invitrogen), 10 pmol of each primer, 4 ul DNA
sample under the following cycling conditions: 3 min at 95 °C followed by 40 cycles of 30 sec. at 95
°C, 20 sec. at 56 °C, 40 sec. at 60 °C, 15 sec. at 75 °C. Mouse 3-major and Amylase was used as
endogenous references. Enrichment of specific sequences was calculated using the comparative CT
method (Livak and Schmittgen, 2001).

Primers used for Quantitative PCR:

Human genomic BLCR HS5-F 5'>CCCAAGCAAGGAAGTTGT
Human genomic BLCR HS5-R 5’>CAGATGTCCTGTCCCTGTA
Human genomic BLCR HS4-F 5’>TTTCTCTCTCCCACTCAGC

Human genomic BLCR HS4-R 5’>TGCTATCAAAGCCCTGACA
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Human genomic BLCR HS3-F
Human genomic BLCR HS3-R
Human genomic BLCR HS2-F
Human genomic BLCR HS2-R
Human genomic BLCR HS1-F
Human genomic BLCR HS1-R
Human genomic tetO-100-F
Human genomic tetO-100-R
tetO-F

tetO-R

Human genomic tetO+100-F

Human genomic tetO+100-R

Human genomic Aypromoter-F

Human genomic Aypromoter-R

Human genomic AyExonl-F
Human genomic AyExonI-R
Human genomic AyExonllI-F
Human genomic AyExonlIl-R
Human genomic 33’HS1-R
Human genomic 33’HS1-F
Mouse genomic Amylase-F
Mouse genomic Amylase-R
Mouse genomic Bmajor-F

Mouse genomic Pmajor-R

Supplemental References

Livak, K.J., and Schmittgen, T.D. (2001). Analysis of Relative Gene Expression Data Using Real-Time

5'>GCTCAGATAGGTGGTTAGGT
5’>TGGTCTATCTCTCCTGGCT
5’>CTCCATTAGTGACCTCCCA
5’>TTACACAGAACCAGAAGGC
5 >TGCGGTTGTGGAAGTTTAC
5'>CACTAAGGGTGAGGATGCT

5’>AAAAGTCACAAAGAGTATATTCAAAAAG

5’>CAGGATTTTTGACGGGACAAA
5’>AAGTCGAGCTCGGTACTACG
5’>GACTTCTTTTGTCAGCCGTTTT
5’>CGGCTGACAAAAGAAGTCCT
5’>CCCAAGAGGATACTGCTGCT
5'>GAAACGGTCCCTGGCTAAACTC
5’>CCTCACTGGATACTCTAAGACTATTGG
5’>ACCCTTCAGCAGTTCCACAC
5’>CCCCACAGGCTTGTGATAGT
5’>GACCGTTTTGGCAATCCATTTC

5’ >TTGTATTGCTTGCAGAATAAAGCC
5’>ATCTACTTTCATTCAGGCTTCTTCAG
5'>CTCTATGGTGGCAACATGGATAATAC
5’>CTCCTTGTACGGGTTGGT
5’>AATGATGTGCACAGCTGAA
5'>GGGAGAAATATGCTTGTCATC
5’>CAACTGATCCTACCTCACCTT

Quantitative PCR and the 2-[Delta][Delta]CT Method. Methods 25, 402-408.
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The role of ZBP-89 in globin regulation

ABSTRACT

Reactivation of human fetal y-globin expression in adult erythroid cells ameliorates the symptoms of
sickle cell disease and thalassemia, which is why we are interested in the silencing mechanism of
these genes. We recently described an unbiased proteomics approach, Targeted Chromatin
Purification (TChP, Pourfarzad et al., submitted), to identify DNA binding proteins involved in the
silencing process and identified ZBP-89 as one of the candidate proteins. Here we report on the
functional role of ZBP-89 in globin gene regulation. We show that ZBP-89 interacts with subunits of
suppressor as well as activating protein complexes in different cell lines (MEL versus K562). ZBP-89
binds to the B-globin LCR and is differentially recruited to the regulatory sequences adjacent to the
y- and B-globin genes in fetal liver and adult Human Primary Erythroid (HEP) progenitor cells.
Reduced ZBP-89 expression in HEP cells correlates with reduced human adult globin and increased
fetal/embryonic genes expression, including y-globin. We show this is the consequence of a change
in spatial conformation of the B-globin locus back partially to the fetal liver y-globin expressing
stage. These data show that ZBP-89 has an important regulatory role in globin gene regulation by

changing long-range interactions during different stages of development.
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INTRODUCTION

The human o and B-globin gene loci code for a- and B-globin, which together with heme are
subunits of hemoglobin protein, responsible for the oxygen transport in the blood. The human B-
globin locus consists of an upstream regulatory region, the Locus Control Region (LCR), and five
different B-globin like genes: €, Gy, Ay, & and . Expression of these genes is developmentally
regulated with one switch in the embryonic period where expression of ¢ is replaced with y and a
second switch from y to P around the time of birth (Stamatoyannopoulos and Grosveld, 2001).
Conditions affecting the function of B-globin, known as B-thalassemia and Sickle Cell Disease (SCD),
are among the most frequent inherited single gene disorders in the human population (Weatherall,
1996). Their severity is greatly ameliorated by increased y-globin expression in response to drugs
such as hydroxyurea (Steinberg, 2002; Steinberg et al., 1997) or in patients with hereditary
persistence fetal hemoglobin (HPFH) (Stamatoyannopoulos and Grosveld, 2001). Thus reactivation
of y-globin expression in adults would provide a very elegant and attractive treatment of the
disease. This has led to intense research efforts to elucidate the mechanism of y-globin gene
switching with the aim of reversing the normal switching process, resulting in the identification of
DNA cis elements as well as transcription factors (TFs) that regulate the temporal expression of
globin genes at each developmental stage (Akinsheye et al., 2011; Bank, 2006; Higgs et al., 2012;
Stamatoyannopoulos, 2005).

Regulatory regions are present throughout the locus, the most prominent of which is the Locus
Control Region (LCR) upstream of the locus. The LCR elements are bound by TF complexes like that
formed by Ldb1 (Soler et al., 2010; Song et al., 2007) and promote the interaction of the LCR with
the genes (Deng et al., 2012; Tolhuis et al., 2002). One of its components, ETO2 is present at HS2 and
3 of the LCR and a region 3.7 kb 3’ to the Ay-globin gene and its binding correlates with reduced -
globin expression (Kiefer et al., 2011). These interactions change during development (Palstra et al.,
2003a; Palstra et al., 2008; Patrinos et al., 2004; Schoenfelder et al., 2010; Tolhuis et al., 2002)
resulting in temporal and developmental stage specific globin gene expression. BCL11a is one of the
most important factors involved in the globin gene regulation by modulating such interactions.
BCL11a binds inside the locus just downstream of the y-globin genes and in cooperation with Sox6,

GATA1, FOG and the NuRD complex suppresses the expression of the y-globin genes (Sankaran et al.,
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2008; Xu et al., 2011; Xu et al., 2010). Other factors in y-globin gene expression such as KLF1 exert
their action directly in the locus and indirectly by regulating BCL11a (Borg et al., 2010).

However a y-globin gene linked to the LCR, but lacking the downstream BCL11a binding site is still
suppressed in transgenic mice, suggesting that other factors binding to the promoter or LCR are also
important (Dillon and Grosveld, 1991). For example the TR2/TR4 complex has been implied as one of
the factors binding to the y-promoter (Campbell et al., 2011), but their absence results only in a
modest up-regulation of y-globin suggesting that more factors are involved. We have recently
described an unbiased proteomics approach, Targeted Chromatin Purification (TChP), to identify
other possible proteins involved in y-globin silencing (Pourfarzad et al., submitted) and identified
several proteins whose reduced expression led to an increase in y-globin gene expression in adult
Human Erythroid Progenitor (HEP) cells. One of the most interesting proteins we identified by TChP
was ZBP-89 (also known as ZNF148, Zfp148 in mouse, BERF1, and BFCOL1). It is a Kriippel-type, zinc-
finger transcription factor that binds to a GC-rich region, and represses or activates known target
genes. When acting as a repressor, it has been proposed that ZBP-89 and Spl compete for binding
to the same or overlapping GC-rich sequences (Merchant et al., 1996). ZBP-89 has been reported to
interact with GATA1 and Mafk and it is involved in erythroid development and differentiation (Brand
et al., 2004; Woo et al., 2011; Woo et al., 2008a). Knock down of ZBP-89 in zebrafish results in the
"bloodless" phenotype due to disruption of both primitive and definitive erythropoiesis (Li et al.,
2006). It has been proposed that ZBP-89 represses gene transcription via specific recruitment of
HDAC1 to promoters of its target genes (Wu et al., 2007). This would agree with the known role of
HDACs in y-globin silencing, as HDAC inhibitors can partially (re) activate y-globin expression
(Constantoulakis et al., 1989; Perrine et al., 1989; Perrine et al., 1987). We and others (Pourfarzad et
al. submitted) (Woo et al., 2011; Woo et al., 2008b) showed strong binding of ZBP-89 to the human
B-globin LCR DNA hypersensitive sites 2 and 3 (HS2 and 3) and to a lesser extent to sequences just
upstream and downstream of y-globin genes. ZBP-89 was also reported to bind to the GATA-1
enhancer, and a number of other genes (Ohneda et al., 2009; Vernimmen et al., 2007). Based on
these observations, we decided to study the molecular function of ZBP-89 in globin regulation.

Here we describe the role of the zinc finger protein ZBP-89 in the regulation of B-globin gene cluster,
using proteomic and genomic approaches. We show that ZBP-89 interacts with repressive chromatin
modifying complexes and with other transcription factors important for globin gene regulation in
the erythroid lineage. Interestingly, in the myeloid lineage the repressive interactions are lost or

reduced and replaced with transcriptional activator interactions.

79



Chapter 3

RESULTS

ZBP-89 is involved in repressive and activating complexes

We used an epitope-tagging affinity purification strategy to identify the ZBP-89 protein partners in
erythroid and myeloid lineage. Mouse erythroid leukemia (MEL) cells expressing BirA biotin ligase
(MEL-BirA) (de Boer et al., 2003) were stably transfected with a C-terminally tagged Bio-V5 ZBP-89
expression vector. Tagged ZBP-89 from undifferentiated and differentiated MEL cells was purified
using streptavidin magnetic beads (Fig. 1A and B). Similarly, K562 a myeloid cell line that expresses
globin genes was stably transfected with the same C-terminally tagged Bio-V5 ZBP-89 expression
vector. Bio-V5-ZBP-89 was purified from K562 nuclear extracts using V5 antibody conjugated
agarose beads. After pull down the proteins were digested and analyzed by mass spectrometry (LC-
MS/MS). Table 1 shows the proteins that were found to interact with ZBP-89 in proliferating and
differentiating MEL and in K562 cells. We identified several members of the NuRD complex (Chd4,
Hdac 1 and 2, Mtal/2/3, Gatad2a/b, Rbbp4, and Mbd3) in both proliferating and differentiating MEL
cells. Interestingly Chtop and several members of the 5FMC complex (Fanis et al; 2012) are
detectable as ZBP-89 interacting partners before and after induction suggesting the involvement of
desumoylation of ZBP-89 during differentiation. Furthermore, we also identified several other TFs
(2fp219, Zfp512 and Runxl). A number of these and chromatin remodeling protein interactions
change upon differentiation e.g. Zfp512, Fogl (Zfpm1), Chtop and Smarca4/5. Since we are
interested in the mechanism of ZBP-89 and y-globin activation and we confirmed the results
obtained from mass spectrometry for the factors thought to be involved in y-globin regulation as
well as subunits of the NuRD complex and tested their interaction with ZBP-89 by western blotting
(Fig 1D).

It has previously been reported that ZBP-89 is in complex with transcriptional activators in non-
erythroid cell lines (Bai and Merchant, 2000; Woo et al., 2011). We mostly find ZBP-89 interacting
with the NuRD suppressor complex in MEL cells suggesting that ZBP-89 forms a different complex in
purely erythroid cells. We therefore also expressed the Bio-V5-ZBP-89 fusion protein in human
chronic myelogenous leukemia cell-line K562 (Lozzio and Lozzio, 1975), which also has erythroid
characteristics. We indeed found ZBP-89 in complex with activators of transcription namely
Trrap/P400, and different mediator proteins (Table 1). Some of these were previously described by
Woo et al (Woo et al., 2011). The interactions were confirmed by western blotting (Supplementary

Fig. 1). In summary these data suggests that ZBP-89 acts as a positive regulator that interacts with

80



The role of ZBP-89 in globin regulation

the basic transcription machinery at the transcription start site (TSS) in an erythroid/myeloid
precursor cell (K562) as evidenced by its interactions with the Mediator proteins and NIBL/MAU1
which are known to bind at the TSS (Zuin and Wendt unpubl.). These complexes are lost in erythroid
cells (MEL) with a switch to NuRD, a repressive complex (Fig. 1D and Supplementary Fig. 1).
Interestingly ZBP-89 also interacts with the 5FMC complex (Fanis et al 2012), which switches to an
interaction with a number of transcription factors and zinc finger proteins during terminal

differentiation.
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Figure 1) ZBP-89 interacts with subunits of NuRD repressor complex and transcription factors involved in y-globin
gene regulation. A) Schematic representation of C-terminal ZBP-89 epitope tagging with V5-Bio tag followed by
its expression in MEL cells expressing Bir A biotin ligase (de Boer 2003). Speckled boxes indicate the positions of
the four ZBP-89 Zinc-fingers. The biotinylation Lysine residue in the 23 amino acid biotin tag is indicated as large
K letter. ZBP-89-biotinilated fusion protein precipitated using streptavidin beads. B) Taged ZBP-89 biotinylation in
MEL cells. (Left) Western blot with ZBP-89 antibody for endogenous and tagged ZBP-89 protein detection in MEL
cells nuclear extract. MEL; non-transfected MEL cells, Bir A; MEL cells expressing Bir A biotin ligase, ZBP-89-V5-
Bio; MEL cells expressing ZBP-89-V5-Bio and Bir A biotin ligase (Right) Streptavidin—HRP conjugated staining of
the same blot as in the left for detection of biotinylated ZBP-89. Asterisks indicate endogenously biotinylated
cytochrome proteins (C) Mass spectrometry results of the proteins identified by streptavidin precipitation of
biotinylated ZBP-89 in MEL Bir A cells. Subunits of the NURD complex and transcription factors involved in
erythroid differentiation/ globin regulation are among the most abundant and specific identified proteins. (D) Co-
precipitation of ZBP-89 interacting proteins using streptavidin to confirm results obtained in Mass Spectrometry.

Trrap, P300, GCN5 and Wdr5 were used as negative control.
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Differential recruitment of ZBP-89 to globin regulatory regions

We originally identified ZBP-89 via y-globin TChP (Pourfarzad et al), hence we were interested to
identify its genome wide binding sites and in particular those in the human globin locus. A genome
wide ZBP-89 ChIP-Seq was carried out in Human Erythroid Progenitors (HEPs) grown out from adult
peripheral blood mononuclear and fetal liver cells (AD-HEP and FL-HEP). We identified 23709
significant ChIP-Seq peaks in AD-HEPs. Of these 77% and 93% mapped within 10 kb and 50 kb from a
gene, respectively. ZBP-89 binds primarily at promoters (Fig. 2A), within +/- 1 kb from transcription
start site of the associated genes (Fig. 2B). The motif discovery search found enrichment for the C
rich motif as CCCNNCCCCC (Fig. 2C). The result of ChIP-Seq experiment of FL-HEP appeared very
similar to that of AD-HEPs
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Figure 2) Endogenous ZBP-89 chromatin occupancy in Human Erythroid Progenitors (HEP). A) ZBP-89
recruitment relative to the genes. Different regions relative to the genes are defined as: Promoters; +/- 1 kb from
transcription start site, 3' UTR; within 10kb of transcript end, Upstream; in the region between 1 to 10 kb
upstream of transcription start site. Downstream; in the region between 1 to 10 kb downstream of the gene. D)

Frequency of binding relative to transcription start site of the associated genes.

There is a considerable difference in ZBP-89 binding to the B-globin locus. There is much stronger

binding of the factor to the locus in FL-HEP cells when compared to AD-HEP cells. The strongest
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binding in both cell types is seen at HS2 and HS3 of the B-globin LCR. Much smaller peaks are found
at HS1 of the LCR, in the middle of the B-globin locus 4kb upstream of Gy, 3.7 kb down stream of Ay,
and 1.7 kb downstream of 3-globin gene (Fig. 3). Interestingly the signal ratio at the weaker binding
sites around the y versus B-genes is reversed in the two cell types with relatively higher binding at
the y-genes in FL-HEP. The result indicates that the binding of ZBP-89 to these sites has a negative
effect on y-globin expression in AD-HEPs. Reducing ZBP-89 may therefore lead to an increase in y-
globin gene expression. Alternatively the weak sites may not be real binding sites but rather sites
where interactions take place with regulatory regions that bind to ZBP-89. Thus these results suggest

that ZBP-89 is likely to be important for globin gene regulation and possibly globin gene switching.
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Figure 3) ZBP-89 binding to the human B-globin locus (top) Human B-globin locus on chromosome 11 between
two olfactory receptors in UCSC genome browser (hg18). Coordinates are indicated above the locus. Position of
LCR DNase | Hyper sensitive sites 1 to 5 (HS1-5) and B-globin like genes are indicated. HBE1; e-globin, HBG2; Gy-
globin, HBG1; Ay-globin, HBBP1; yf-globin, HBD; &-globin, HBB; B-globin genes. The scale bar on the top
represents 50 kb. (middle and bottom) ChIP sequencing results of endogenous ZBP-89 on human B-globin locus
in fetal liver and adult Human Erythroid Progenitors (HEP), respectively. The y axis represent normalized reads

per million.
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Reduced ZBP-89 correlates with increased y-globin expression

We therefore carried out a lentiviral shRNA-mediated knockdown of ZBP-89 to test the effect of this
factor on globin gene expression in AD-HEP cells. We used several different ZBP-89 shRNAs and two
of these resulted in a substantial depletion of ZBP-89 when compared to non-targeting shRNAs
(Fig.4A and not shown). We carried out total mRNA sequencing to identify the target genes of ZBP-
89 depletion.

The expression of many genes was induced upon ZBP-89 knock down in agreement with its binding
of the NURD complex. However there is also a much smaller set of down-regulated genes
(Supplementary Table 1). This suggests that ZBP-89 has both a suppressor and activator function in
HEP cells.

A functional annotation of genes bound by ZBP-89 and differentially expressed after its knock down
(Supplementary Table 2) shows an overrepresentation of hemopoiesis, JINK and MAPKKK protein
kinase cascades, WW protein domains and erythroid differentiation (Supplementary Table 3).
Interestingly the reduced level of ZBP-89 correlated with increased y-globin mRNA and protein
expression and an increase in the number of expressing cells in several donors (Fig. 4B and not
shown). The embryonic e-globin was also increased while the adult stage - and B-globins were
decreased (Fig. 4C). It is very interesting to see that ZBP-89 knock down reduces BCL11a levels by 3.7
fold. This suggests that ZBP-89 has a suppressive role for embryonic and fetal stage globins and
activates the adult globins. We therefore carried out a 3C-Seq analysis to study the interactions in

the B-globin locus in normal HEP cells and HEP cells in which ZBP-89 has been knocked down.
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Figure 4) Reduced expression of ZBP-89 is associated with increase human embryonic and fetal and decreased

adult globin genes. A) RNA sequencing of ZBP-89 transcripts in adult HEP cells after Lentiviral-mediated ZBP-89
shRNA knock down. (top) ZBP-89 locus on chromosome 3 in UCSC genome browser (hgl8). Coordinates are
indicated above the locus. The scale bare on the top represents 50 kb. (middle) ZBP-89 expression after shRNA
knock down in adult HEP cells. (bottom) ZBP-89 expression after scrambled shRNA knock down in adult HEP cells.
The y-axis represent normalized reads per million. B) RNA sequencing of B-globin like genes transcripts in adult
HEP cells after ZBP-89 knock down. (top) B-globin locus on chromosome 11 in UCSC genome browser (hgl8).
Coordinates are indicated above the locus. The scale bare on the top represents 10 kb. (middle) B-globin like
genes expression after ZBP-89 knock down in adult HEP cells. (bottom) B-globin like genes expression after
scrambled shRNA knock down in adult HEP cells. The y axis represent normalized reads per million. The -globin
like gene symbols are the same as figure 3. C) Summary of expression fold change of ZBP-89, embryonic, fetal
and adult globin genes upon ZBP-89 knock down in adult HEP cells compare to scrambled control. Down
regulated genes are indicated in green, up regulated genes are indicated in red. Embryonic and fetal B-globin like

genes are boxed light pink and adult B-globin like genes are boxed in dark pink.

Reduced ZBP-89 in adult primary human erythroid progenitors restores the B-globin locus back
towards a fetal liver stage specific conformation.

ZBP-89 was knocked down by lentiviral-mediated shRNA (Supplementary Fig. 2), followed by
Chromosome Conformation Capture sequencing (3C-Seq) (Fig. 5). The human B-globin locus contains

a Locus Control Region, consisting of five Hyper Sensitive sites LCR (HS1-5), upstream of the globin
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genes &- (HBE), Gy- (HBG2), Ay- (HBG1), 6- (HBD) and B- (HBB) (Fig. 5A). The interaction of different
anchor sequences with other restriction fragments throughout the locus, were measured by the
number of normalised sequencing reads and represented by the height of restriction blocks (Figure
5B-G), in FL-HEPs (top), AD-HEPs after ZBP-89 knock down (middle) and AD-HEPs after a scrambled
sequence shRNA knock down (bottom).

The decrease in ZBP-89 protein in AD-HEPs causes increased interaction of HS4 with HS3 and the
HBG1 and 2 genes as well as their 3.7 kb downstream region similar to what is seen in FL-HEPs (Fig.
5B). The interaction of HS3 with HS1, 4 and 5 and the 3.7 kb region of HBG1 and 2 also increases,
again similar to the FL-HEPs (Fig. 5C). The interaction of HS2 with the HBG 4 kb up-, 3.7 kb down-
stream region and sequences close to the HBE promoter are increased, while the interactions with
HS1 and HS3 is reduced (Fig. 5D). HS1 interactions increase with the HBG genes and their 3.7 kb
downstream region while there is a decrease with HS2, 3, 5 and the HBB gene, very similar to the
situation observed in FL-HEPs (Fig. 5E). HBG1 and 2 interactions increase with the region 3.7 kb
downstream of the genes, and HS4 and HS2 (Fig. 5F). On the other hand, HBB interactions with the
rest of the locus do not change upon ZBP-89 knock down when compared to scrambled shRNA
lentiviral transduced cells (Fig. 5G). Collectively, we conclude from these data that reduced levels of
ZBP-89 protein causes a change in spatial conformation towards that seen in fetal liver human

primary erythroid progenitors.
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The role of ZBP-89 in globin regulation

Figure 5) Reduced expression of ZBP-89 protein in adult HEP cells cause a spatial conformation change in f-
globin locus that resembles to the fetal liver stage A) Human B-globin locus on chromosome 11 in UCSC genome
browser (hg18). Coordinates are indicated above the locus. Position of the LCR DNase | Hyper sensitive sites 1 to
5 (HS1-5) (yellow shading), and B-globin like genes are indicated. HBE1; e-globin, HBG1 and 2; Ay- and Gy-
globins, respectively (pale green shading) HBBP1; yf-globin, HBD; 3-globin, HBB; B-globin gene (pink shading).
The scale bare on the top represents 10 kb. The red lines indicate the positions of residual ZBP-89 signals in
figure 3A, 4 kb upstream and 3.7 kb downstream of the y-globin genes. B-G) Chromosome confirmation capture
sequencing (3C-Seq) of B-globin locus in fetal liver HEP cells (top), ZBP-89 kd adult HEP cells (middle) and
scrambled control shRNA kd HEP cells (bottom). Viewpoints are indicated as eye symbol on top of the fixed
anchor fragment. B) HS4 viewpoint. C) HS3 viewpoint. D) HS2 viewpoint. E) HS1 viewpoint. F) HBG1 and 2 view

points. G) HBB viewpoint. H) Human B-globin locus Apo | restriction digestion fragments.

DISCUSSION

ZBP-89 functions as both an activator and a suppressor TF via an interaction with activating and
repressing complexes in different cell types. For instance, ZBP-89 represses vimentin gene
expression, which has a complex tissue- and developmental-specific pattern, by recruitment of
histone deacetylase-1 (Wu et al., 2007). However, ZBP-89 is reported to act as an activator by
recruiting the co-activator P300 to P21"°™/“"* and the B-globin locus (Bai and Merchant, 2000;
Petrovic et al., 2009; Woo et al., 2011). It has been suggested that the different modes of ZBP-89
activity is modulated by posttranslational modifications such as sumoylation resulting in different
activator or suppressor interacting partners proteins (Chupreta et al., 2007). ZBP-89 desumoylation
by Five Friends of Methylated Chtop (5FMC) complex for instance results in higher Pol Il levels on
ZBP-89 target genes (Fanis et al., 2012). These data suggest that the specific protein partners play an
important role in determining the role of ZBP-89 in gene regulation and it would be interesting to
determine what signals are responsible for the different states of post-transcriptional modification.

We identified ZBP-89 in Targeted Chromatin Purification (TChP) in embryonic day 13.5 mouse fetal
liver erythroid progenitor cells carrying a transgenic human y-globin minilocus as one of the proteins
specifically binding to this locus (Pourfarzad et al. submitted). The regulation of the human y-globin
transgene in mouse embryonic day 13.5 mimics the human y-globin gene switching process around

the time of birth when it is in the process of being silenced. ZBP-89 which is known to be involved in
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erythroid development and differentiation (Brand et al., 2004; Li et al., 2006; Woo et al., 2011; Woo
et al., 2008a) seems to be also important in the switching process.

To investigate the role of ZBP-89 in human globin gene regulation we first identified ZBP-89
interacting partners in two intrinsically different erythroleukemia cell lines, Murine erythroleukemia
(MEL) and human myelogenous leukemia (K562). MEL cells express adult globins and represent an
erythropoietin-responsive stage of adult erythroid differentiation between the BFU-E and CFU-E
(Friend et al., 1971; Marks and Rifkind, 1978). K562 cells, on the other hand, are derived from
myelogenous leukemia line (Lozzio and Lozzio, 1975) and have fetal or embryonic erythroblast
characteristics, since they express fetal and embryonic globin (Benz et al., 1980). Furthermore,
whereas MEL cells can only be induced to erythroid differentiation, K562 cells can differentiate
along a myeloid lineage or an erythroid pathway (Green et al., 1993).

We reasoned that if ZBP-89 is involved in differential regulation of B-globin like genes via
recruitment of different protein partners to the B-globin locus regulatory region, it may interact with
different subunits of activator and repressor complexes in K562 and MEL cells. Mass spectrometry of
tagged ZBP-89 protein complexes in these two cell lines indeed resulted in two distinct set of
proteins. While ZBP-89 interacts with subunits of the NuRD/MeCP1 repressor complexes as well as
other transcription factors known to be involved in y-globin gene suppression such as BCL11a in
adult type cells (MEL), it interacts with the subunits of SWI/SNF, mediators and P400/Trrap in
embryonic/fetal type cells (K562) (Table 1 and Fig. 1D). Interestingly we also detect NIPBL-1 and
MAU1 in K562 with a high Mascot score. NIPBL generally co-occupies the enhancer and core
promoter regions bound by mediator and key proteins involved in gene activation via enhancer
promoter long-range interactions (Chien et al., 2011; Kagey et al., 2010).

Transcription factors control gene expression by binding to enhancer elements often located at
considerable distance from promoter elements, where transcription initiation/elongation takes
place (Panne, 2008; Stadhouders et al., 2011). Transcription factors bound to enhancers interact
with mediator and P300 co-activator proteins, which in turn bind the transcription initiation complex
(Conaway et al., 2005; Kornberg, 2005; Malik and Roeder, 2005; Roeder, 1998; Taatjes, 2010). ZBP-
89 appears to be involved in differential B-globin gene regulation during development by recruiting
different sets of proteins to the B-globin regulatory regions, and we were therefore interested to
identify differential ZBP-89 recruitment to the B-globin locus using ChIP-Seq in AD- and FL-HEPs (Fig.
3). This shows that ZBP-89 binds to the B-globin locus LCR HS2 and 3 both in the embryonic and

adult stage. There are also binding signals 4 kb upstream and 3.7 kb downstream of the y-globin
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genes and 1.2 kb downstream of the B-globin gene. Since these regions lack a ZBP-89 consensus-
binding site, these signals suggest that the pull down of these sequences occurs via interaction
partners that are cross-linked to ZBP-89. Whereas the upstream and downstream y-globin peaks in
FL-HEPs are much more prominent in FL-HEPs compare to AD-HEPs (Fig 3), these peaks change in
favour of the peaks just downstream of the B-globin gene and enhancer region in AD-HEPs.

The region 3.7 kb downstream of the HBG1 gene is also co-occupied by Ldb1l and BCL11a and has
been suggested to be involved in suppression of y-globin (Kiefer et al., 2011; Xu et al., 2010). Among
all other identified transcription factors binding sites in 3-globin locus, ZBP-89 appears to be the only
transcription factor that has preferential binding only to HS2 and HS3. Importantly lentiviral-
mediated knock down of ZBP-89 leads to specific induction of the embryonic and fetal genes and a
reduction of the adult globin genes (Fig. 4). 3C-Seq experiments show that increased y-globin
expression after ZBP-89 knockdown in the AD-HEPs is a consequence of a change in the spatial
conformation of the human B-globin locus that is more like the B-globin locus conformation
observed in FL-HEP cells. The HBG region and 3.7 kb HBG1 downstream sequence interaction
increases with HS1-4, very similar to FL-HEPs (Fig. 5B-F), while the interaction of HS1 with HBB is
somewhat decreased (Fig. 5E). This is in agreement with increased interaction of the same region in
high HbF expressing cells (Kiefer et al., 2011). A small change in interaction is also seen when looking
from HBB gene as the anchor sequence in HEP cells when compared to the scrambled control (Fig.
5G).

Thus this analysis of interactions implies that activation of y-globin gene expression is accompanied
by DNA loops re-configuration back to the fetal liver stage.

We took advantage of ENCODE data and zoomed in to the region between 4 kb upstream of HBG2
and 3.7 kb downstream of HBG1, where the ZBP-89 peaks are observed to determine which other
transcription factors are bound at these regions and by which epigenetic changes they are
accompanied in the K562 cell line (supplementary Fig 3). Interestingly the 4 kb upstream region is
the starting point of H3K4me1l. This epigenetic active mark indicative of enhancer sequences (Barski
et al, 2007; Heintzman et al, 2007; Wang et al, 2008) continues up to the transcription start site of
HBG2. From this point onwards, the histone mark changes to H3K4me3 and H3K27ac. The region 4
kb upstream of the HBG2 gene is also co-occupied by YY1, MAX, MYC, Pol Il and NF-E2. The site is
DNase hypersensitive and nucleosome depleted. The 3.7 kb downstream region of the HBG1 gene
has another ZBP-89 peak and is also co-occupied by BCL11a, Ldbl, Myc and Max. The MYC-MAX

heterodimer binds to an E-box sequence (CACGTG), which are present in the upstream and
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downstream sites of HBG1 and 2 respectivly and recruits the co-activator TRRAP
(transformation/transcription domain-associated protein) and histone acetyltransferases (HAT).
Acetylation of H3K9 alters the chromatin structure into an active gene expression configuration.
Conversely, the MAD transcription factor antagonizes c-MYC function by forming dimers with MAX
and recruiting co-repressors such as YY1, SIN3 and HDACs to the target DNA, leading to histone
deacetylation and subsequent repression (de Nigris et al., 2007; Pelengaris et al., 2002). Binding of
MAX, YY1, MYC, BCL11a and Ldbl and stage specific presence of ZBP-89 in the same motif, strongly
suggest that ZBP-89 is involved in the preferential regulation expression of HBG by interaction with
positive regulators at the embryonic/fetal stage of expression. This swithches to an interaction of
with repressor complex subunits in adult stage cells (MEL). This suggests that the post
transcriptional modification of ZBP-89 plays an important role in the dual function and consequent

role in switching.
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Material and methods

DNA constructs

ZBP-89 was C-terminally tagged by cloning the ZBP-89 cDNA (ATCC-10324191) into the pBud-V5-Bio
expression vector as previously described (Kolodziej et al. 2009). Bio-tagged ZBP-89 was transfected
into the BirA biotin ligase expressing MEL cells (de Boer 2003) and K562 cell line. Stable MEL cell

clones expressing the tagged protein were isolated and used for subsequent experiments.

Cell culture

MEL and K562 cell lines were cultured in DMEM supplemented with 10% fetal calf serum and
penicillin/streptomycin. MEL cells were differentiated in the log phase by adding 2%
dimethylsulfoxide (DMSO) for 3 days as already described (de Boer 2003).

The culturing of human erythroid pro-erythroblasts (HEPs) was essentially as published with minor
modifications (Leberbauer et al., 2005; von Lindern, 2001). Human buffy coat was obtained from the
blood bank (Sanquin, The Netherlands), and blood peripheral mononuclear cells were collected from
the interphase after Ficoll step gradient purification, and washed. For initial expansion, 5x10° cells
ml* were cultivated in serum-free medium (StemSpan; Stem Cell Technologies, Vancouver, BC,
Canada) supplemented with Epo (2 U ml? EPREX Ortho-Biotech, Tilburg, The Netherlands), the
synthetic glucocorticoid Dexamethasone (Dex, 1 uM; Sigma, St Louis, MO), SCF (100 ng ml™; R&D
Systems, Minneapolis, MN), and lipids (40 pg ml™ cholesterol-rich lipid mix; Sigma) for about 5 days.
The cells were fed every day by partial medium changes with the same medium. After 5 days, large
pro-erythroblasts became visible and by day 7 they started to overgrow the culture. In order to
purify pro-erythroblasts from lymphocytes and macrophages a Percoll purification was carried out
and the cells were isolated from the interphase. Homogeneous cultures of erythroid progenitors
were kept in the same medium at 1.5-2x10° cells mI™ by daily partial medium changes. Proliferation
kinetics and size distribution of the cells were monitored daily using an electronic cell counter (CASY-

1; Scharfe System, Reutlingen, Germany).

Nuclear protein extraction precipitation

Endogenous and tagged ZBP-89 interacting proteins were precipitated using either ZBP-89 antibody
(ab69933), V5 agarose beads (Sigma) or Streptavidin paramagnetic beads (Invitrogen) as described
earlier (Rodriguez et al., 2006; Kolodziej et al., 2009).
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Western blotting

Samples were resolved by 4-12% gradient SDS-PAGE (Invitrogen), and transferred to 0.45-um
nitrocellulose membranes. The membranes were blocked for 1 hour in 1xTBS with 2% BSA and
0.05% Tween20 and incubated in primary (overnight) and secondary (1 hour) antibody. The primary
antibodies were purchased from Abcam: Mta2 (ab66051), RbAp48 (ab488), ZNF148 (ab69933) and
Santa Cruz: GATA1 (sc-265), MBD3 (sc-9402), P300 (sc-584), Trrap (sc-5405), GCN5 (sc-20698),
Mi2beta (sc-8774), Bcllla (sc-56013), Zfp219 (ab71279), Wdr5 (ab22512) or from Absea
Biotechnology Ltd for Chtop.

Western blots were developed with the ECL Western Blotting Detection Reagents (GE Healthcare).

Mass spectrometry

1D SDS-PAGE gel lanes were cut into 2 mm slices using an automatic gel slicer and subjected to in-
gel reduction with dithiothreitol, alkylation with iodoacetamide and digestion with trypsin
(Promega, sequencing grade), essentially as described (Wilm et al., 1996). Nanoflow LC-MS/MS was
performed on an 1100 series capillary LC system (Agilent Technologies) coupled to either an LTQ-
Orbitrap mass spectrometer (Thermo) or an LTQ linear ion trap (Thermo), both operating in positive
mode and equipped with a nanospray source. Peptide mixtures were trapped on a ReproSil C18
reversed phase column (Dr Maisch GmbH; column dimensions 1.5 cm x 100 um, packed in-house) at
a flow rate of 8 pl min™. Peptide separation was performed on ReproSil C18 reversed phase column
(Dr Maisch GmbH; column dimensions 15 cm x 50 um, packed in-house) using a linear gradient from
0 to 80% B (A = 0.1 % formic acid; B = 80% (v/v) acetonitrile, 0.1 % formic acid) in 70 min and at a
constant flow rate of 200 nl min™ using a splitter. The column eluent was directly sprayed into the
ESI source of the mass spectrometer. Mass spectra were acquired in continuum mode;
fragmentation of the peptides was performed in data-dependent mode. Peak lists were
automatically created from raw data files using the Mascot Distiller software (version 2.3;
MatrixScience). The Mascot search algorithm (version 2.2, MatrixScience) was used for searching
against the NCBI database (taxonomy: Mus musculus; release NCBInr_20081130.fasta). The peptide
tolerance was set to 10 ppm (Orbitrap) or to 2 Da (ion trap) and the fragment ion tolerance was set
to 0.8 Da. A maximum number of 2 missed cleavages by trypsin were allowed and
carbamidomethylated cysteine and oxidized methionine were set as fixed and variable

modifications, respectively. The Mascot score cut-off value for a positive protein hit was set to 40.
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Chromatin preparation

Crosslinked chromatin was prepared by adding formaldehyde directly to culture medium to a final
concentration of 1%, and incubated for 10 minutes at room temperature. The reaction was stopped
by the addition of 1 M glycine to a final concentration 0.125 M. The cells were spun at 450g for 3
min at 4 °C (Eppendorf centrifuge 5810R), the supernatant was decanted and the cells were washed
2 times with ice cold PBS. The cells were resuspended at a density of 2x10% cells mI™ in sonication
buffer (10 mM Tris-HCI, 1 mM EDTA, 0.5 mM EGTA, pH 8.0) plus 1x complete EDTA-free protease
inhibitor (Roche), and incubated for 10 min on ice. The cells were disrupted and the DNA sheared to
200-800 bp fragments by sonication at 0 °C (Sanyo, SoniPrep150 large probe, 20 times, amplitude 9;
15” on; 45” off). The sample was centrifuged for 10 minutes at 15,000g (Eppendorf centrifuge
5415D) at 4 °C, and the supernatant aliquoted. The pellet was discarded. The samples (chromatin)
were snap-frozen in liquid nitrogen and stored at —80 °C. The efficiency of sonication was analyzed
by adding 8 pul 5 M NaCl to 200 pl chromatin sample and the crosslinks were reversed at 65 °C for 4
hours. The DNA was recovered by phenol chloroform extraction and run on an agarose gel to

analyze shearing efficiency.

Chromatin Imunopercipitation (ChIP)

A chromatin sample equal to 10x10° cells (i.e. 100 pl) was taken up in 1 ml ChIP dilution buffer
(0.01% SDS, 1.1% Triton X100, 1.2 mM EDTA, 16.7 mM Tris-HCI, pH 8.1, 150 mM NaCl) containing 1x
complete EDTA-free protease inhibitor (Roche). Chromatin samples were pre-cleared by incubation
of the chromatin with 60ul (50% slurry) of Protein A agarose/salmon sperm DNA (Millipore) for 30
min at 4°C with rotation. The agarose was pelleted by brief centrifugation for 1min at 400g
(Eppendorf centrifuge 5415D) and the supernatant was taken up in a fresh eppendorf tube. At this
stage 20 pl (2%) of the pre-cleared chromatin was kept to serve as input and DNA was extracted
along with eluted material in the end of procedure. The pre-cleared chromatin was incubated with
10ug of ZBP-89 antibody (ab69933) and incubated overnight at 4°C with rotation. Protein A agarose
Salmon Sperm DNA beads (Millipore) were added the next day and incubated at 4 °C with rotation
for another hour. The agarose was pelleted by centrifugation (1 min at 400g) and the supernatant
carefully removed. The protein A agarose::antibody::protein::chromatin complex was washed for 3-
5 minutes on a rotating platform with 1 ml of each of the buffers in the following order, all at 4 °C; a
Low Salt Immune Complex Wash Buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl,
pH 8.1, 150 mM NaCl), one wash; a High Salt Immune Complex Wash Buffer (0.1% SDS, 1% Triton X-
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100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1, 500 mM NaCl), one wash; LiCl Immune Complex Wash
Buffer (0.25 M LiCl, 1% NP-40, 1% deoxycholic acid (sodium salt), 1 mM EDTA, 10 mM Tris, pH 8.1),
one wash; TE Buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0), two washes. At this stage the
protein::chromatin (ZBP-89::DNA) complex was eluted from protein A agarose::antibody by two
addition of 250 pl of elution buffer (1% SDS, 0.1 M Na,HCOs), incubated at room temperature for 15
min with rotation. The elution was pooled (500 ul) and the 20 pl input sample that was saved in the
beginning of procedure was taken up in 500 pl of elution buffer. The elute and input material were
de-crosslinked by addition of 20 pl of 5 M NaCl incubated for 4 hours at 65°C on shaking platform.
The de-crosslinked material was digested by addition of 10 pl of 0.5 M EDTA, 20 pl Tris-HCI, pH 6.5,
and 2 pl of 10 mg/ml Proteinase K, incubated at 45°C for 1 hour. DNA was cleaned by two
phenol/chloroform extraction and precipitated by addition of 20 ug glycogen (Roche) followed by
ethanol precipitation. The DNA pellet was washed with 70% ethanol and resuspended in double

distilled de-ionized water (200 pl for ZBP-89 precipitated sample) and (400 pl for in put control).

Quantitative PCR of ZBP-89 precipitated DNA

Quantitative real-time PCR (MylQ, Bio Rad) was performed using 0.75 pl of SYBR Green | (Sigma
$9430) 1/2,000 dilution in DMSO, Platinum Taq kit (Invitrogen), 10 pmol of each primer, 4 ul DNA
sample under the following cycling conditions: 3 min at 95 °C followed by 40 cycles of 30 sec. at 95
°C, 20 sec. at 56 °C, 40 sec. at 60 °C, 15 sec. at 75 °C. Ay promoter was used as endogenous
references. Enrichment of specific sequences was calculated using the comparative CT method
(Livak and Schmittgen, 2001).

Primers used for Quantitative PCR:

BLCR HS4-F 5’>TTTCTCTCTCCCACTCAGC
BLCR HS4-R 5’>TGCTATCAAAGCCCTGACA
BLCR HS3-F 5'>GCTCAGATAGGTGGTTAGGT
BLCR HS3-R 5’>TGGTCTATCTCTCCTGGCT
BLCR HS2-F 5’>CTCCATTAGTGACCTCCCA
BLCR HS2-R 5’>TTACACAGAACCAGAAGGC
BLCR HS1-F 5 >TGCGGTTGTGGAAGTTTAC
BLCR HS1-R 5’>CACTAAGGGTGAGGATGCT
Aypromoter-F 5>GAAACGGTCCCTGGCTAAACTC
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Aypromoter-R 5'>CCTCACTGGATACTCTAAGACTATTGG
Ay 3.7 kb downstream-F 5’>AATGACCTAATGCCCAGCAC

Ay 3.7 kb downstream —R 5'>AGTGTTGGGGGAGAAGTGTG

Ay 4 kb upstream-F 5’>TCAGCAGAGGCAGTCAGG

Ay 4 kb upstream —R 5’ >TGATGGTCCTTCCTTACTCAC

ChIP Sequencing

Cross-linked chromatin from 1 x 10% cells were used per ChIP-Seq experiment. Chromatin
preparations and precipitations were performed as described for the ChIP experiment above. The
precipitated material was sequenced by Illumina Hi-Seq. 10 ng of ChIPped DNA was end-repaired,
ligated to adapters, size selected on gel (200125 bp range) and PCR amplified using Phusion
polymerase as follow: 30sec at 982C, 18 cycles of (10sec at 982C, 30sec at 652C, 30sec at 722C), S5min
at 729C final extension. Cluster generation was performed using the Illumina Cluster Reagents
preparation, and the library was sequenced on the lllumina Genome Analyzer Il platform to
generate 36 bp reads. Images were recorded and analyzed by the Illumina Genome Analyzer
Pipeline (GAP). The raw data from the Illumina Genome Analyzer were processed using the IPAR
(Integrated Primary Analysis Reporting Software) and the GAP. The resultant sequences were
mapped against NCBI build 37.1 of the human genome using the ELAND alignment software

(Mlumina).

Lentiviral-mediated shRNA Knock down

shRNA vectors were obtained from the TRC Mission human and mouse library from Sigma.
Packaging was done as described by the Sigma Mission library protocol. HEP cells were transduced
with lentiviruses containing shRNAs, puromycin was added at a concentration of 1 ug ml™* for 24

hours and the cells were kept in culture for another 5 days before harvesting and further analysis.

RNA sequencing
HEP cells were harvested after lentiviral-mediated shRNA knock down. Total RNA was extracted
from cells using the TRI reagent (Sigma) and used directly for RNA sequencing analysis. RNA

sequencing was performed on an lllumina Hi-Seq as described (Soleimani et al, 2012).
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Chromosome Conformation Capture sequencing

3C material was prepared essentially as described (Palstra et al., 2003b; Soler et al., 2010). Apol was
used as the primary restriction endonuclease. Purified 3C DNA was used for 3C-Seq library
preparation as described (Palstra et al., 2003b; Soler et al., 2010; Stadhouders et al., 2011), using
Dpnll as secondary restriction endonuclease. Viewpoint-interacting DNA fragments were PCR-
amplified using viewpoint-specific divergent primers linked to standard lllumina adapter sequences.

The sequence of the primers is follow:

HS1 viewpoint

Apol primer: AGTCCTTAGCTTTATGTTGCTG
Dpnll primer: GCAAGGCTTAAATGGAAGAAG
HS2 viewpoint

Dpnll primer: ATGTTTCTTTCCTCTCAGGATC
Apol primer: GTGACATGACTTAAGGAACTATAC
HS3 viewpoint

Apol primer: CCCAAGGTTCTGAACATGAG
Dpnll primer: AGAGTGTGCATCTCCTTTGA
HS4 viewpoint

Dpnll primer: TAGCCAGGCATGTGATGTA

Apol primer: TGTAGGGTTGAGAGGGAGAT
HS5 viewpoint

Apol primer: ACACTAGAAGGCAGGTATTATCT
Dpnll primer: CAAAGAGTAAAAGGATTGAAGCC
HBG2 5’ZBP-89 binding site

Apol primer: TGGAGTCTGCACACCAAA

Dpnll primer: TGGAGTCTGGTAGACCTGAT
HBG2 viewpoint

Apol primer: TTGGCAATCCATTTCGGC

Dpnll primer: TCCTCTGCAGTTTCTTCACT
HBG1 viewpoint

Apol primer: TTGGCAATCCATTTCGGC

Dpnll primer: CCTCTGCAGTTTCTTCACC
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HBG1 3’ZBP-89 binding site view point

Dpnll primer: GAAGAATGTCTTTGCCTGATTAG
Apol primer: CATGTGTATTTCAAGGAGACTCT
HBB-promoter viewpoint

Apol primer: CCATCACTTTGGCAAAGAATTC
Dpnll primer: GAAAACAATTGTTATGAACAGCAA

The resulting 3C library was single-read sequenced on the lllumina Genome Analyzer Il platform
generating 76 bp reads. Images were recorded and analyzed by the GAP pipeline. The resulting
reads were trimmed to remove viewpoint-specific primer sequences and mapped against NCBI build
hgl8 of the human genome using ELAND alignment software. To calculate the coverage, aligned
reads were extended to 56 bp in the 3’ direction using the 3C-Seq pipeline (Thongjuea et al.,
unpublished). The interaction-enriched regions per Apol fragment were measured by calculating the
number of reads per million (RPM) per restriction fragment. Data were visualized using a local

mirror of the UCSC genome browser.
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Supplementary Figure 1) ZBP-89 forms distinct complexes in MEL cells and K562 cells. ZBP-89-V5-Bio

precipitation with V5 agarose beads in MEL (left panel) and K562 (right panel) cells.
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Supplementary Table 1

Differentially (up) regulated genes upon ZBP-89 knock down

[KD [WT
Fold read |read

Gene name __|change |padj |count [count
crvM 1417|2623 4202 32]crystallin mu
ENC1 136.4) 1E-06] 251 2]ectodermal-neural cortex 1 (with BTB-like gomain}
CTSE 119.3] 3E-19 2321 21|cathepsin E
[TMEMT4 108.2] SE-13] §75| 10|t protein 74
KALRN A47.8) SE-041 133] 3kalirin RhoGEF kinase
RAB32 478 SE-02] a4 JM member RAS oncogene family
JADRATD 396 4E-03) 110 3|adrenergic_alpha-10- receptor
co52 38.0 1E-08] 845 24|C052 molecule
[KCHK1T 36.2] 2E-07] EZTI 8|potassium channel subfamily K member 1
|zFPnz 278 3804 22] j inc finger protein multitype 2
MRC2 278|  7E-08] 283] 11]mannose receptor € type 2
NXF3 268 4E-07) 761 31 |nuclear RNA expert factor 3
[rivpa 264 1504 283) 12|TIMP_ metaliopeptigase inhibitor 4

'S8L3 235 48| 1E|EPSE-like 3
ESPNP 224 3E- 9| 1824 88espin_pseudogene
NPY 1R 21.8] 2E—D3I 182| | i Y receptor Y1
|EPN 20.8] 2E-11 20007 madespin
MT 1F 208 SE-02] 77] & metaliothionein 1F
IGOLSE 201 SE-08] 1450 78| GO/G1switch 2
|ENTA| 19.6] 4E-05] 458| P! alpha 1 protein A1 58kDa acidic component)
ICCRT 18.2 ﬁErﬂﬁl 713] {C-C_motif) receptor 7
sLc16A3 18.7|  1E-04 solute_carrier family 16 member 3 { [Scurce:HGNG Symiol Acc:10824)
SLC25424 18.4] 2E-07] solute carrier family 25 member 24 [Source:HGNC Symbol Acc 20662]
e 84| ae.o8 1L i Symbol_ Ace:7404]
PLXNB3 17.2]  $E-06] ?eel 48plexin B3 [Source:HGNC Symbol Acc:9105]
CACHD1 166 SE-06] 58|cache domain containing 1 [Source HGNC Symbol Acc 29314]
MT1G 14.2] SE-06] metalicthionein 1G [Source:HGNC Symbal Acc:7388]
|;1M45A 13.3] 103 family with sequence similarity 43 member A [Source'HGNC Symbol Acc 25373]
|pne=n 13.0 ea.nsl 757] 63platelet-derived growth factor alzha polypeptide [Source:HGNG Symbol Ac 8799]
| 128 201 B 14 [Source HONG Symbol Aox7393)
snpH 121 168 15|syntsphilin [Source:HGNG Symbol Acc:15831]
[C110r21 11.8 2E-07] 3225 292]Uncharactenzed protein C110721 [Source:UniProtKBiSwiss-Prot Acc: QIP2WE]
TEC1D12 11.7) 2E-04]
[RELM 11.5] 1E-07}
M‘!H 108 3E-02) metaliothionain 1H [Source: HGNC Symbol Acc:7400]
EGFLT 10.0 3E-05] 147 |EGF-like-domain_multiple 7 [Source HGNC Symbol Acc:20534]
TSPANZZ 89| |E-ua| tetraspanin 32 [Source:HGNC Symbol Acc13410)
FAM1788 1.7 520{family with seguence similarty 178 member B [Source: HGNC Symbol Acc.28036]
sLczrag 7.6 sE-04) 178|solute carrler family 27 {fatty acid transporter] member 4 [Source HGNC Symbol Aco:10938]
MT 1X 7.8 2E-03] 137 metalicthionein 1X [Source:HGNC Syrmbol Ac
MT2A 7.3 4E-05) 3102 28 [Source:HGNC Symbol Acc 7408]
Prc2 74| ae-08) 20445 o 2 bone marow | Symbol Acc9362)
MT1P1 74| SE-03] 763 116 metallothionein 1 pseudogene 1 [Source:HGNC Symbol Acc 23661]
ORAI3 68 2E-03 1180 186|ORAI calcium relesse-activated calcium modulator 3 [Source:HGNC Symbol Acci28185)
TPsEz 6.4 3£-03] 203|tryptase beta 2 [Source: HGNC Symbol Acc:14120]
LAMB3. 8.3 1E-02] 141-|-Iammm beta 3 [Source: HGNC Symbol Acc:6450]
[TPSAB1 6.3 2E-03] 246|iryptase alphaibeta 1 [Source:HGNC Symbol Acc 12019]
[BEX1 6.2] 2E-04] 504|brain_expressed Xinked 1 [Source: HGNC Symbol Acc:1038]
I;Rw:z £.2] 208]serine 2 [Source:HGNC Symbol Ace23231]
Igsﬁps 6.1 379|secreted frizzied-ralated protein 5 [Source HGNC Symbol Acc:10779)
TN 6.1 AN|TRAFZ and NCK interacting kinase [Source:HGNC Symbol Acc 30765)
LRRCA £.0 144]leucine rich repeat containing 4 [Source: HGNC Syrmibol Acc 15586]
PFKEBA. 6.8 5 kinase/ffuctose-2 4 [ Symbal Ace 8875]
[TNFRSF 19 6.8 3E-02] tumor neeresis factor receptor superfamily member 13 [Source HGNC Symbol Ace 11915]
oHrs11 8. (SDR_family) member 11 Symbol Acc:28539)
Iﬂl\ic 4.9 |sema domain domain {lg) 4C [Source:HGNC Symbol Acc:10731]
sTARDE 4.7] SLAR-related lipid transfer (START) domain containing 8 [Source:HGNC Symbol Acc 18161]
STX3 4.8 syntaxin 3 [SourcetHGNC Symbel Acc 11438
ol 4.6 217fiight junction protein 1 izona ocoludens 1) [Source'HGNC Symbol Acc 11827]
buses 4.4) 2Sa|dual specificity phesphatase 8 [Source HGNE Symbol Ace:3072]
C120rf23 4.2] 4E-02) transmembrane protein C120rf23 [Source-UniProtkB/Swiss-Prot Acc: QBWLIHE]
Fasn 41| 203 synthase [SourceHGNC Symbol Acc35sd]
MIF 40| 2E-02] migration inhibitory factor [Source HGNC Symibal Acc: 7087]
LoHA 3.5 2E-02f 4568)lactate_dehydrogenase A [Source: HGNG Symbol Acc6535)
|miai 33| wsleHNAK nucleoprotein [Source HGNG Symbol Acc347]
RALE 3.8 530|v-ral simian leukemia viral oncogene homolog B [Source: HGNC Symbol Acc:9B40]
=] 3.8) 1233|progestin and adipeQ receptor family member I1X [Source HGNG Symbol Ace 30131]
A a7 protein ENSP T UniProtEITIEMBL. Acc-BSMCZT)
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The role of ZBP-89 in globin regulation

Supplementary Table 1 (Continued)
Differentially (down) regulated genes upon ZBP-89 knock down

KD WT
Fold read |read

Gene hame change |padj |count Jcount
1 P 4G -5.4) SE02 1440 -1 o 4 at: 2 [Source:HGNC Symbol Acc:G051]
F O3 -3.6) 4_E~02 599 3506]FBJ murine ostecsarcoma wiral oncogens humulug Source:HG NC Sﬂbul Ao 3 T96]
F.81 -3 6 4_E~02 3541 13833 |retinoblastoma 1 [Source:HGHC S\ﬂ:ul Foz9584]
[TCP11L2 -3.7) 2E02 1528 6173 ft-complex 11 (mousedlike 2 [Source:HGHC Swmbal Acc 28627
PHGDH 28] 2E02 1737 7031 [phomphoglycerate dehydrogenase [Source:HG NG Symbal Ace £923]
RG516 38| 2ED2 5632 2709 |requiator of G-protein signaling 16 [Source:HGNC $ymbol fec:0007]

#T2B -4.0) 1E02 1847 794 |methionine adenosyiransferase |l beta [Source HGHC Symbol AecG008]
DAPK1 -4.0) 2E02 5987 259 15|de ath-aszociated protein kinase 1 [Source HGHC Sﬂol Aoc267 4]
[ThRACCZ -4.2] 1E02 2600 18239transmerrbrane and coiled-coil domain fam'lz 2 [Source:HGNC S\ﬂbol Ao 4230]
RMF11 -4.2] 1E02 2404 112306 |ring finger protein 11 [Source HGHC Swmbol Acc:10056]
C2e -4.4] 1E02 623 2044 carbonic anhydrase Il muscle specific [Source HGHC Symbol Acc:1374]
CC AT -4 SEOZ 2700 18207 foyelin 22 [Source :HGNC Symbol Acc1578]
CHNG -4 8] JE03 788 A4l jcalponin 3 acidic [Source:HGHE Symbol PAos2167]
|~RG1 -4 | SE02 177 9 14]arginase liver [Source: HGMC SEDO\ Ao GE3]
FRAMLS -4.2] 1E-02 230 17 26 [formin-like 2 [Source:HGMC Sﬂbol Ao :23608]
FECR -6 01| 1E02 302 16 16 Jperoxdsomal frans 2 -enoyl-CoA reductase [Source HGWC Symbol Acct 8381]
oG RP2 ER] R 47 1363|RAS guanyt releasing protein 3 (ealeium and DAG-reguisted) [Source HGNC Symbol fce:14545]
CLIC4 -5.2] IE03 5120 213466 |chloride intracellular channel 4 [Source HGNC Symbol Acc: 136 18]
ID1 -5.3) SE04] 10 3239 |inhibitor of DNA binding 1 dominant negative helix-loop-helix protein [Source HGNC Syimbol AccA360]
LN\AB -6 1] JE02 101 fi53 |0l weoprotein fransmembrane) nmb [Sounce HGNC S\@ol Aocddd 1]
[ZHF7 11 -6.0) 1E02 135 873 fzing ﬁn;er Erulein 711 [Source HGNC S@ul ﬁcc.1312_8]

TAS -6.5) 4E02 63 44 i i 1 family member 3 [Source HGNC Symbol Acc23784]
PELE 66| 2E02 79 560[peline hemolog 2 (Drosophila) [Source HGHC Symbol Acc:2g2s]
[ZHF 142 -6.9) SED4] 208 1556 |zin finger protein 148 [Source HGHC Swirbol Acc:12833]
C 160 rf5 6.9 1E02 a7 52| Uncharacterized Erotein C1Garf4s [Souroe:UniPthB.fSwis_s—Prot ﬁcc:QQBMCS]
RAP1G AP =71 JEDS 1232 9393|RAP1 GTPase ach\aﬁng Emtein Source: HGNC Smbol A 2858]
IL15 -7.3] JE02 113 295 finterleukin 16 hocye chemoattractant factor) [Source:HGHC Sﬂbol Av;:SQS_D]
ITGE1 -7.9] 2E06 2101 263 17finfegrin beta 1[Source:HGNC $wmbol Ao £ 153]
CHDZ -9.0) 1ED0% 280 2732 |chromodomain helicase DNA binding protein 2 [$ource:HGHC Swmbol Aec:1918]
RGo0 32| se0z 18 190|reguigtor of G-protein signaling 9 [Source:HGMC Symbol Acc:10004]
IGFBP4 -16.8 2E02 2 148 finzulindike growth fdor binding Embein 4 §our0e:HGNC Sﬂol Foof47 3]
[TsLr -e3| 1ED4] 7 491|:nymc stromal hymphopeistn [Bource:HG ME Symbol Acc0743]
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Supplementary Table 2 - ZBP-89 bound genes and up-regulated upon its knock down

KO TRC
Gene Fold read read
name shange |padj |count |count |dessriptian
KALRM 123.5] 0,00 133 3| kolirin, Aho GEF kinase [Source:HGNC Symboldce:d314]
TCTEXID1 56.5 0,10 58| &| Tetex! domain containing 1 [Source:HGNC Symbol;Acc:26852)
5003 23,2| 0,36 30 1| superaxide dismutase 3, extracellulor [SoureHGNC SymbokAce151]
ZMTND12 23,4 043) 24 13| sinc finger, MTMD-typ e containing 12 [Source:HGNC SymbolAcci21132]
FLEXNES 22,6 000 T66) 48| plexin B3 [FourceHGNC SymbolA cc:3105]
LRRCE 15.1] 043 3 1| leucine rich repeat containing B [Source HGNC SymbolAcc16725]
FCIKS 14.6] 0.00 et 201 proprotein convertase subtilizintkexin type 3 [FourcaHGNC Symbol:Acc:200011
FTPN21 i4.4| 024 4 10| protein tyrozing phosp 3 pror type 21[ SpmbolhcedBEi]
ZFPM2 14.1] 0,04 232 3] zine Finger protein, multitype 2 [Source:HGNC Symbokdee18700]
CREBSLS 053 23| 1] eAMP responsive element binding protein 3-like 3 [Source:HGNC Symbol;A ce:18555]
PDEIE 0,58 27 8| phozphodi 1B, fin-dep [SourecHGNG Symbal:Aec:BT75]
PRG2 11,21 0,00 20446 3102 | proteoglycan 2, bone marrow (natural killer cell activator, ¢ nule major b
EGFLY 1.0] 000 1368 147 | EGF-likie-demain, multiple T [$ource:HGNC SymbolAcc20534]
TBCIDIZ 10,3 | o 853 50| TBC1 domain family, member 12 [fource HGNC SymbolAcci082]
THNFRSF13 10.0] 001 086 138 | tumor necrasis tackor receptar suparfamily, member 19 [Sourca HGNC SymbalA cc 119151
TESOH 3,1 o000 250, 34| tryptaze deles 1 [SourcaHGNET Symbolidcciidiia]
HHEX 2.1] o021 184 300k poictically exp dh box [ HGNC Symbaldecc4301)
THIK 6] 004 624 | TRAF2 and MCK interacting kinsse [Source:HGNC Symbokicc:30765]
SLCBA1 T.5] 000 230 115) solute carrier family & (neutral amine acid transporter), member 13 [SourceHGNE SymbokAce:27960]
MAPIKE 7.4 0,18 258 70| mitogen-activated protein kinase kinase kinaze 6 [Source HGNC Symbol,Acc:6858]
GPRIG 2] 057 126 23| G protein-coupled receptor 98 [Source:HGNC $ymbolAcciTai6]
A2GR1 0,57 43 13 alp glpcoprotein 1, zinc-binding [SourceHGNG SpmbolAcc:¥in]
ANKRDSS 053 4 16| ankyrin repsat domain 55 [SourceHGNC Symbol A cci25681]
NTN1 0,35 173] 58| netrin 1[Source:HGNC Symbal;4 ce:5023)
PPMIH 0,01 2221 733| protein phozphataze, Ma2+/Mn2+ 4. dent, 1 [ HGN! bolAcc:18583]
ROR2 6.1] 053] &7 21| receptor tyrosing kinase-like orphan receptor 2 [Source:HGNC SymbokiAcc10257]
ORAIS s2] oot 180 186 | ORI calcium release-activated calcium modulator 3 [Source:HGNE Symbol;Acc:28185)
HEPG2 5.2 031 243 66 heparan sulfate proteoglycan 2 [Sourcs:HGNC SymbokA<cF2T3]
TSEN2 46| 025 598 255 | tRNA splicing endonuclenze 2 homoleg (¥, carevizize) [Source:HGHC SymboliAcc:28422]
ENPF3 46| 054 204 45 ide pyrophosph phosphodi 3 [SourceHGNG Symbol,Ace:5355]
KiA&0502 46| 025 583 214 | KIAADS02 [Sourca:HGNC Symbolidcc:28121]
AHNAK 45| 003 6312] 1757| AHMAK nucleoprotein [Source:HGNC Symbol;Acc:347]
SFRPS 44| 007 2132 373] secreted fri d-related protein § [Source:HGNC Symbokacc:10773]
EGR1 4,3] 004 ﬂda 14415] carly growth response 1[Source: HGHC SymbolAcc:3238]
MOBKL2E 4.2] 035 504, 223| MOB1, Mpe One Binder kinase activater-like 26 (yeast) [Source:HGNC Symbol;hec:23625)
CilorTé 411 001 3503 1204 | Leucing-rich repeat-containing protein C1TorfTé [SourcelniProtKBiS wiss-ProtAcc:RBNAAS]
ACSL4 5.3] 007 1334 5368 | acyl-Cod synthetase long-chain Family member 4 [Sourca:HGNC SymbolAcc35T1]
LAMES 3.3| 030 B2z 141 lominin, bets 3 [Source HGNC SymbolAce:6430]
RIMES 0,57 550 330] raqulating synaptic membrans sxocytosiz ¥ [Source:HGNG Symbolidcc21232]
PLEC 3.1 0,16 2303 312 plectin [Source:HGHC Symbol;Acc:3063]
SFXN2 3.6 013 2005 1038 | sideroflexin 2 [Source HGNG SymboliAcc16088])
CHO? 6| 012 5197) 2633 chremedomain helisase DNA binding protsin T [$ourcaHGNC Symbolifcc20626]
FBXWS 5| 052 491 192|F-box snd WD repest domain containing 3 [Source:HGNC Symbolicc:28136)
BCORLY 3.5] 041 188 J03|BCLE corepressor-ike 1 [Source: HOME SymboliAcc:2 56571
PIK3R2 .4 0,15 5393 3853 | phosphoinesitide-3-kinaze, regulatary subunit 2 (beta) [Source HGHNC SymbolAccddd0]
ACI24T35.1 3.3] 048 885 3568| Purstive lg-like domain-zontaining pravein DEFZp6 85024 166/DKFZpBa6IZ1ET Precurzer [SoureclniPratkBiSwiss-ProvheeGbsDEs]
CHorf123 N 0.43] a77] 4ET|Tr: b protein C3orf123 [Source:UniProtKBISwiss-ProtiAcc:@I6GES]
MLLTS 5.2| 023 3281 1658| myeloid!lymphoid or mixed-lineage leukemia [trithorax homolog, Drosophila); translocated to, 3 [Source HGNEC Symbol;Ace:1156]
SLCI0A10 3.2] 035 1531 B05| colute carrier family 30, member 10 [Source:HGNC Symbol;Acc:25355)
WWE2 3.1] 046 113 602] %W and C2 demain containing 2 [$ourcsHGNE Symbolhcc24145]
BOP1 23| 0% 5813 3664 block of proliferation 1[Source HGMNC SymbokA ce:15513)
ACOTS 2.5] 045 1546 732| acyl-Cod thioesterase 3 [Source HBME SymboliAcc:1TIse]
SLCasalt 0,35 2343 158 zolute carricr family 25 {mitochondrial car: peroxizomal membrane protein, 34k0a), member 17 [Sourca HGNC SymbolAcc:1055T)
1GGAPE 3] 034 3342 1846 | 15 matif eantaining GTPase activaring pratein 2 [SsureeHGNC Symbalbeebiif]
AC1452311 2.3] 034 4300 2623 KM-PA-2 protein [Source:UniProtKB/TrEMBL:Acc:R36025]
TTLLE 2,3| 036 3056 1108 | tubulin tyrosine ligase-like family, member 4 [SourceHGNC SymbolAcc28376]
$ACS 25| 03s]  seoz| 2114 ] spastic staxia of Charlevoix-Saguenay (zacsin) [SourceHGNC Symbolace10513]
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Supplementary Table 2 (continued) - ZBP-89 bound genes and down-regulated upon its knock down

KD TRC
Gene Fold read read
name change |padj [count [count |description
ULER1 2o| os3 450 1573| UL1G binding protein 1 [Source:HGNC Tymbolihccild§33)
REEP4 -2,3] 035 1204 3014 receptor accessory protein 4 [Source HGNC SymbolAcc:26176])
STIM1 2 0,33 1537 3938 stromal interaction molecule 1 [Source:HGNE SymbolAcc:1586]
DGUOK -2,3 0.41 817 1783| deoryguaneszing kinaze [Tource:HGNC Symboliicc:2858]
PEART #] 035 330 2386 platelet endothelial ion receptor 1[Sourca HGNC SymboliA cc:33631]
FAMIZIA 2,5] os5| 0983|2967 Family with sequence 5 ty 129, member A [Source HGNC SymboliAce:16754]
Chorfi6l -2.3] 038 " 1467] family with sequence similarity 165, member A [Source:HGNC SymbolAcc:21400])
FMNL2 5] o054 342 865| formin-like 2 [SourceHGHC SymbolAcc:18261]
LPINZ 00| 033]  sesz| 32884 lipin 2 [Source HGHG SymbolAce14450]
TCEA1 oo 03 9513|  s0687 iption elongation factor A (SII), 1 [SourcaHGNC SymbolihcctiB12]
ABHD4 i€ 0,23 14535 32538 abhydrolase domain containing 8 [Source: HGNC SymbokAcc20154]
Ui 0| o046 335, 80| U1 spliccosomal RNA_[SeurceRFAM:Ace RF00003]
YPELS A 0.26 2244 5137] yippec-like $ (Orozophik) [SourceHGNC SymbokAcc:18323]
RTNS 0,28 8212| 23393 retieulon 3 [Source HGNG Symbol;Acc0453)
BCL1IA 0,55 227 18| B-cell CLLIymphoma 114 [zinc finger protein] [Sourcc:HGNC Symbolidcc13221]
HiIFQ s 051 61554 177342 H1 histone family, member O [SourcHGNC SymbolAcc:dTi4]
FYN 2| o028 1178|  3348| FYN oncogene related to SRC, FGR, YES [Source:HGNC SymboliAcc:4037]
FOX03 . 034 21651 73827) forkhead box O3 [SourceHGNC SymboliAcc:3821]
GATS E 056 134 507) GATS, stromal antigen 3 opposite strand [Source:HGNC SymboliAcc:23954]
SMURF2 | o4s 262 £32) SMAD zpecific E3 ubiguitin pratein ligaze 2 [SourceHGNC SymbokAcc:16503]
RB1 0.18 354 13833 retinoblastoma 1[SourcHGNC Symbol:Acc:3854]
FNRC1 i3 013 His 3331] proline-rich nuclear receptor conctivator 1 [SourceHGNC SymbokAcaii2is]
CEFE -3.2] o050 20 530| core-binding factor, bets cubunit [Source:HGHC SymbolAcci533]
TECID3C 4] 034 355 333| TBC1 domain family, member 3C [SourcaHGNC SymbolAcc:24589)
TECIDSG ¢ o35 a2z 78| TBC1 domain family, member 3G [SourceHGNC Symbokhcc:23860]
ccoci -3.4 018 335 1976 | coiled-coil domain containing 7T [Source:HGHC Symbol,Acci28203]
TRPS1 3.5 0,51 123 368 | trichorhinophalangeal syndrome | [Source HGNC Symbokicc12340]
HISTIH4C 2o| oae 1. 554 hiztone cluster 1, Hec [SourceHGNE Symbol:Aced 757)
DAPKY it 014 5387 25315] death-associated protein kinace 1 [Source:HGNC Symbol:Acc:2674)
CAB33L i) 058 105, 262| calcium binding protein 3: e [Source:HGNC SymbolAcc-20230]
NFE2L1 -3¢ 042 11491) nuclear Factor (erythroid-derived 2)-like 1[SourccHGNC SpmboliAcc 7781
MBENLZ -3¢ 0.1 1133 leblind-like 2 ([Drocophila) [Source:HGHT bol, 16746]
PRI s.6] 038 222 iphosphate receptor, type 1 Symbol:A ee:6180]
$H2D3C 3.0 0,51 S0 2!1'% domain containing 3C [Source:HGNC SymboliAcc:18554]
RAB33B 3 016 432 1580| RABSSB, member RAS oncogene family [Source HGNC Symbol;Ace:16483)
SLC3EAL 3.9] 028 228 18] solute carrier family 38, member 1 [SourccHGNC Symbolicct384T]
osm ] 032 194 al_sl sncostatin M [Source:HGHE SymboliAce:3506]
Asst 4,0 0,20 294 648 argininosuccinate spnathase 1 [Source: HGNC Symbol;Ace:758]
CHN3 4.0 0.08 188 lDlSl calpenin 3, scidic [SourcHBNC SymboliAcc:215T]
RAB43 4 0.16 301 SEI RAB43, member RAS oncogent family [Source:HGNC SymboliAcc:13383]
Chorf223 s 0,05 1573|4030 Uncharacterized protein CEorf223 [SourcoUniProtkBiSwiss-Prothce RBNS13]
cLcs 4 0.06 5120 23466' chloride intracellular channel 4 [Source:HGNC SymbolAcc:13518]
FPHGOH 451 004 737 T031) phosphogl hyd ymbol;Acc:8923]
sHID20 4.3] 033 120 337| Rho GTPaze activating protein 21 [SourceHGNG Symbokhce:31813]
KlAs0427 45| o022 156 53l| KIAAD42T [Source:HGNC SymboliAcc:23525]
TNFREFI0E 4.6] 002 2509 1011 tumor necrosiz fuctor receptor superfumily, member 10b [Source:HGHC Symbol:Acc:11905]
BNF1 -4 002 2434 N305] ring finger protein 1 [Source:HGHC SymbokAcci10056]
ASEIP1 $ 0.51 28 &3] argininosuccinate synthetase 1 preudogens 1 [Sourca HGNC SymbokAccT53]
GAB2 5] oot 320 2562 | GRE2-aszocisted binding protein 2 [TourceHGNE SymbolAcc:14458]
ClBorfds 2] 022 a7 652 Uncharacterized protein C180rf45 [TourcuUniProtkBISwize-ProtiAcc@ISMCE]
FEN1 . 002 535 1857] fibrillin 1{Sourca:HGNC SymbokAcc:3603]
SLC3TAL 4| 060 20 46| zolue currier fumily 37 (glyceral-3-phosphate tranzporter), member 1 [SourceHGNC SymbolAce:iiozd]
BiNZ £ 042 i3 470] bridging integrator 2 [Sourca HGNC SymbolAcc1053)
FMNLS o] 002 330 1725 formin-like 3 [Source:HGHC $ymbolAcc:23698]
PLXMNAY -3 0,10 AT1] plexin Ad [SourceHGNC SymboliAcc:3102]
GLIPR2 -5.5] 005 563| GLIpath ic-related 2 [Source:HGNC SymboliAcc:18007]
MTAS & 010 63 JlEl metastasis associated 1 family, member 5 [Source: HGNC SymbolAcc:25754]

TGE1 -1.3] 0,00 3101 26317 integrin, beta 1 (fibronectin receptor, beta polypeptide, antigen CO23 includes MDF 2, MEK12) [SourceHGNC SymbokAcc:B153]

RAPIGAP 4] 000 1232 9333) RAP1 GTPase act; protein [Source HGHC SymbolAcc:9858]

CA3 .5 | 00 623 corbonic anhydra usele specific [SoureeHGNG Symbol:Ace1574]
AC068580.3 o] oer 23 80| CD225 tamily protein FLITESN [SourceUniProtkBiSwiss-ProtiAcc:ABNMDO]
CELF& =] 034 " 43) CUGEP, Elav-like family member 6 [Source HGNC Symbol;A cc:14053]

SAMDIZ | o0ss 5 18] sterile alphs motif domain contsining 12 [SourccHGHNG SymbolAce:31750]
PLA2GS 0,46 3 33| phospholipaze A2, group Il [Source:HGNC SymboliAcc1T334]

NRSNZ 10.4] 031 3 60| neurensin 2 [Sourea HGNG SymbaliAce:16223]

CYSLTR2 1.0 035 31| cpsteinyl leukotriene receptor 2 [Source: HGNC SymboliAcc18274]

CYFIP2 1, 0,18 1 4] cproplasmic FIMR T interacting protein 2 [Source:HGNC SymboliAcc:13760]
COL9A2 1o | et 3 85| collagen, type 1%, alpha 2 [Source:HGNC SymbolAce:2213]

UNCSB 14.4] 035 3 28| unc-5 hemelog B (C. slegans) [Source:HGNC SymboliAcc:12565]1

E4GALNTS 2z.6] 046 1 4] bata-1,4-N-acetyl-galuctosamingl transferase 3 [Source:HGNC Symbol;Acc:24137]
LMoot 20.6| o043 1 11] leiomodin 1 [smooth musele] [Sourcc HGNG SymbolAce:6647]

LARPE 4 0.20 1 21) Lu ribonucleoprotsin domain family, membor & [Sourcs:HGNG SymbokA<c:24012]1
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Enrichment Score: 2.3485744212350124

(Term Count % PValue |List 1 Fold EnriBonferiBenjam|FDR
GO:0030097~hemopoiesis . 92 498452 0,613| 0.2712] 1.625
GO:0045321~leukocyte activation 92 4.86094 0.24] 1.878]
h_ephA4Pathway:Eph Kinases and ephrins su 10 4311 0.0765] 1.476
G0:0048534~hemopoietic or | oid organ develo 0.00183] 92 13528| 4.52441] 0.809] 0.282] 282
GO:0046649~lymphocyte activation 92 517238 0.2845] 3.409
GO:0002520~immune system development 8| 6.2016 92 4.26213 0.2517| 3.92%
GC:0001775~cell activation 8| 6.2016] 0.00319 92| 4.09877] 0.044 0.2306] 4.857]
Enrichment Score: 2.3218484921340874

Term Count % PValue |List 1

G0O:0007254~JNK cascade 5| 3.876|6.57E-04] 92 X
GO:0031098~stress-activated protein kinase signaling 5| 3.876843E-04] 92 11.6701 . :
GO:0007243~protein kinase cascade 9] 6.9767 92 3.57673 0.212] 5.209]
GO:0000165-MAPKKK cascade 5| 3.876] 0.03549] 92 3.99575 0.758] 43.08]
G0:0033554~cellular response to stress 9] 6.9767] 0.03651] 92| 233815 0.7532] 44.01
Enrichment Score: 1.9601275733470946

Term Count |%  IPValue |List |Pog|ng TdFold EnridBonfer{Benjam|FDR
IPRO01202:WW/RspSIMWWP 4] 3.1008 113] 53| 16659| 11.1264] 0.827] 0.5837] 7.089
SMO0456:WW 4] 3.1008 8.35619] 0.671] 0.4264] 12.07|
domain:WW 2 3| 2.3256 15.8177| 0.9082] 20.27
domain:WW 1 3] 2.3256] 0.01512 15.8177] 0.9092] 20.27)
Enrichment Score: 1.7286581622760875

Term Count  |% |PValue |List 1 Pop TdFold Enrid Bonfar'BenjamIFDR
GO:0030097~hemopoiesis 8] 6.2016] 0.00105] 92 4.98452 0.2712] 1.625]
(G0:0048534~-hemopoietic or | oid organ develo 8] 6.2016 92 452441 0.282] 2.82
(G0:0002520~immune system development 8| 6.2016 92 4.26213 0.2517] 3.926
GO:0030099~myeloid cell differentiation 4] 3.1008 92 0.6773] 32.34
GO:0030218~erythrocyte differentiation .';;I?'%'J’-B 92 1] 0.7563] 41.51
GO:0034101~erythrocyte homeostasis 3 2._3_258| 0.04291] 92 1] 0.7448] 49.54

Supplementary Table 3) Functional annotation terms of genes bound by ZBP-89 and differentially expressed upon its knock down
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Supplementary Figure 2) Lentiviral-mediated shRNA knock down in HEP cells (related to figure 4 and 5).
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Five Friends of Methylated Chtop (5FMC)

SUMMARY

Chromatin target of Prmtl (Chtop) is a vertebrate-specific chromatin-bound protein that plays an
important role in transcriptional regulation. As its mechanism of action remains unclear, we
identified Chtop-interacting proteins using a biotinylation-proteomics approach. Here we describe
the identification and initial characterization of Five Friends of Methylated Chtop (5FMC). 5FMC is a
nuclear complex that can only be recruited by Chtop when the latter is arginine-methylated by
Prmtl. It consists of the co-activator Pelpl, the Sumo-specific protease Senp3, Wdr18, Tex10, and
LaslL. Pelpl functions as the core of 5FMC, as the other components become unstable in the
absence of Pelpl. We show that recruitment of 5SFMC to Zbp-89, a zinc-finger transcription factor,
affects its sumoylation status and transactivation potential. Collectively, our data provide a
mechanistic link between arginine methylation and (de)sumoylation in the control of transcriptional

activity.
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INTRODUCTION

Transcription factor activity is often controlled by post-translational modifications such as
acetylation, phosphorylation, methylation and sumoylation. Some modifications are associated with
both gene activation and repression, while others appear to be more exclusive: asymmetrical
dimethylation of arginine residues is restricted to transcriptional activation, while modification by
sumoylation correlates with inhibition of transcription (1).

Arginine methylation occurs frequently within glycine-arginine-rich (GAR) regions and is catalyzed by
members of the protein arginine methyltransferase (Prmt) family. These enzymes are subdivided in
two major classes: type | enzymes catalyze the formation of asymmetrically dimethylated arginines
(aDMA), while type Il enzymes form symmetrically dimethylated arginines (sDMA) (2). Prmtl and
Prmt4/Carm1 (Coactivator-associated arginine methyltransferase 1) are the major type | enzymes
and both are critical for mammalian development (3-4). Their substrates include RNA-binding
proteins, nuclear matrix proteins, cytokines and transcriptional regulators (2). Prmtl methylates
transcription factors such as Runx1 and STAT1 thereby promoting their transcriptional activity (5-6).
Furthermore, Prmtl and Prmt4 are recruited by nuclear hormone receptors and other transcription
factors including YY1, p53 and NF-kB (7-10), resulting in the methylation of additional coactivators
and histones. Prmt4 methylates histone H3 at arginine 17 and 26, while Prmt1 targets histone H4 at
arginine 3 for methylation promoting subsequent acetylation of histone H3 at lysine 9 and histone
H3 at lysine 14 (11) and further activating events (12).

Small ubiquitin-like modifier (SUMO) has an important regulatory function in several cellular
processes, including DNA repair, cell cycle progression, signal transduction, chromatin structure and
transcriptional regulation (13). Mammalian cells express four SUMO paralogs (SUMO-1 to SUMO-4).
SUMO-1 differs in sequence by about 50% from SUMO-2 and 3, whereas SUMO-2 and SUMO-3 are
97% identical to each other. Conjugation of SUMO to target proteins occurs by a series of reactions
conducted by the E1 activating enzyme, E2 conjugating enzyme and an E3 SUMO ligase (14). The
reverse desumoylation process is mediated by the isopeptidase activity of SUMO-specific proteases
(Senps). In mammals, six members of Senps have been reported, known as Senp1-3 and Senp5-7.
Sumoylation of multiple transcription factors, including Sp3, Sox6, Zeb1, and Zbp-89, has a negative

effect on their transactivation potential, as it promotes the recruitment of repressive complexes (15-
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17). Many components of the repressor complexes CoREST1, NuRD, PRC1, Setdbl, and MEC
themselves are also sumoylated, or have SUMO interacting motifs (SIMs). This suggests that
sumoylation plays an important role in the formation and/or stabilization of these complexes (18).
We previously identified Friend of Prmtl (Fop), also known as Small protein rich in arginine and
glycine (SRAG), encoded by the mouse 2500003M10Rik and human Clorf77 genes, respectively (19-
20). Recently, the name Chromatin Target of Prmtl (Chtop) has been assigned to this gene/protein
by the HUGO Gene Nomenclature Committee (HGNC). For reasons of clarity, we will also use the
name Chtop for the murine homolog. Chtop is a chromatin-associated protein that plays an
important role in the ligand-dependent activation of estrogen target genes such as TFF1 (pS2) in
breast cancer cells (19). In addition, it is a critical regulator of y-globin gene expression (21).
However, little is known about the molecular mechanism of transcriptional control mediated by
Chtop.

Chtop contains a central glycine-arginine-rich (GAR) region that is recognized and methylated by
Prmtl. Since arginine methylation controls protein-protein interactions, we used a biotinylation-
proteomics approach to identify proteins that bind Chtop in the presence and absence of Prmt1. In
this study we identified and characterized a protein complex that binds specifically to methylated
Chtop. As this nuclear complex consists of five proteins — SUMO1/sentrin/SMT3 specific peptidase 3
(Senp3), proline-glutamate and leucine rich protein 1 (Pelpl), LAS1-like protein (LaslL), Testis
expressed 10 protein (Tex10), and WD repeat domain 18 protein (Wdr18) — we call it Five Friends of
Methylated Chtop (5FMC). We show that Pelp1 is critical for the integrity of 5SFMC and that Chtop
and 5FMC are recruited by Zinc finger binding protein-89 (Zbp-89), thereby regulating both

(de)sumoylation of, and transactivation by, Zbp-89.
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EXPERIMENTAL PROCEDURES

Plasmid Construction and Cells

The following plasmids have been described previously: GST-PELP1 deletions (22), T7-Pelpl (23),
pMT2_HA_Chtop, HA_mPRMT1 WT, and HA_mPRMT1 EQ (19). The cDNA of human SUMO-2
(hSMT3b) was kindly provided by Dr. Guntram Suske (Philipps-Universitdt Marburg, Germany). The
cDNA of full-length LAS1L was obtained from Open Biosystems (Clone ID 3140243; Huntsville, AL,
USA), full-length cDNA of Wdrl8 was obtained from RZPD/imaGenes (clone IRAVp968G04150D6;
Berlin, Germany) and full-length cDNA of Senp3 was obtained from RZPD/imaGenes (clone
IRAVPp968B0184D6; Berlin, Germany). The cDNA of PELP1 was subcloned from T7-PELP1. After the
introduction of the 23-amino acid (aa) biotinylation tag into the pMT2_HA (24) and
pMT2_HA_Chtop, LAS1L, Senp3 and PELP1 were cloned to pMT2_bio_HA using Sall and Notl, Wdr18
was cloned using Sall and SUMO-2 was cloned using Sall and EcoRI. Bio_HA_LAS1L, Bio_HA_Senp3,
Bio_HA_PELP1, Bio_HA_Wdrl8, Bio_HA_SUMO-2 and Bio_HA_Chtop were subcloned into the
erythroid expression vector pEV-neo (25) and electroporated into mouse erythroleukemia (MEL)
cells expressing the BirA biotin ligase (26). To make the Gateway pSG513_myc destination plasmid,
the Attrl-Cm"-ccdb-Attr2 fragment was subcloned from pDEST17 (Invitrogen) to a modified pSG5
(Stratagene) using Hindlll, downstream the myc-tag sequence that was introduced to the pSG513
plasmid using EcoRl and BamHI. cDNAs for Senp3, Wdr18 and LAS1L were cloned into pDONR221
(Invitrogen), from which they were cloned by Gateway LR reaction to pSG513_myc. Internal deletion
mutants of LAS1L and Wdr18 were generated using the QuikChange site-directed mutagenesis kit
(Stratagene). MEL and 293T cells were grown in Dulbecco’s Modified Eagle Medium (DMEM; Life

Technologies) supplemented with 10% fetal calf serum (FCS).

Transient transfection, Immunoprecipitation, GST pull-down assay and Western blot analysis

Transient transfections in 293T cells, immunoprecipitations and western blot analysis were
performed as described previously (27). For immunoprecipitations combined with Benzonase
(Novagen) incubation, 250 units of Benzonase were used followed by 3 hours incubation at 4°C.
Nitrocellulose membranes were blocked in 1% bovine serum albumin (BSA), probed with the
appropriate primary antibodies and analyzed using the Odyssey Infrared Imaging System (Li-Cor
Biosciences). GST pull-down assays were performed as described previously (22). Western blots

were probed with the following primary antibodies: Prmt1 (07-404), Asym24 (07-414), and Cbx4 (09-
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029) were from Upstate; Actin (clone I-19; sc-1616), TaflP (clone H-120; sc-25564), Lamin B (sc-
6216), HA (monoclonal F7; sc-7392), HA (polyclonal Y11; sc-805), Myc (monoclonal 9E10; sc-40), Myc
(polyclonal A-14; sc-789) and Pol Il (polyclonal N-20; sc-899) were from Santa Cruz Biotechnology;
Tex10 (17372-1-AP), Las1L (16010-1-AP), Senp3 (17659-1-AP) and Wdr18 (15165-1-AP) were from
Proteintech Group; Zbp-89 (ab69933) was from Abcam, SUMO 2/3 (clone 1E7; M114-3) was from
MBL; Pelpl (A300-876A) was from Bethyl Laboratories; T7 (69522-3) was from Novagen; Tafla
(B100-56353) was from Novus Biologicals and Chtop (KT64) was from Absea Biotechnology. Ring1B
antibody was kindly provided from Dr. Miguel Vidal (Madrid, Spain).

Cell lysates and Mass Spectrometry (MS)

Preparation of nuclear and whole cell extracts from MEL and 293T cells were carried out as
described previously (27). Purification of biotinylated proteins, digestion with trypsin (Promega,
sequencing grade) on paramagnetic streptavidin beads and LC-MS/MS were performed as described
previously (19, 26). Nanoflow LC-MS/MS was performed on an 1100 series capillary LC system
(Agilent Technologies) coupled to an LTQ-Orbitrap mass spectrometer (Thermo), operating in
positive mode and equipped with a nanospray source. Peptide mixtures were trapped on a ReproSil
C18 reversed phase column (Dr Maisch GmbH; column dimensions 1.5 cm x 100 um, packed in-
house) at a flow rate of 8 ul/min. Peptide separation was performed on ReproSil C18 reversed phase
column (Dr Maisch GmbH; column dimensions 15 cm x 50 um, packed in-house) using a linear
gradient from 0 to 80% B (A = 0.1 % formic acid; B = 80% (v/v) acetonitrile, 0.1 % formic acid) in 70
min and at a constant flow rate of 200 nl/min using a splitter. The column eluent was directly
sprayed into the ESI source of the mass spectrometer. Mass spectra were acquired in continuum
mode; fragmentation of the peptides was performed in data-dependent mode. Peak lists were
automatically created from raw data files using the Mascot Distiller software (version 2.3;
MatrixScience). The Mascot search algorithm (version 2.2, MatrixScience) was used for searching
against the IPI_mouse database (version 3.83, containing 60,010 sequences and 27,475,843
residues). The peptide tolerance was set to 10 ppm and the fragment ion tolerance was set to 0.8
Da. A maximum number of 2 missed cleavages by trypsin were allowed and carbamidomethylated
cysteine and oxidized methionine were set as fixed and variable modifications, respectively. Search
results were parsed into a home-built database system for further analysis. Entries were parsed if
they had a minimum peptide Mascot score of 25, and a significance threshold of p < 0.05; the option

“require red bold” was also selected. Using these parameters yields an estimated peptide false
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discovery rate (FDR) of 3-5% against a target decoy database. The Mascot data have been uploaded
to the PRIDE database (28) (www.ebi.ac.uk/pride) under accession numbers 21750-21767. The data

was converted using PRIDE Converter (29) (http://pride-converter.googlecode.com).

Lentivirus Mediated Knockdown

The Chtop and Prmt1 shRNA lentiviral vectors were described previously (19, 21). For mouse Pelp1,
Senp3, and human PELP1, SENP3, WDR18, LAS1L, clones from the TRC Mission shRNA library ((30);
Sigma Aldrich, St. Louis, MO, USA) were used for knockdown experiments in MEL and 293T cells
respectively, including a non-targeting shRNA control virus (SHC002). Lentivirus was produced by
transient transfection of 293T cells as described before (31). The following clones were used from
the TRC shRNA library: TRCN0000177043 (shPelpl #1), TRCN0000178252 (shPelpl #2),
TRCN0000031014 (shSenp3 #1), TRCN0O000031017 (shSenp3 #2), TRCNO000159617 (shPELP1 #2),
TRCN0000159673 (shPELP1 #3), TRCNO0O00004106 (shSENP3 #1), TRCNO000004107 (shSENP3 #2),
TRCN0000078088 (shWDR18 #1), TRCNO000078089 (shWDR18 #2), TRCNO000121835 (shLAS1L #2),
TRCN0000142144 (shLAS1L #4), TRCN0O000035931 (sh hPRMT1).

Size-Exclusion Chromatography and Subcellular Fractionation

Nuclear extracts from MEL cells expressing BirA biotin ligase enzyme, were chromatographed over a
Superose 6 column (Amersham Biosciences) using an AKTA fast-performance liquid chromatography
apparatus. Fractions were collected and precipitated with trichloroacetic acid and analyzed by

western blotting. Subcellular fractionation was performed as described previously (19).

RT, QPCR, ChIP assay and statistical analysis

Reverse transcription (RT), RT-quantitative PCR (RT-QPCR) and ChIP were performed as described
previously (32). Primers used for RT-QPCR and ChIP-QPCR are summarized in Supplemental Table 1.
ANOVA statistical analysis was performed by GraphPad Prism 5.02.
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RESULTS

Methylation dependent and independent interactions of Chtop

In order to identify interaction partners of Chtop, an N-terminal double-tagged version of Chtop
protein (Bio_HA_Chtop) was expressed in mouse erythroleukemia (MEL) cells. These cells also stably
expressed BirA, a bacterial biotin ligase which efficiently biotinylates the Bio-tag (26). Note that
tagged Chtop was not overexpressed, as endogenous levels were reduced in Bio_HA-Chtop
transfected cells (Fig. 1C). Protein complexes from nuclear lysates were recovered by streptavidin
pull down followed by nanoflow liquid chromatography-tandem mass spectrometry (nanolLC-
MS/MS) and were compared to samples from cells expressing BirA alone (Fig. 1A, Supplemental
Table 2). This confirmed the association of Chtop with Prmtl and Prmt5, factors that we have
previously identified as Chtop binding proteins (16). MS analysis also revealed the binding of three
members of the polycomb repressor complex 1 (PRC1; Pc2, RinglB, and Phc2) (33-35), the SET
nuclear oncoprotein (36), and the mRNA export protein 40-2-3 (37). Furthermore, high MASCOT
scores were obtained for the proteins Pelpl, Lasll, Tex10, Senp3 and Wdr18, four of which were
previously co-purified with the MLL complex and were recently described as regulators of ribosome
biogenesis (38-40). Pelpl is a coactivator involved in nuclear hormone signaling (41), while Senp3 is
a SUMO-specific protease (42). The WD-repeat protein Wdrl8, Tex10, and LaslL had not been
characterized previously. To investigate whether arginine methylation of Chtop played a role in
these interactions, we performed lentiviral-mediated knockdown of Prmtl in Bio_HA_Chtop
expressing MEL_BirA cells and used a similar purification approach. When compared to cells
transduced with a control lentivirus, no major differences were observed in the binding of Chtop to
Prmt5, Pc2, RinglB, Phc2, 40-2-3 and Set (Fig. 1B, Supplemental Table 2). Interestingly,
copurification of Las1L, Pelpl, Tex10, Senp3 and Wdr18 was strongly reduced or absent when Chtop
was hypomethylated. Next, we confirmed the methylation (in)dependent interactions by
streptavidin affinity purification, followed by Western blot analysis. Chtop is hypomethylated in the
absence of Prmtl, as indicated by its faster migration pattern and by staining with an antibody that
specifically recognizes aDMA (Asym24; Fig. 1C). Endogenous Chtop interactors were efficiently
recovered in Bio_HA_Chtop pull downs, while no background staining was observed in MEL_BirA

cells (Fig. 1D-E). In addition, no association was observed with Wdr18 in the absence of Prmt1, while
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the interactions with Pelpl, LaslL, Tex10 and Senp3 were strongly reduced. These associations do
not depend on the presence if Prmtl, as only wildtype but not enzymatic inactive Prmtl could
rescue the knockdown (Supplemental Fig. 1). Together, these results validate the interactions
identified by MS and show that methylation of Chtop is required for the recruitment of Pelp1, Las1L,
Tex10, Senp3 and Wdr18.
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Figure 1. Identification of Chtop-interacting proteins

(A) List of Chtop interacting proteins indentified by mass spectrometry (MS). Protein complexes from nuclear
lysates of MEL_BirA cells ectopically expressing Bio_HA_Chtop were recovered by MS. Proteins, unique peptides
(uniq. pept.) and percent coverage (coverage %) are indicated.(B) List of Chtop interacting proteins in MEL_BirA
cells treated with control lentivirus (shControl) and lentivirus expressing shRNA against Prmtl (shPrmtl)

identified by MS. Interactions with major differences between shControl and shPrmt1 treated cells are shown in
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a white box.(C) Chtop is hypomethylated in the absence of Prmt1. Whole cell lysates (Input) and streptavidin pull
downs (Streptavidin PD) were analyzed for Prmt1, Chtop and asymmetric dimethyl arginine (Asym24) residues.
Actin staining serves as a loading control. Ectopically expressed (bio_Chtop) and endogenous Chtop (end. Chtop)
are indicated. (D) Chtop methylation-independent interactions. Whole cell lysates (Input) and streptavidin pull-
downs (Streptavidin PD) were analyzed with the antibodies indicated.(E) Chtop methylation-dependent
interactions. Whole cell lysates (Input) and streptavidin pull-downs (Streptavidin PD) were analyzed with the

antibodies indicated.

5FMC is a nuclear complex

We have previously shown that the majority of Chtop is bound to chromatin (19). To elucidate
where the newly identified methylation-specific partners of Chtop localize in the cell, we performed
biochemical fractionation of MEL cells. This revealed that all five proteins were mainly found in the
nucleoplasm, while low levels were also detected in the cytoplasmic and chromatin fractions (Fig.
2A). To examine whether the five proteins form a complex, we first performed size-exclusion
chromatography of MEL nuclear extracts. The elution patterns of Pelpl, LaslL, Tex10, Senp3 and
Wdr18, as well as Chtop, overlapped substantially (Fig. 2B). The molecular mass of the positive
fractions was >1MDa, indicating that the factors were presents in a high molecular weight protein
complex or were bound to chromatin. Similar experiments in human 293T cells revealed comparable
results, although larger proportions of LAS1L, TEX10, and WDR18 were detected in fractions
corresponding to lower molecular mass (Supplemental Fig. 2). Next, doubled tagged (Bio_HA) Pelp1,
Lasll, Senp3 and Wdrl8 were stably expressed in MEL_BirA cells. Of note, we were not able to
exogenously express the Tex10 protein, probably due to protein stability issues. Associated proteins
were identified by streptavidin pull down in nuclear lysates followed by nanoLC-MS/MS and were
compared to samples from MEL_BirA only cells. In all four experiments, the associated proteins with
the highest MASCOT score were Pelpl, Las1L, Tex10, Senp3 and Wdr18 (Fig. 2C (Bio_HA_Senp3) and
Supplemental Fig. 3 (Pelpl, Wdrl8, and Lasll)). Moreover, in the MS analysis of Bio_HA_Senp3,
Bio_HA_Wdr18 and Bio_HA_Pelpl we observed an association with the Nol9 protein. The Nol9
ortholog in S. pombe (Grc3) was shown to associate with Las1 and the yeast IPI complex that consist
of Rix1, Ipil and Crb3 (43). These proteins share homologous regions with Pelpl, Tex10 and Wdr18,
respectively. Moreover, it was recently shown in human cells that NOL9 interacts with PELP1, TEX10,
WDR18, LAS1L SENP3 (40). Chtop was only detected in the Bio_HA_Senp3 purification (Fig. 2C, left

panel). The MS results were confirmed by immunoblot analysis of the streptavidin pull downs of
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tagged proteins (Fig. 2C, right panel and Supplemental Fig. 3), and immunoprecipitations of
endogenous proteins from both mouse and human cells (Fig. 2D and Supplemental Fig. 4,
respectively). Taken together, these results show that Pelp1, Las1L, Tex10, Senp3 and Wdr18 form a
nuclear multi-protein complex. As this complex binds selectively to methylated Chtop, we named it

Five Friend of Methylated Chtop, or 5FMC.
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Figure 2. 5FMC is a nuclear complex

(A) Chtop methylation dependent interaction proteins are localized mainly in the nucleoplasm. MEL_BirA cells
were biochemical fractionated as described in Experimental Procedures. Cytoplasmic, nucleoplasmic, chromatin
and nuclear matrix were tested using Pelpl, LaslL, Tex10, Senp3, Wdrl8 antibodies against endogenous
proteins. Chtop, Prmtl, H4, and Lamin B served as controls for individual fractions. (B) MEL_BirA cell nuclear
extracts were analyzed by sized-exclusion chromatography on a Superose 6 column. Proteins eluted from the

indicated fractions were blotted with the indicated antibodies. Molecular mass markers are indicated at the
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top.(C) Senp3 interactions in MEL cells. Whole cell lysates (Input) and streptavidin pull downs (Strept. PD) from
MEL_BirA (BirA) and MEL_BirA cells expressing biotinylated Senp3 (Bio_HA_Senp3) were analyzed by MS (table)
and western blotting. Immunoblot probed with the indicated antibodies. Arrows indicate endogenous (end.) and
biotinylated (Bio_HA) Senp3.(D) 5FMC is a nuclear complex. Endogenous association between the 5FMC
components. MEL_BirA cell nuclear lysates were analyzed by immunoprecipitation (IP) and western blotting with

the antibodies indicated.

Pelp1l is the core subunit and critical for 5FMC stability

To further study the composition of the 5FMC complex, we transiently co-transfected tagged SFMC
components in 293T cells, followed by co-immunoprecipitation (co-IP). We found that T7_Pelp1l is
efficiently recovered in HA_Wdrl18 IPs, while Myc_Senp3 interacts with HA_Wdr18 (Fig. 3A).
Moreover, Myc_Senp3 co-purifies with HA_Wdr18 only when T7_Pelpl is co-transfected (Fig. 3A,
lanes 3 and 4). In addition, we observed that cotransfection of T7_Pelp1 resulted in higher protein
levels of HA_Wdr18 and Myc_Senp3 (Fig. 3A, lanes 2 and 4). Identical results were obtained when
Myc_Senp3 was immunoprecipitated (data not shown). No conclusive results could be obtained
with ectopically expressed Tex10 and Las1L, probably due to stability issues. These results show that
Pelpl is required for the interaction between Wdr18 and Senp3 and that Pelpl might be required
for the stability of these proteins. To further study the potential central role of Pelpl within the
5FMC complex, we depleted endogenous mouse Pelpl in MEL_BirA cells and endogenous human
PELP1 in 293T cells by lentiviral-mediated knockdown using two different shRNAs (Fig. 3B and
Supplemental Fig. 5A). Interestingly, the protein levels of Senp3 and LaslL were dramatically
decreased, while Wdr18 and Tex10 could not be detected in the absence of endogenous Pelp1 (Fig.
3B, left panel). Quantitative RT-PCR showed that the reduced protein levels were due to protein
stability rather than reduced mRNA levels (Fig. 3B, right panel). The individual knockdown of LAS1L,
SENP3 or WDR18 had no significant effect on the protein levels of the other 5FMC subunits.
Furthermore, partial complexes exist upon depletion of LAS1L, SENP3 and WDR18 (Supplemental
Fig. 5). These results indicated that Pelpl is the central component of the 5FMC complex and that
the integrity of 5FMC is essential for the stability of its components. Analysis of the primary
sequence of Pelpl showed that Pelpl contains a cysteine-rich region, two proline-rich regions and a
C-terminal glutamine-rich region (41). To map the interactions between Pelpl and other 5FMC
components, we tested the ability of HA-tagged Las1L, Wdr18 and Senp3 proteins to bind to various
domains of Pelpl fused to GST. HA_LaslL and HA_Wdrl8 interacted with the GST_Pelpl fusion

containing amino acids (aa) 401-600, while HA_Senp3 mainly interacted with domain 960-1130.
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Interactions were further studied using a series of deletion mutants of LaslL. These experiments
showed that the C-terminal part of LaslL (aa 552-734) mediated the interaction with Pelpl, while
the central domain (aa 370-552) mediated the interaction with Wdr18. The binding to Senp3 could
not be mapped in detail: any deletion between aa 188-734 disrupted the interaction (Supplemental
Fig. 6A). Similar experiments with Wdr18 deletion constructs revealed that the region containing
WD40 domains 4-6 were required for binding to LaslL, while deletion of any WD40 domain
disrupted the binding to Pelpl (Supplemental Fig. 6B). These initial domain-mapping experiments
suggest complex multi-intermolecular interactions and are in line with the proposed model shown in

Figure 3D.
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Figure 3. Pelp1 is the core component of the 5FMC complex

(A) Pelpl is required for interaction between Senp3 and Wdr18. 293T cells were transiently transfected with
expression vectors encoding T7_Pelp1, HA_Wdr18 and Myc_Senp3. Cell lysates were analyzed by IP and western
blotting with the antibodies indicated. (B) Pelp1l is needed for the stability of the 5FMC complex. MEL_BirA cells
were treated with the indicated shRNAs. Nuclear lysates were analyzed by western blotting with the indicated
antibodies. Actin staining serves as a loading control. Total RNA was extracted from MEL_BirA cells transduced
with the indicated shRNA and analyzed by RT-QPCR for LaslL, Pelp1, Senp3, Tex10 and Wdr18. Error bars: SD of
triplicate experiment. (C) Mapping the interaction regions of Pelpl. Schematic representation of Pelpl deletion
constructs. GST fused Pelpl domains and GST alone (GST_empty) were immobilized onto glutathione beads
(lower panel stained with coomassie) and used to pull down nuclear cell lysates from 293T cells expressing
HA_Las1L, HA_Senp3 and HA_Wdr18. Asterisks indicate GST fusion proteins. (D) Schematic representation of

interaction between Pelp1l, Las1L, Senp3 and Wdr18 protein domains.
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Chtop recruits 5FMC to Zbp-89

MS analysis of the Zbp-89 interactome revealed Chtop and several Chtop-associated factors as
potential interaction partners of Zbp-89 in MEL cells (manuscript in preparation). To further explore
the possibility that 5SFMC interacts with Zbp-89, we performed bio_Zbp-89 pull downs in MEL_BirA
cells followed by immunoblotting. We observed that Chtop, Prmtl and 5FMC components
associated with Zbp-89 (Supplemental Fig. 7). These interactions were DNA independent, as
degradation of DNA by Benzonase treatment did not affect the efficiency of co-purification. To
investigate whether Chtop is required for the interaction between Zbp-89 and 5FMC, we examined
the association of Zbp-89 and 5FMC complex components in Chtop knockdown cells. Bio_Zbp-89
was precipitated more efficiently when Chtop protein levels were reduced, suggesting that bio_Zbp-
89 was more accessible in the absence of Chtop (Fig. 4A). Indeed, co-purification of 5SFMC complex
components was reduced to ~30% of control samples (Fig. 4A and 4B). These results indicate that

Chtop is required for the association of Zbp-89 with the 5SFMC complex.
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Figure 4. Chtop recruits 5FMC to Zbp-89

(A) Zbp-89 is associated with Chtop and 5FMC complex. Nuclear cell lysates (Input) of MEL_BirA cells (BirA) and
MEL_BirA cells expressing biotinylated Zbp-89 (bio_zZbp-89) treated with lentivirus expressing shRNA against
Chtop (shChtop) and control lentivirus (shControl) analyzed by streptavidin pull down (Streptavidin PD) and
western blotting with the antibodies indicated. (B) Quantification of protein levels using the Odyssey Infrared

Imaging System.
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Senp3 regulates the sumoylation-status of Zbp-89

It has been reported that Zbp-89 can be post-translationally modified by SUMO in transient
overexpression experiments (44). To investigate whether endogenous Zbp-89 could be sumoylated,
we first performed streptavidin pull downs from bio_HA_SUMO-2 expressing MEL_BirA nuclear
extracts. Staining with an antibody recognizing Zbp-89 detects multiple sumoylated Zbp-89 species
(Fig. 5A, lower panel), in line with the observation that Zbp-89 contains at least 2 domains that can
be sumoylated (44). Knockdown of Senp3, using two different shRNAs, in these cells led to a
significant increase of SUMO-2 detection in whole cell lysates, as well as of sumoylated Zbp-89. It
should be noted that the reduction of Senp3 expression affected cell growth and survival, thereby
limiting the effect of the knockdown. Next, we performed similar experiments in MEL cells
expressing bio_Zbp-89. Streptavidin pull downs probed with an anti-SUMO 2/3 antibody showed
that Senp3 depletion resulted in an increase of the levels of SUMO modified bio_Zbp-89 and the
appearance of a slower mobility form of bio_Zbp-89 when probed with anti-Zbp-89 antibody (Fig.
5B). The upper band is consistent with SUMO modification. Taken together, these results show that

Zbp-89 is sumoylated in vivo, and that Senp3 plays a role in this process.
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Figure 5. Senp3 regulates Zbp-89 sumoylation

(A-B) Senp3 plays a role in Zbp-89 sumoylation. (A) MEL_BirA (BirA) and MEL_BirA cells expressing
bio_HA_Sumo2 (bio_Sumo2) were treated with lentiviruses expressing two different shRNAs against Senp3
(shSenp3 #1, shSenp3 #2) and control lentivirus (shControl). Whole cell lysates (WCL) analyzed by western
blotting with the indicated antibodies. Actin staining serves as a loading control. Nuclear extracts were pull down
using magnetic streptavidin beads and analyzed by western blotting with anti-Zbp-89 antibody. (B) MEL_BirA
(BirA) and MEL_BIirA cells expressing biotinylated Zbp-89 (bio_Zbp-89) were treated with lentiviruses expressing
two different shRNAs against Senp3 (shSenp3 #1, shSenp3 #2) and control lentivirus (shControl). Whole cell

lysates (WCL) analyzed by western blotting with the antibodies indicated. Actin staining serves as a loading
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control. Nuclear extracts were pulled down using magnetic streptavidin beads and analyzed by western blotting

with anti-Zbp-89 and anti Sumo-2/3 antibodies.

5FMC is critical for Zbp-89 dependent gene regulation

The observations that 5FMC is a desumoylating complex that is recruited by Zbp-89 suggest that it is
involved in transcriptional regulation. To examine whether 5FMC is recruited to Zbp-89 target genes
we performed chromatin immunoprecipitation (ChlP) experiments for Pelp1, the core component of
the complex. We used MEL_BirA cells that ectopically expressed bio_Pelpl, as this increased
sensitivity (not shown). After chromatin precipitation, the promoter regions of three (Dusp6, Zbp-89,
Atf5) and the coding region of one (Tubbl) Zbp-89 target genes, that were identified by ChIP-
sequencing as binding sites of Zbp-89 (manuscript in preparation) and confirmed by ChIP
(Supplemental Fig. 8A), were analyzed with the corresponding primers. Occupancy by Pelpl was
indeed observed for these Zbp-89 target genes (Fig. 6A). To further investigate the potential role of
S5FMC in transcription regulation, we depleted Pelp1, Senp3 and Chtop in MEL_BirA cells using two
different shRNAs (Fig. 6B) and performed ChIP using an antibody against RNA polymerase Il (Pol II).
Reduced levels of Pelpl, Senp3 and Chtop resulted in reduced Pol Il occupancy at the promoter
regions of Dusp6, Zbp-89, Atf5 and the coding region of Tubbl when compared to cells treated with
scrambled control shRNA (Fig. 6C). To validate the Pol Il ChIP observations we performed
guantitative RT-PCR analysis for the Zbp-89 target genes after depletion of Senp3 and Pelpl. As
expected, Dusp6, Tubbl, Zbp-89 and Atf5 mRNA levels were decreased (Fig. 6D). To exclude that the
observed differences in occupancy by Pol Il were not due to altered occupancy by Zbp-89 we
performed ChIP using an antibody against Zbp-89. Binding of Zbp-89 to the regions of its target
genes was unaffected upon depletion of Senp3 and Pelpl, while binding of Zbp-89 was reduced
when Chtop was depleted (Supplemental Fig. 8B). The reduction of Zbp-89 binding upon depletion
of Chtop was due to reduced protein levels of Zbp-89 (Fig. 6B lower panel). The same regions were
also tested for changes in the histone modifications H3K4 and H3K27, but no changes were detected
(not shown). Collectively, our data indicate that 5FMC is recruited to Zbp-89 target genes and that it
is involved in their transcriptional activation by Zbp-89. This most likely involves desumoylation of

Zbp-89 and possibly of other factors.
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Figure 6. 5FMC is involved in the regulation of Zbp-89 target genes

(A) Pelpl is recruited at the promoter regions of Dusp6, Zbp-89, Atf5 and the coding region of Tubbl. MEL_BirA
cells that ectopically expressed bio_Pelp1 analysed by ChIP using Pelp1 antibody for the indicated gene promoter
or coding regions. The promoter region of the Osm gene and the region upstream of Gata-1 promoter (Gata-1
upstream) were used as negative controls. *** Indicates P<0.001, ** indicates P<0.01. Error bars: SD of triplicate
experiment. (B) Knockdown of Pelpl, Senp3 and Chtop in MEL_BirA cells. MEL_BirA cells were treated with the
indicated shRNAs. Cell lysates were analyzed by western blotting with the indicated antibodies. Actin staining
serves as a loading control. (C) Pelpl, Senp3 and Chtop knockdowns reduced RNA polymerase Il (Pol I)
occupancy at the promoter regions of Dusp6, Zbp-89, Atf5 and the coding region of Tubbl. MEL_BirA cells were
treated as in (B). ChIP analysis at the indicated regions was performed using Poll Il antibody. *** indicates
P<0.001. Error bars: SD of triplicate experiment. (D) Regulation of Zbp-89 target genes by Senp3 and Pelp1l. Total
RNA was extracted from MEL_BirA cells treated as in (B) and analyzed by RT-QPCR for Dusp6, Tubbl, Zbp-89,
Atf5, Senp3 and Pelpl. *** indicates P<0.001, ** indicates P<0.01, * indicates P<0.05. Error bars: SD of triplicate

experiment.

DISCUSSION

In the present study, we have identified 5FMC, a desumoylating protein complex that exclusively
binds to arginine-methylated Chtop. It acts as a key regulator of Zbp-89 sumoylation and is required
for full transcriptional activation of Zbp-89 dependent genes. To our knowledge, this is the first
description of a mechanism that adds specificity to desumoylation processes.

The 5FMC complex is composed of five proteins: Pelpl, LaslL, Tex10, Senp3, and Wdr18. These
factors are amongst the most abundant proteins present in Chtop purifications, but only when
Chtop is methylated by Prmt1. little is known about most of the components of the 5SFMC complex.
Pelpl is a coactivator involved in nuclear hormone signaling (41), Senp3 is a SUMO-specific protease
(42), while Wdr18, Lasl1L, and Tex10 have not been characterized yet. In yeast, the proteins Rix1,
Ipil and Ipi3 (S. cerevisiae) / Crb3 (S. pombe) share conserved regions with Pelp1, Tex10 and Wdr18,
respectively. They form the IPI complex and have been shown to function in ribosomal RNA
processing (45). It was recently shown that Las1, the yeast ortholog of LasllL, is also associated with
the IPI complex (43). Furthermore, PELP1, TEX10, LAS1L, SENP3, and WDR18 were recently linked to
ribosome biogenesis in human cells, indicating an evolutionary conserved complex with a role in

ribosomal RNA processing. In human cells, the complex was localized mainly in the nucleoplasm with
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a subfraction present in the nucleolus (39-40). In this study, we observed a similar distribution in
mouse cells.

Additionally, several studies suggested a role for 5FMC components in transcriptional regulation and
(de)sumoylation events, although this had not been explored further. Doseff and Arndt proposed in
their initial identification of Lasl in S. cerevisiae that it functions as a transcription factor (46), while
it was recently shown to localize to heterochromatic regions (43). In human cells, components of the
5FMC complex were first detected in the MS analysis of the MLL1-WDR5 complex, a complex that
regulates transcription activation by H3K4 methylation (38). The 5FMC complex was also found in a
recent study on human coregulator protein complex networks obtained from integrative mass
spectrometry-based analysis of 3290 antibody-based affinity purifications (47). Thus, the data
obtained with this approach independently support the composition of the 5FMC complex reported
here. Furthermore, PELP1, LAS1L, TEX10 and SENP3 were also detected together with components
of the CoREST1/HDACL1 co-repressor complex in a MS study for proteins that interact with SUMO-2
(48). Sumoylation is important for stability and recruitment of repressive complexes such as CoREST,
NuRD, and SetDB1 (18), indicating that desumoylation of transcription factors and corepressors is
required for derepression.

Our results indicate that Pelp1l is the core component of 5SFMC. Pelp1 has the ability to interact with
nuclear receptors (NRs) and enhances transcription of their target genes (23). Pelp1 has been shown
to interact with the acetyltransferases CBP and p300 (22), KDM1, a member of the CoREST1
repressor complex (49), and deacetylases, including components of the NuRD repressor complex
(50). Interestingly, Pelp1 was also identified in a blind screen for SUMO-2 interacting proteins (51).
This opens the possibility that Pelp1 acts, in addition to its scaffold function within 5FMC, as a Sumo-
2 sensor to detect Senp3 substrates.

As Chtop is strongly associated with chromatin (19), while 5FMC mainly resides in the nucleoplasm
(this paper), the interactions between Chtop and 5FMC are most likely transient and highly dynamic.
Possibly, Chtop recruits 5FMC complex, in order to desumoylate its substrates, in a “hit-and-run”
manner. In addition, 5FMC may very well act as a desumoylation complex outside the chromatin
environment and independent of Chtop, e.g. in ribosome biogenesis (39).

In line with our previous observation that Chtop colocalizes to H3K27me3 (19), we found that Chtop
interacts with the Prcl complex. In contrast to 5FMC, this association does not depend on the

methylation status of Chtop. Intriguingly, the Pc2 component of Prcl (also known as Cbx4) has been
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identified as a SUMO-ligase for several transcriptional regulators (52-53). Although these studies
mainly focused on SUMO-1 modification, Chtop may recruit 5FMC as an antagonist of Pc2/Cbx4.

We have shown that Chtop recruits 5FMC to Zbp-89 and that Zbp-89 is subsequently desumoylated
by Senp3, resulting in higher Pol Il levels on Zbp-89 target genes. We anticipated that depletion for
Senp3 and Pelpl would also affect H3K4 and/or H3K27 methylation of these regions, as 5FMC is
might be connected with the MLL1-WDR5 (38) and Prcl complexes (this paper). However, no
changes were observed, which is in line with the observation that overexpression of catalytically
inactive Senp3 does not affect diMeH3K4 of specific promoters (48).

Collectively, these observations suggest a model where methylated Chtop recruits the 5FMC
complex to factors like Zbp-89. Subsequently, the Senp3 protease desumoylates Zbp-89 and possibly
additional components of repressor complexes, resulting in the stimulation of transcription of target

genes (Fig. 7).
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Figure 7. 5FMC complex recruitment to Zbp-89 stimulates transcription of target genes

(A-B) Model illustrating 5FMC complex function in Zbp-89 dependent gene expression. Methylated Chtop recruits
the 5FMC complex to transcription factor Zbp-89. Upon 5FMC binding, Senp3 protease desumoylates Zbp-89 and
possibly additional components of repressor complexes, resulting in the stimulation of transcription of target

genes.
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Sequence (5-3)

QPCR

Rnhl1_Fwd TCCAGTGTGAGCAGCTGAG
Rnhl_Rev TGCAGGCACTGACTGAAGCACCA
Senp3_Fwd GAGAGGGTCTCCACCAGTGCC
Senp3_Rev CTGCGCTCCCCTTCAGGACCA
Wdrl8_ Fwd CTGGCCTGGAGCCTCTGCAGT
Wdrl8_ Rev CCAATGAAGCGGTGGCCACCC
Lasil_Fwd CGAGTGCCAGGGGTATCGTCG
LasllL_Rev GCCAGGGGCAGTTCGTTGCCT
Tex10_Fwd GCTGCTTGGAGTCTCTTGGAGG
Tex10_Rev GCCAGCCAACGGGAGAGCACT
Pelpl_Fwd GCTGGGCCTCAGACCAGAGTG
Pelpl_Rev CTCGCAGGCCAGCTGTTGGAG
Dusp6_Fwd GGCGAGTTCAAATACAAGCAA
Dusp6_Rev ACCAGGACACCACAGTTTTTG
Tubbl_Fwd TAAGAAGTATGTGCCGCGAG
Tubbl_Rev AGTTGTTACCAGCACCAGAGTTA
Zbp89_Fwd CATGAGGAGACAGTGAAAAATG
Zbp89_Rev CTGTAAGTCTACTGGCTCTCTG
Atf5_Fwd CTGGCTCGTAGACTATGGGAA
Atf5_Rev TCCAATCAGAGAAGCCGTCA
ChiP

Amylase_Fwd CTCCTTGTACGGGTTGGT
Amylase_Rev AATGATGTGCACAGCTGAA
Dusp6_Fwd ACACACGATCTAAAGGAGGAC
Dusp6_Rev CAATTAGCAAGCACAAAAGC
Tubbl_Fwd GGATGTACAAGTGTCTCTGAGC
Tubbl_Rev TATCTTTCCGCTCATTTCC
Zbp-89_Fwd CTGGGAGGAGGAAGAGAAG
Zbp-89_Rev GAGAGAACTTTTGCTGTGGC
Atf5_Fwd GGTTCCTCACTTCGTCTCC
Atf5_Rev TTCACTCTCCGCTCACACC
Osm_Fwd CTGGGGAGACTTTGGTTTT
Osm_Rev ACTGGGTCCTGGTACTCTGG

Gata-1 Upstream_Fwd

TGATGGCTTCTACTAGGCACACG

Gata-1 Upstream_Rev

GGCTTCACTCCCAGGAATGTAGG

Supplementary Table 1.

Oligonucleotides used in

this study
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- 4+ 4+ &+ - 4+ 4+ + sh hPRMT1
- - WT EQ - = WT EQ HA_mPRMT1
] = PELP1
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Supplemental Figure 1. Methylation of Chtop is required for Pelp1 recruitment

293T cells were depleted for endogenous PRMT1 using an shRNA against PRMT1 (sh hPRMT1). PRMT1 depleted
cells were transiently transfected with expression vectors encoding mouse wild type (WT) and enzymatic inactive
(EQ) Prmtl (HA_mPRMT1). Cell lysates were analyzed by streptavidin pull-down (bio PD) and Western blotting

with the antibodies indicated. Arrows indicate endogenous (end.) and HA-tagged (tag.) Prmt1.
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Supplemental Figure 2. 5FMC elution patterns in 293T cells
293T cell nuclear extracts were analyzed by sized-exclusion chromatography on a Superose 6 column. Proteins
eluted from the indicated fractions were blotted with the indicated antibodies. Molecular mass markers are

indicated at the top.
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A
Strept. PD of Bio_HA_Pelp1
Protein unig. pept. coverage (%)
LasiL 19 26.3
Wdr18 14 397
Tex10 16 18.2
Pelp1 ikl 1.4
Senpl 8 16.9
Nolg 4 6.4

Bio-HA —»

B
Strept. PD of Bio_HA_Wdr18
Protein unig. pept. coverage (%)
LasiL 20 31.3
Wdr18 15 41.3
Tex10 16 21
Pelp1 15 181
Senpd 15 301
Nalg 9 10.9

C
Strept. PD of Bio_HA_Lasi1L
Protein uniq. pept. coverage (%)
Pelp1 9 97
Wdr18 k] 23
Tex10 4 4.5
LasiL 4 5.9
Senp3 4 7.9
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Supplemental Figure 3. 5FMC nuclear interactions

(A) Pelpl interactions in MEL cells. Whole cell lysates (Input) and streptavidin pull downs (Strept. PD) from

MEL_BirA (BirA) and MEL_BirA cells expressing biotinylated Pelpl (Bio_HA_Pelpl) were analyzed by MS (table)

and western blotting. Immunoblot probed with the antibodies indicated. (B) Wdr18 interactions in MEL cells.

Whole cell lysates (Input) and streptavidin pull downs (Strept. PD) from MEL_BirA (BirA) and MEL_BirA cells

expressing biotinylated Wdr18 (Bio_HA_Wdr18) were analyzed by MS (table) and western blotting. Immunoblot

probed with the antibodies indicated. Arrows indicate endogenous (end.) and biotinylated (Bio_HA) Wdr18. (C)

Las1L interactions in MEL cells. Whole cell lysates (Input) and streptavidin pull downs (Strept. PD) from MEL_BirA

137



Chapter 4

(BirA) and MEL_BirA cells expressing biotinylated Las1L (Bio_HA_LaslL) were analyzed by MS (table) and western

blotting. Immunoblot probed with the antibodies indicated.

P
Input IgG PELP1 LAS1L SENP3

: T e gy e TEX10
. S S e | AS1L
8§ -~ == SENPS

-_ —us —-l WDR18

wuni

Supplemental Figure 4. 5FMC is a nuclear complex
Endogenous association between the 5FMC components. 293T cell nuclear lysates were analyzed by

immunoprecipitation (IP) and western blotting with the antibodies indicated.
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Supplemental Figure 5. PELP1 is the key stabilizing component of 5FMC complex

(A-B) 293T cells were transfected with the indicated shRNAs; whole cell lysates were analyzed by Western
blotting using the indicated antibodies. Actin served as a loading control. (B) Whole cell lysates (Input) and
immunoprecipitations (IP) from 293T cells were analyzed by Western blotting to study the stability and
interactions of 5FMC components after depletion of individual 5FMC members. Immunoblots were probed with
the indicated antibodies; actin serves as a loading control. Immunoprecipitation results are shown only for the

indicated shRNA. Similar results were obtained using the second shRNA construct.
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Supplemental Figure 6. Mapping the interaction regions of LasiL and Wdr18

(A) Bio_HA-tagged wild-type LaslL and its deletion mutants were expressed in 293T cells. Cell lysates were
immunoprecipitated (IP) and blotted (I1B) with the indicated antibodies. Whole cell lysates (Input) were blotted
and ectopically expressed wild-type Wdrl8 and its deletion mutants were visualized using a streptavidin
antibody. Asterisks indicate wild-type Las1L and its deletion mutants.

(B) Bio_HA-tagged wild-type Wdrl8 and its deletion mutants were expressed in 293T cells. Cell lysates were

immunoprecipitated (IP) and blotted (I1B) with the antibodies indicated. Whole cell lysates (Input) were blotted
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and ectopically expressed wild-type Wdrl8 and its deletion mutants were visualized using a streptavidin

antibody.
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Supplemental Figure 7. Chtop, Prmt1 and 5FMC complex are associated with Zbp-89
Streptavidin pull downs (Streptavidin PD) from MEL_BirA (BirA) and MEL_BirA cells expressing biotinylated Zbp-
89 (Bio_Zbp-89) were treated with Benzonase. Whole cell lysates (Input) and streptavidin pull downs were

analyzed by western blotting. Immunoblot probed with the antibodies indicated.
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Supplemental Figure 8. Recruitment of Zbp-89 to its target genes does not depend on 5FMC

(A) Zbp-89 is recruited to the promoter regions of Dusp6, Zbp-89, Atf5 and the coding region of Tubb1. MEL_BirA

cells analysed by ChIP using Zbp89 antibody for the indicated gene promoter or coding regions. The promoter

region of the Osm gene and the region upstream of Gata-1 promoter (Gata-1 upstream) were used as negative

controls. (B) Pelp1, Senp3 and Chtop knockdowns do not affect Zbp-89 binding at the promoter or coding regions

of Dusp6, Tubbl, Zbp-89 and Atf5. MEL_BirA cells were treated as in (Fig. 6B). ChIP analysis at the indicated

regions was performed using Zbp-89 antibody. Error bars: SD of triplicate experiment.
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DISCUSSION

B-thalassemia and sickle cell disease (SCD) are one of the most common single gene disorders in the
worldwide. Around 7% of the population of the earth carries globin gene mutations. (-
hemoglobinopathies are spread from south East Asia to the Middle East, Mediterranean area, South
Europe, Africa and the USA. The available treatments for these diseases are risky, inconvenient and
pleiotropic. The observation that elevated expression of fetal hemoglobin in patients ameliorates [3-
thalassemia and sickle cell disease phenotypes led to the idea of y-globin reactivation for the
treatment of these diseases. Expression of the y-globin genes is restricted to human fetal life and
hence understanding the molecular mechanism of y-globin gene suppression is of great importance
to develop new therapeutic strategies. In order to identify protein complexes responsible for y-
globin gene suppression, we developed an innovative and unbiased proteomics approach, Targeted
Chromatin Purification (TChP), to purify and identify protein factors bound to y-globin promoter and
regulatory regions (Pourfarzad et al submitted). TChP can be used to isolate a unique sequence,
which relies on the binding TetR protein to the TetO sequences. Dejardin and Kingston developed a
fundamentally different approach in 2009 approach (proteomics of isolated chromatin segments =
PICh), where a DNA probe is hybridized, to a specific locus to isolate its association proteins. There
are advantages and disadvantages associated with each method. TChP is likely more efficient than
PICh as a result of losses due to the hybridization process. However the introduction of bait
sequence may change the behavior of the target sequence, which necessitates the addition of an
extra control. On the other hand once the bait sequence has been introduced, using appropriate
tags multiple purification steps can be carried out. To identify candidate-binding proteins, it is
essential to have negative controls. As a result of mismatched hybridization and sticking of irrelevant
chromatin/protein in the PICh method approximately 200 proteins were found to be background
proteins and around 75 of these 200 background proteins were also found in TChP method.

We identified 729 unique proteins in four different pull down experiments in the TChP approach.
475 proteins were also detected in the doxycycline treated control pull down as background.
Abundant proteins such as ribosomal and cytoplasmic proteins caused 223 proteins to be removed
from the list of specific chromatin binding proteins. This leaves 49 proteins and we considered 20 of
the remaining 49 proteins on basis of their specific expression in human erythroid cell, and the

availability of specific antibodies or shRNA. These 20 included Supt5h, Cdc5l, Apex1, and Zfp148.
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One of the most interesting proteins was ZBP-89 (also known as BFCOL1, BERF-1, ZNF148 in human
and Zfp148 in mouse). Its knockdown resulted in y-globin gene activation. ZBP-89 is a Kriippel-type
zinc finger transcription factor that binds to a GC-rich region, and subsequently represses or
activates its target genes. ZBP-89 interacts with GATA-1 and Mafk, and it is involved in erythroid
development and differentiation (Woo et al, 2011; Woo et al, 2008). ZBP-89 represses gene
transcription via recruitment of HDAC1 to the promoter of its target genes (Wu et al, 2007). This
would agree with the known role of HDACs in y-globin silencing, as HDAC inhibitors can partially (re)
activate y-globin expression (Constantoulakis et al, 1989; Perrine et al, 1989; Perrine et al, 1987).
Zbp-89 was also reported to bind to the GATA-1 enhancer and a number of other genes (Ohneda et
al, 2009; Vernimmen et al, 2007). Moreover, ZBP-89 binds to the human [3-globin LCR and to a lesser
extend to sequences upstream and downstream of y-globin genes. Mouse embryonic day 13.5
erythroid progenitor cells containing the y-globin minilocus were used for identifying its association
proteins. Mouse embryonic day 13.5 which mimics the switching process around the time of birth in
humans mentioned above ZBP-89 can act as a suppressor e.g. it suppresses vimentin expression by
recruiting HDAC1 (Wu et al, 2007). However, ZBP-89 can also act as an activator as it activates p21
wafl/dibl oy pression by recruitment of co-activator P300 to the P21 promoter and B-globin locus (Bai &
Merchant, 2000; Petrovic et al, 2009; Woo et al, 2011). To distinguish between these different roles
we identified the ZBP-89 partner proteins and their role in y-globin regulation. We used tagged
versions of ZBP-89 in two different cell lines, erythroid leukemia cell line MEL (erythroid leukemia
cell line) and K562 (embryonic/fetal type cell lines). This analysis showed that ZBP-89 is involved in
regulation of B-globin like genes differentially via recruitment of different complexes. ZBP-89
interacts with co-activator like proteins P400/Trrap, the mediator complex and the SWI/SNF
complex in K562 cell line, while in MEL cells; it interacts with NuRD/MeCP1 complex, a co-repressor
and known transcription factors which are involved in y-globin repression like BCL11a. Importantly
ZBP-89 appears to be involved in B-globin like gene regulation during development. We identified
genome wide ZBP-89 binding sites during different stages of development (human fetal and adult
stages) by ChIP-Seq. These results show that ZBP-89 binds to HS2 and HS3 both in fetal and adult
stages. Furthermore, there are some weaker binding sites 4 kb upstream and 3.7 kb downstream of
v-globin genes and 1.2 kb downstream of B-globin gene. Unlike other transcription factors, which
bind to all of the LCR hypersensitive sites, ZBP-89 binds exclusively to HS2 and HS3. The binding sites

upstream and downstream of the y-globin genes are more pronounced in the fetal stage when
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compared to the adult stage. The site 3.7 kb downstream of the Ay-globin gene is intergenic RNA
transcript (sequence of BGL3) that also co-occupied by BCL11a and Ldb1 which suggests that it is
involved in y-globin silencing (Kiefer et al, 2011). BGL3 isn’t transcribed in cells transcribing [3-globin
and is occupied by Ldb1l complex and corepressor ETO-2 and BCL11a. When y-globin expression is
reactivated, ETO-2 and BCL11a bound less to BGL3 and results in expression of y-globin and BGL3
(Kiefer et al, 2011; Xu et al, 2010). We reduced the level of ZBP-89 protein using short hairpin RNA
and lentiviral transduction. This experiment was carried out in human erythroid progenitor (HEP)
cells taken from six different donors. ZBP-89 depletion induced y-globin expression in HEP cells. HbF
was elevated between 2 to 3 folds. Upon ZBP-89 depletion, the minority of cells showed high y-
globin expression, using immunohistochemistry (IHC). ZBP-89 knock down affects the expression of
several other genes including BCL11a. It is very interesting to see that ZBP-89 knock down reduces
BCL11a levels by 3.7 fold, while the expression of all embryonic and fetal globin genes is increased
significantly upon ZBP-89 knock down. The expression of all the adult globin genes is reduced in the
same cells. ZBP-89 knock down in adult HEP and the subsequent induction of y-globin expression are
accompanied by a partial restoration of the interaction between the LCR HSs and -globin like genes
to that seen in the fetal stage. For example upon ZBP-89 knock down in adult HEP cells increased the
interaction of the y-genes with HS1 and HS4 and decreased the HS1-B-globin gene interaction.
Moreover, the 3.7 kb HBG1 downstream sequence interaction with HS1-4 increased again
resembling the fetal B-globin locus conformation. Thus this analysis of interactions implies that
activation of y-globin gene expression is accompanied by DNA loops re-configuration back to the

fetal liver stage.

ZBP-89 and co-factors

Transcription factors regulate gene expression by binding to enhancer elements to interact with
proximal promoter elements. Transcription factors are often modulated by post-translational
modification such as acetylation, methylation, sumoylation (Verger et al, 2003). SUMO conjugation
catalyzes sumoylation by a series of enzymes including El-activating enzyme, E2-conjugating
enzyme and an E3-SUMO ligase (Johnson, 2004), while the desumoylation process is catalyzed by a
SUMO- specific protease (Senp3). Sumoylation of ZBP-89 causes it to recruit repressor complexes
such as NURD or CoREST (Garcia-Dominguez & Reyes, 2009). Protein arginine N-methyltransferases

(PRMTs) are a family of proteins that catalyze the methylation of arginine residues, a process of
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post-translational modification found on both nuclear and cytoplasmic proteins. Depending on the
methylated forms of arginine residues of target proteins, mammalian PRMTs are classified into two
types. Asymmetrically dimethylated (aDMA) which termed the type | PRMTs, is including PRMT1, 3,
4, 6 and 8. The methylated arginine residues by Prmtl are mostly located within glycine-arginine-
rich (GAR) domain (Bedford & Clarke, 2009). The second category causes symmetrical dimethylation
(sDMA), the type Il PRMTs, which include PRMTS5, 7 and 9 (Bedford & Richard, 2005). The Chromatin
target of Prmtl (Chtop), also known as Friend of Prmtl (FOP), is a DNA binding protein that can
regulate gene expression like the y-globin gene (van Dijk et al, 2010). 5FMC, which is a
desumoylating complex desumoylates ZBP-89 resulting in a higher level of RNA pol Il on ZBP-89
target genes. 5FMC is composed of five proteins: Proline-glutamate and leucine rich protein (Pelp1)
as the core component, the WD repeat domain 18 (Wdr18), SUMO1/sentrin/SMT3 specific
peptidase 3 (Senp3), Testis expressed 10 protein (Tex10) and Las1 like protein (Las1L). Upon Prmtl
knock down, the 5FMC complex is not detected in a Chtop pull down. This reasons that Chtop
recruits 5FMC in a methylation dependent manner by Prmtl. ZBP-89 purification in MEL cell
revealed that ZBP-89 interacts with Chtop, Prmt1 and 5FMC components. Chtop depletion showed a
better ZBP-89 purification relative to the control samples while the co-purification of 5FMC
components was reduced to 30% of the control samples. These data suggest that Chtop can recruit
5FMC (Five Friends of Methylated Chtop) to ZBP-89 when Prmtl methylates Chtop. A reduced level
of Senp3 led to an increase of sumoylated ZBP-89 and demonstrates that Senp3 regulates
sumoylation of ZBP-89. Different post-translational modification of ZBP-89 can probably change its
function during development, a point that remains to be established. SILAC experiments are
probably most suitable to confirm our hypothesis.

We postulate that different post-translational modifications of ZBP-89 result in alternative ZBP-89
complexes that mediate y-globin activation or silencing during development by changing long-range
interaction of the y-globin genes with the LCR. In human adult cells, the most prominent interaction
is between the LCR and B-globin promoter. KLF1 and Ldb1 complex occupy B-globin promoter and
also involved in long-range interaction. It would be of great interest to test whether they act
together or independently. For example one could imagine that ZBP-89 actively stimulates loop
formation of the LCR to the y- globin gene in the fetal liver (binding to activating factors), while it
may function to inhibit long-range interactions in the adult stage but that the function of looping

with the B-globin gene is taken over by factors such as KLF1 and Ldb1.
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SUMMARY

y-globin gene expression is restricted to human fetal life and is replaced by -globin gene expression
after birth. Re-activation of y-globin gene expression in adult ameliorates the devastating effect of
B-thalassemia and sickle cell anemia, which are the most important single gene disorders. Hence
understanding the molecular mechanism of y-globin gene suppression is of great importance to find

new therapeutic strategies.

In chapter 2 we describe the development of an innovative and unbiased proteomics approach,
Targeted Chromatin Purification (TChP), to identify protein complexes responsible for y-globin gene.

One of the protein factors we identified was ZBP-89.

Chapter 3 describes the functional role of ZBP-89 in y-globin regulation. The protein partners of ZBP-
89 were identified using proteomics and Mass Spectrometry in two different cell lines, the binding of
ZBP-89 in the human genome was studied using ChIP sequencing and the effect of reduced ZBP-89
expression by shRNA Lentiviral mediated knock down (shRNA KD) was measured using RNA
sequencing. The role of ZBP-89 in spatial organization of globin locus during development and
differentiation was also studied using shRNA KD followed by Chromosome Conformation Capture
Sequencing. These studies show that ZBP-89 interacts with NuRD repressor complexes as well as
other proteins known to be involved in y-globin regulation in MEL cells, whereas it interacts with co-
activator like proteins P400/Trrap, the mediator complex and the SWI/SNF complex in K562 cells.
The reduced expression of ZBP-89 leads to increased embryonic and fetal globin gene expression in
human adult erythroid progenitors while the expression of the adult stage globins is decreased.
Upon ZBP-89 knockdown in HEP cells the interaction of the y-genes with HS1 and HS4 is increased
while the interaction between the HS1 and the B-globin gene is decreased. Interestingly the
interaction with a sequence 3.7 kb HBG1 downstream of the y-globin genes with HS1-4 increased

resembling the conformation of the 3-globin locus during the fetal stage.

Chapter 4 describes Chtop as a DNA binding protein regulating transcription. Chtop-interacting
proteins were identified by a biotinylation-proteomics approach. Chtop methylation by Prmtl
results in recruitment of Five Friends of Methylated Chtop (5FMC) to Chtop. 5FMC is a nuclear

complex that consists of co-activator Pelpl, the Sumo-specific protease Senp3, Wdrl8, Tex10 and
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Las1L. Recruitment of 5FMC to ZBP-89 affects transactivation potential by increasing Polymerase Il

level on the promoters of ZBP-89 target genes.
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Samenvatting

y-Globine genexpressie is beperkt tot enkel het foetale deel van het menselijk leven en wordt na de
geboorte vervangen door expressie van het B-globine gen. Re-activatie van y-globine gen expressie
na de geboorte vermindert de desastreuze gevolgen van thalassemie en sikkelcel anemie, enkele
van de belangrijkste genetische ziektes van één enkel gen. Het is daarom belangrijk het moleculaire
mechanisme achter de onderdrukking van y-globine genexpressie te begrijpen, om zo to nieuwe
therapeutische strategieén te komen.

Hoofdstuk 2 beschrijft de identificatie van de eiwitcomplexen verantwoordelijk voor de
onderdrukking van y-globine expressie, dmv een door ons ontwikkelde innovatieve en objectieve
proteomics benadering (genaamd Targeted Chromatin Purification, TChP). Hierbij worden de eiwit
factoren gebonden aan de y-globine promoter en regulatoire regionen opgezuiverdn en
geidentificeerd. Eén van deze eiwit factoren is ZBP-89.

Hoofdstuk 3 beschrijft de functionele rol van het ZBP-89 eiwit bij de onderdrukking van y-globine
expressie. De eiwit partners van ZBP-89 zijn bestudeerd in twee verschillende cellijnen met behulp
van proteomics en massaspectrometrie, de bindingsplaatsen van ZBP-89 in het humane genome
bepaald met ChlIP sequencing en het effect bestudeerd van verminderde ZBP-89 expressie door
middel van shRNA lentivirale knockdown (shRNA KD) gevolgd door RNA sequencing. Ook is de rol
van ZPB-89 onderzocht bij de ruimtelijke organisatie van het globine locus tijdens de ontwikkeling
door gebruik te maken van shRNA KD gevolgd door Chromosome Conformation Capture sequencing.
Deze studies laten zien dat ZBP-89 een interactie aangaat met NuRD repressor complexen, alsmede
met andere eiwitten betrokken bij de onderdrukking van y-globine expressie. Anderzijds gaat het
ook interacties aan met co-activator eiwtten as P400/Trrap, het Mediator complex and het SWI/SNF
complex in de K562 cellijn. Verminderde expressie van ZBP-89 leidt to een verhoging van
embryonale en foetale globine expressie in volwassen rode erythroide voorlopercellen, terwijl de de
expressie van globine genen die alleen na de geboorte tot expressie komen verlaagd wordt. ZPB-89
reductie in volwassen erythroide voorlopercellen leidde tot een verhoogde interactie van de y-
globine genen met HS1 en HS4, en verlaagde de HS1-B-globine gen interactie. Tevens was er sprake
van verhoogde interactie van de sequentie HBG1 die 3.7 kb naast de y-globine genen ligt met HS1-4,
wat wederom gelijkenis vertoont met de foetale B-globine locus conformatie.

Hoofdstuk 4 beschrijft Chtop als een DNA-bindend eiwit dat transcriptie reguleert. Eiwitten die een

interactie aangaan met Chtop werden geidentificeerd door een biotinylation-proteomics strategie.
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De methylatie van Chtop door Prmt1 resulteert in het aantrekken van de Five Friends of Methylated
Chtop (5FMC) door Chtop. 5FCM is een nucleair complex dat bestaat uit de co-activator Pelpl, de
Sumo-specifieke protease Senp3, Wdrl8, Tex10 en LaslL. Rekrutering van 5FMC door ZBP-89
beinvloedt het transactivatie potentieel door het verhogen van Polymerase Il niveaus op de

promotoren van ZBP-89 doelwitgenen.
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