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SUMMARY

Embryonic stem cells (ESCs) are derived from the inner cell mass (ICM) of the mammalian
blastocyst. They are capable of indefinite self-renewing cell division under specific cell culture
conditions for extended periods and they have the ability to differentiate into all cell types of the
adult organism. This property of ESCs holds great promise for regenerative therapeutic medicine.
The fundamental understanding of the molecular biology of ESCs will be essential for the eventual

rational design of methods to control the self-renewal and differentiation of these cells.

Oct4 and Sox2 are key transcription factors that are important in maintaining the ESC
state. In order to understand the roles of these factors and how they collaborate with each other, it
is essential to know which genes are directly associated with these proteins in vivo. In this study,
chromatin immunoprecipitation (ChIP) was used in a small scale study to map the binding
circuitry of Oct4 and Sox2 on Oct4, Sox2 and Nanog genes. Oct4 and Sox2 were shown to bind to

the genes encoding Oct4, Sox2 and Nanog.

Subsequently, the ChIP-PET (paired end ditag) technology was used to map the whole
genome binding sites of Oct4 and Sox2. Thousands of novel Oct4 and Sox2 binding sites were
identified, mapping to genes implicated in important cellular functions including maintenance of
pluripotency. Oct4 and Sox2 were found to co-occupy a substantial number of genes. A fifteen

nucleotide Sox2-Oct4 motif was identified and characterized.

In order to identify other DNA binding transcription factors that may work together with
Oct4 and Sox2, 500 bp DNA sequences centered on the sites bound by Oct4 and Sox2 were
matched against matrices from the TRANSFAC database to reveal putative transcription factor co-

motifs. Two of the extrinsic signaling substrates, Stat3 and Smadl, were shown to bind in the

Xi



vicinity of Oct4 and Sox2 DNA binding sites associated with genes important in cell cycle
regulation, pluripotency and self-renewal. Stat3 and Smadl1 were further demonstrated to be Oct4
partners, revealing the connection between the intrinsic transcription factors and extrinsic
signaling pathways in mouse embryonic stem cells (mMESCs). Stat3 and Oct4 were shown to bind
to the promoter of Nanog, and subsequent results suggest that Stat3 may regulate the transcription
of Nanog. This may provide a link between the three transcriptional pathways in mESCs.
Together, these results suggest that Oct4 and Sox2 (1) have multiple DNA binding sites, (2) may
exert transcriptional effects from distal locations, (3) work in collaboration with other transcription

factors and (4) their binding may be a pre-requisite for the binding of other transcription factors.

In conclusion, this study identified the Oct4 and Sox2 DNA interactions, characterized the
joint DNA motif, expanded the Oct4 and Sox2 transcription binding network to the Smadl and
Stat3 signalling networks and utilized these binding data in an attempt to answer a long standing
hypothesis of a crosstalk between the Oct4, Stat3 and Nanog transcriptional pathways. The
findings obtained here may contribute to the eventual mapping of the whole transcriptional

regulatory network and elucidation of transcriptional mechanisms in mESCs.

xii
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Stem cells

Stem cells are classically defined as cells that can generate daughter cells identical to their parent
cells (self-renewal) as well as can produce progeny with restricted potential (differentiation)
(Smith, 2001; Weissman et al., 2001). Stem cells can be isolated from the embryo, umbilical cord

and adult tissues, with different levels of potency or differentiation ability.

In early mouse embryogenesis, the zygote and blastomeres from two- to four- cell embryo
are totipotent. Totipotent cells can differentiate into any cell types of the body including the
placenta, and can give rise to a whole organism. As the embryo continues to cleave, the
blastomeres lose the potential to differentiate into all cell lineages. At 3.5 days postcoitus (dpc)
during the formation of the blastocyst, the outer cells of the embryo develop into the
trophectoderm (TE) from which the placenta is derived. The cells on the inside are called the inner
cell mass (ICM) that can generate all cell lineages of the embryo proper, but they cannot give rise
to totipotent stem cells nor a whole organism, and thus are considered pluripotent. Then at 4.5dpc,
a primitive endoderm layer is observed at the surface of the ICM, and the remaining pluripotent
cell population that is covered by the primitive endoderm is termed as the epiblast, which would
produce all adult tissues (Figure 1.1). After implantation, the epiblast cells start to proliferate
rapidly and increase in size. At 6.0 dpc, apoptotic cell death occurs in the central part of the
epiblast, resulting in the formation of an epithelialized monolayer of pluripotent cells designated
as the primitive ectoderm. At 7.0dpc, only primordial germ cells (PGCs) retain pluripotency, from
which embryonic germ cells (EGCs) can be established in vitro (Coucouvanis and Martin, 1995;
Matsui et al., 1992) (Figure 1.1). Multipotent stem cells, with restricted differentiation potential,

can be found in the umbilical cord and adult tissues such as haematopoietic stem cells that give



rise to blood cells (Moore and Lemischka, 2006; Petersen and Terada, 2001) (Figure 1.2). Stem
cells, particularly embryonic stem cells (ESCs), offer enormous potential for a diverse range of
cell-replacement therapies, in addition to their use as research tools for understanding self-renewal,

lineage commitment and cellular differentiation.

A Morula B Early blastocyst C Late blastocyst D Egg cylinder stage
Innercelimass — . Eplblast Primitive Germ cell
(IC™m) A, ectoderm lineage
3 =~_’ L 5 y
 — ) =™ —> Nl )
/ ; 4 B 2 122 Somatic cell
_ | " lineages
o L & Viscoral \A Ectoderm
' J endoderm =) Nusoderm
Blastocyst . 25 A Endoderm
cavity Primitive P:ﬁ:‘“'
— e erm )
encoderm o ™ Proamniotic
Trophectoderm Extraembryonic cavity
ectoderm

Figure 1.1: A schematic diagram of the mouse pre-implantation development. Pluripotent stem
cells (green) appear in the morula as inner cells (A), which then form the inner cell mass (ICM) of
the blastocyst (B). After giving rise to the primitive endoderm, pluripotent stem cells form the
epiblast and start to proliferate rapidly after implantation (C). The pluripotent cells then form the
primitive ectoderm, a monolayer epithelium that has restricted pluripotency that goes on to give
rise to the germ cell and somatic lineages of the embryo (D). Figure was adopted from Niwa
(2007).

1.2 Embryonic stem cells (ESCs)

Cells from the ICM can be isolated and cultured in vitro under permissive conditions as embryonic
stem cell (ESC) lines (Bongso et al., 1994; Evans and Kaufman, 1981; Martin, 1981; Thomson et
al., 1998) (Figure 1.2). These ESCs are able to give rise to all derivatives of the three primary
germ layers (ectoderm, endoderm and mesoderm) as well as possessing the ability to differentiate
into the trophectoderm lineage (Niwa et al., 2005; Niwa, 2007; Pierce et al., 1988). In vivo, ESCs

can produce germ line chimeras. ESCs have a doubling time of about 12 hr, similar to that of the

epiblast, and have similar expression pattern of specific marker genes (Pelton et al., 2002).



ESCs exhibit unique properties, including unlimited self-renewal, long term proliferation
in vitro, stable karyotype, highly efficient and reproducible differentiation potential in vivo and in
vitro and germ line colonization. They also exhibit clonogenicity where the cells are capable of
growing as separate colonies. They demonstrate high versatility in the types of cells they can
differentiate into upon specific culture conditions. These properties of ESCs provide an enormous
potential for clinical treatments of degenerative illnesses such as Parkinson’s disease, whereby
diseased or dysfunctional cells can be replaced with healthy, functional ones (Pera et al., 2000).
However, fundamental to the realization of this goal is a better understanding of the nature and
basic biology of ESCs, such as genetic switches and molecular mechanisms that govern
pluripotency. To this end, both human ESCs (hESCs) and mouse ESCs (mESCs) can be used as

experimental models to further our understanding of the molecular basis of differentiation.

Human ESCs are relatively more difficult to culture and manipulate compared to mESCs
(Pera et al., 2000; Reubinoff et al., 2000; Thomson et al., 1998). Notwithstanding ethical issues in
deriving hESCs, in vivo assessment of pluripotency is not possible for hESCs as these cells must
be reintroduced into the human body to determine their ability to produce all somatic lineages and
germ line chimerism. These cells must also generate embryoid bodies and teratomas containing
differentiated cells of all three germ layers. Comparatively, mESCs are easier to culture, transfect
and differentiate; and are thus used as a convenient cellular model to study the various aspects of

ESC biology such as the mechanisms of pluripotency.

1.3 Properties of mouse ESCs (MESCs)

mESCs were originally isolated and maintained by co-culture on a feeder layer of mitotically
inactivated mouse embryonic fibroblasts (MEFs) (Evans and Kaufman, 1981; Martin, 1981). They
are characterized by their expression of distinctive cellular markers and possession of functions

that relate to their uncommitted state. When cultured mESCs are reintroduced into a developing



blastocyst, a chimeric mouse is produced in which ESC-derived progeny can be found in all adult
tissues. In addition, transplantation of undifferentiated mESCs into the adult results in the
formation of teratomas, which are tumours that contain an array of different cell types,
representative of each of the three embryonic germ layers. Upon cell fusion, mESCs can also
dominantly reprogram somatic cells to re-express markers of earlier embryonic stages (Tada et al.,
2001). In addition to their developmental potential in vivo, mESCs display a remarkable capacity
to form many differentiated cell types in culture (Keller, 2005; Smith, 2001). Differentiation of
mESCs in vitro provides a powerful model system to compare between the undifferentiated and

differentiated states, as well as to address questions related to cell fate determination.

1.3.1 Differentiation of mMESCs

Mouse ESCs can be induced to differentiate into derivatives of the three embryonic germ layers
(Figure 1.2) by altering the growth matrix, changing the chemical composition of the culture
medium, co-culture with cell lines, or modifying the cells by genetic manipulation. Differentiation
of the mESCs can be observed morphologically and also measured by reduced pluripotency

markers such as Oct4 or increased lineage-specific markers such as Cdx2.

When mESCs are removed from contact with the feeder cells or gelatin and grown in
suspension culture, they will clump together and spontaneously differentiate to form three-
dimensional colonies called embryoid bodies (EBs) (Doetschman et al., 1985; Keller, 2005;
Smith, 2001). Cells within the EBs can differentiate into various committed cell types including
cardiomyocytes (Maltsev et al., 1993), skeletal muscle (Miller-Hance et al., 1993), endothelial
cells (Vittet et al., 1996), neuronal cells (Bain et al., 1995), adipocytes (Dani et al., 1997) and
hematopoetic precursors (Schmitt et al., 1991; Smith et al., 1988). In addition, removal of factors
crucial for the maintenance of mESCs, such as leukemia inhibitory factor (LIF), also causes the

mESCs to differentiate (Smith et al., 1988). Besides that, addition of commonly used inducers of



mESCs differentiation such as retinoic acid (RA), also induces different types of differentiation
when applied at various concentrations (Soprano et al., 2007). Lower levels of retinoic acid have
been found to promote the formation of epithelial-like cells, whereas higher levels favored the
differentiation of mESCs into fibroblastic-like cells (Faherty et al., 2005). Another way to induce
differentiation of mESCs is through genetic manipulation. Some examples include the ectopic
expression of Gata6 (into primitive endoderm) and Cdx2 (into trophectoderm), or RNAi-mediated
depletion of factors which are important in maintaining pluripotency and self-renewal (Ding and
Buchholz, 2006; Fujikura et al., 2002; Hay et al., 2004; Hough et al., 2006b; Lim et al., 2007,

Niwa et al., 2005; Tolkunova et al., 2006).
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Figure 1.2: Mouse embryonic stem cell (mESC) culture, self-renewal and differentiation. The
fertilized oocyte and blastomeres stage embryos are totipotent. The inner cell mass from the
blastocyst gives rise to pluripotent mESCs. Undifferentiated mESCs can be cultured in vitro in the
presence of LIF and FBS. Changing the culture conditions of mESC will allow differentiation into
different cell types such as blood cells, neural cells and muscle cells. (Figure was adopted from the
University of British Columbia at http://www.scq.ubc.ca/?p=317)




1.4 Maintaining mESCs in their undifferentiated state

The propagation of undifferentiated mESCs is dependent on extrinsic factors that induce signalling
pathway cascades into the cell nucleus as well as intrinsic transcription factors that control the
expression repertoire of the cell (Figure 1.3). In this model, cell-surface receptors initiate signals
that are conveyed to the nucleus and affect key transcription factors such as Oct4 and Nanog, as
well as self-renewal transcription factors such as signal transducer and activator of transcription-3

(STAT3) which in turn promotes the ESC state and inhibits differentiation (Figure 1.3).
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Figure 1.3: A model for extrinsic signalling and intrinsic transcription factor pathways in the
maintenance of mESC pluripotency and self-renewal. Leukemia inhibitory factor (LIF) and bone
morphogenic protein (BMP) pathways send signals into the nucleus. In the nucleus, transcription
factors such as Oct4/Sox2, Nanog and Stat3 promote the ESC state and inhibit differentiation.
Question marks denote lack of information. GAB1: GRB2-associated binding protein-1; GSK3:
glycogen synthase kinase-3; Id: inhibitor of differentiation; JAK: janus kinase; MEK: mitogen-
activated protein kinase (MAPK) and extracellular signal regulated kinase (ERK) protein kinase;
SMAD: similar to mothers against decapentaplegic homologue; SHP2: SH2-domain-containing
protein tyrosine phosphate-2; WNT: wingless type protein. Figure was adopted from Boiani and
Scholer (2005).



1.4.1 Signalling pathways

In addition to general pathways of signal transduction that operate in most cell types, such as
extracellular matrix (ECM) signalling that originates from the cell-membrane receptors of the
integrin family, several exogenous factors that are involved in nucleus-directed signalling
pathways are known to modulate ESC pluripotency both in vivo and in vitro (Boiani and Scholer,

2005).

Mouse ESCs are typically cultured on fibroblast feeder cells or gelatin with serum and
leukemia inhibitory factor (LIF), a cytokine that activates the essential gp130/Stat3 signalling
pathway (Smith et al., 1992; Williams et al., 1988). Combined with LIF, bone morphogenetic
proteins (BMP) support unlimited ESC self-renewal in the absence of serum or feeders via the
BMP pathway (Ying et al., 2003). So far, the intracellular signalling cascades initiated by both LIF
and BMP have been worked out extensively (Chambers and Smith, 2004). Other less studied
pathways such the WNT pathway (Figure 1.3) has also been reported to be activated in ESCs (Hao
et al., 2006; Sato et al., 2004), but it is known to have dichotomous effects on stem cells (both
proliferative and roles in differentiation). It is likely that LIF, BMPs and other pathways exert their
effects on mESCs by controlling the expression and activity of transcription factors such as Oct4

and Nanog, but evidence to back these facts is still lacking.

1.4.1.1 LIF-STAT3 signalling

Leukaemia inhibitory factor (LIF; also known as differentiation inhibitory activity, Dia) is a
member of the interleukin-6 cytokine family which helps to maintain the pluripotency of mESCs
(Smith et al., 1988). LIF can be provided by MEFs (Rathjen et al., 1990) or as a recombinant
protein (Williams et al., 1988). MEFs deficient for the LIF gene cannot maintain ESC self-renewal
(Stewart et al., 1992; Stewart and Cullinan, 1997) and LIF can replace the requirement for feeders

in mESC culture (Smith et al., 1988) and de novo derivation of mESCs (Nichols et al., 1990). The



removal of LIF results in differentiation of mESCs, mainly toward the primitive endoderm lineage

(Niwa et al., 1998).

In the LIF-Stat3 pathway (Figure 1.3), LIF functions by binding to LIF receptor (LIFR) at
the cell surface, which causes the receptor to heterodimerize with another transmembrane protein,
glycoprotein-130 (gp130). On binding LIF, the intracellular domains of the LIFR—gpl130
heterodimer can recruit the non-receptor Janus tyrosine kinase (JAK) and the anti-phospho
tyrosine immunoreactive kinase (TIK) and become phosphorylated. The phosphorylated
intracellular domains of the LIFR—gp130 heterodimer function as docking sites for proteins that
contain the Src-homology-2 (SH2) domains, which include the latent transcription factor Stat3.
Stat3 binds to the phosphotyrosine residues on the activated LIFR-gpl130 and undergoes
phosphorylation and dimerization. Subsequently, phosphorylated Stat3 dimers translocate to the
nucleus where they function as transcription factors (Matsuda et al., 1999; Niwa et al., 1998).
Signalling of gp130 is not limited to activation of Stat3 but includes stimulation of the Ras/
mitogen-activated protein kinase pathway (MAPK) which activates extracellular regulated kinase
(ERK) when cell surface receptors are stimulated by a complex containing Grb2 adaptor and Sos
guanine-nucleotide-exchange factor (Kolch, 2000). Activation of ERK has a pro-differentiation

effect and is antagonistic to ESC self-renewal (Burdon et al., 1999).

Activated Stat3 formed downstream of LIF induction are crucial in preventing the
differentiation of ESCs. Previous co-immunoprecipitation studies have indicated that Stat3 is a
component of the tyrosine-phosphorylated complex that forms upon LIF induction (Boeuf et al.,
1997; Hocke et al., 1995). Moreover, tyrosine kinase inhibitors were shown to impair the
formation of the activated Stat3 complex and cause differentiation of ESCs (Boeuf et al., 1997).
Blockage of activation of Stat3 by overexpression of its dominant-negative mutant in the presence

of LIF induces mesoderm-endoderm differentiation similar to that induced by the withdrawal of



LIF, indicating that Stat3 is essential for LIF action (Niwa et al., 1998). Matsuda et al. (1999)
reported that activation of Stat3 is sufficient to maintain ESC self-renewal in the presence of

serum without LIF.

The knocking-out of LIF, Stat3 or gp130 in mice results in severe developmental disorders
indicating that these factors play important roles in embryonic development of mice. LIF mutant
female mice are infertile as the adherence of the embryo to the uterus wall is dependent on the
production of estrogen and LIF by the uterus (Stewart et al., 1992). Consequently, LIF” females
fail to support embryonic implantation. However, LIF” embryos can implant and develop to full
term foetuses in wild type mice possessing a normal uterus. LIFR-null embryos died shortly after
birth and exhibit reduced bone mass and profound loss of motor neurons (Li et al., 1995; Ware et
al., 1995). Embryos homozygous for the gp130 mutation died between 12-18 dpc due to placental,
myocardial, hematological and neurological disorders (Nakashima et al., 1999; Yoshida et al.,
1996). Epiblast cells of the ICM of gpl130”" embryos differentiate into parietal endoderm and
undergo apoptosis. Moreover, LIFR” and gpl130” delayed embryos are unable to resume
embryogenesis after 12 and 6 days of diapause (arrest of embryonic development in lactating
mothers), respectively. Targeted disruption of the Stat3 gene in vivo also leads to embryonic
lethality due to the failure to establish metabolic exchanges between the embryo and maternal
blood (Takeda et al., 1997). Stat3-null embryos develop into elongated egg cylinders and
degenerate around embryonic day (E) 7.0. Thus, Stat3 plays a unique and crucial role in
embryonic development that cannot be compensated for by other members of the Stat family

(Statl, 2, 5a, 5b).

Collectively, these studies show that the LIF-Stat3 pathway is important in maintaining
pluripotency and self-renewal. However, LIF alone is not sufficient for mESC self-renewal as the

cells still undergo differentiation when cultured without serum in the presence of LIF (Ying et al.,
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2003). Studies by Ying et al. (2003) have identified the bone morphogenic proteins (BMPs) to be
one of the components in serum which contributes to mESC self-renewal. Together with LIF,
BMP can maintain mESCs in their undifferentiated state without the use of serum or feeder cells

(Ying et al., 2003).

1.4.1.2 BMP signalling

Bone morphogenic proteins (BMPs) belong to the transformation growth factor beta (TGFp)
superfamily. BMP4, BMP2 or growth and differentiation factor 6 (GDF6) have been demonstrated
to suppress differentiation and results in concomitant self-renewal in mESCs by blocking neuronal
differentiation (Finley et al., 1999; Tropepe et al., 2001; Ying et al., 2003) and promote non-
neuronal (mesoderm, endoderm, trophoblast) differentiation (Ying et al., 2003). BMP4 can also
replace serum during de novo derivation of ESCs. Loss of BMP4 function results in embryonic
development disorders in mice such as gastrulation defects, disorganized posterior structure and
devoid of primordial germ cells (PGCs) (Dunn et al., 1997; Lawson et al., 1999; Winnier et al.,

1995).

In the canonical BMP signalling pathway, BMPs bind to the BMP receptors (BMPRs)
which are serine/threonine kinases composed of type I and II subtypes. Subsequently, BMPR type
I phosphorylates the C-terminus of Smadl, Smad5 or Smad8. Upon phosphorylation, Smad1/5/8
forms dimers and complexes with the common Smad protein, Smad4. The heterotrimeric complex
then translocates into the nucleus and cooperates with other transcription factors to modulate the
transcription of target genes such as Inhibitor of differentiation (Id) genes (Derynck and Zhang,
2003; Miyazono et al., 2005; Moustakas et al., 2001; Shi and Massague, 2003; Wotton et al.,
1999; Zhang and Li, 2005). Smadl and BMP4 are found to be crucial for mediating the embryonic

development of mice. Smadl”™ embryos die by 10.5 dpc due to their inability to connect to the
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placenta (Tremblay et al., 2001b). BMP4 may also be involved in the maintenance of ESCs by

inhibition of the ERK/MAPK (Qi et al., 2004).

BMP and LIF pathways are important in maintaining mESCs by cascading signals into the
cell nucleus. However, little is known about how LIF and BMPs control intrinsic molecular

determinants of pluripotency and self-renewal.

1.4.2 Key transcription factors controlling pluripotency

The pluripotency of ESCs is intrinsically regulated by ESC-specific transcription factors which
includes Oct4, Sox2 and Nanog (Chambers, 2004; Chambers and Smith, 2004; Niwa, 2001; Wang
et al., 2006). Oct4, Sox2 and Nanog-deficient ESCs are not capable of extensive self-renewal and
spontaneously differentiate, even in the presence of LIF and serum (Chambers et al., 2003; Mitsui
et al., 2003; Masui et al., 2007; Nichols et al., 1998). All three transcription factors including the
substrate of LIF, Stat3, help to maintain mESCs in its undifferentiated condition (Figure 1.3).
Nanog and LIF/Stat3 were reported to suppress primitive endoderm differentiation while Oct4
over-expression promotes it. Oct4 and Sox2 have been shown to inhibit differentiation into the

trophectodermal lineage (Figure 1.3; Masui et al., 2003; Mitsui et al., 2007; Niwa et al., 1998).

1.4.2.1 Oct4

1.4.2.1.1 Oct4 structure

Oct4 (also referred to as Oct-3/4), encoded by Pou5fl, is a homeodomain transcription factor
belonging to class V of POU (Pit, Oct, Unc) factors. Two domains spanning the N- and C-terminal
portion of Oct4 protein define the transactivation capacity of the POU transcription factor
(Imagawa et al., 1991; Okamoto et al., 1990; Vigano and Staudt, 1996). The N-terminal region is

a proline- and acidic residue- rich region, whereas the C-terminal region is rich in proline, serine
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and threonine residues. The N-terminal domain can function as an activation domain in
heterologous cell systems, while the C-terminal domain consists of a POU-domain which mediates
cell-type specific functions (Brehm et al., 1997). In a complementation assay, Niwa et al. (2002)
used a conditional Oct4-null ESC line to establish the essential domains of the Oct4 protein that
are crucial in maintaining ESCs in an undifferentiated state (Niwa et al., 2002). The
complementation assay was based on the ability of a protein to rescue the self-renewal capability
of cells that would otherwise differentiate because of Oct4 downregulation. Oct4 was found to be
the only POU domain containing protein to have the ability to rescue the self-renewing phenotype,
as Oct2 and Oct6 were found to have no effect on cell fate in this system. Intriguingly, truncated
Oct4 protein containing the Oct4 POU domain and either the C- or N-terminal domain can support
ESC self-renewal. Gene expression analysis revealed that Oct4 transactivation domains have the
ability to elicit the activation of different target genes such as Sox2, Fgf4, Utfl, Zfp42, Leftyl and

Otx2.

Oct proteins have a common conserved DNA binding domain called the POU domain,
which is a bipartite module comprising of two structurally independent subdomains: a 75 amino
acid N-terminal POU-specific domain (POU;) and a 60 amino acid C-terminal POU homeodomain
(POUy) connected by a flexible linker of 15-56 amino acids (Herr and Cleary, 1995). Both of
these domains are required for DNA binding through a helix-turn-helix structure. The POU
domain binds DNA via the POU; subdomain to an octamer DNA consensus sequence
ATGC(A/T)AAT (Scholer, 1991). The POU domain also binds to DNA via the interaction of the
third recognition helix of the POUy subdomain with bases in the DNA major groove at the TAAT
core site. This DNA region interacts with the Oct proteins at a lower affinity compared to the
earlier mentioned octamer DNA sequence. The POU; domain exhibits a site-specific, high affinity

DNA binding and bending capability (Verrijzer et al., 1991). Besides mediating the binding of
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POU factors to DNA, both the subdomains can also participate in protein-protein interactions

(Brehm et al., 1999; Vigano and Staudt, 1996).

1.4.2.1.2 Oct4 expression and function

Oct4 is expressed in totipotent and pluripotent cell populations during development (Nichols et al.,
1998). It is initially expressed as a maternal transcript and is essential for the formation of the
pluripotent ICM (Nichols et al., 1998). Oct4 is expressed at low levels in all blastomeres until the
four-cell stage (Palmieri et al., 1994). At this particular stage, the Oct4 gene undergoes zygotic
activation resulting in high Oct4 protein levels in the nuclei of all blastomeres until compaction
(Yeom et al., 1991). After cavitation, Oct4 expression is maintained only in the ICM of the
blastocyst and is downregulated in the differentiated trophectoderm (Okamoto et al., 1990; Rosner
et al., 1990; Scholer et al., 1990). After implantation, Oct4 expression is restricted to the epiblast.
During gastrulation at 6.0-6.5dpc, it is downregulated and from 8.5dpc, Oct4 is restricted to
precursors of the gametes or PGCs. Oct4 is also expressed in undifferentiated mouse ESC, EGC
and ECC (embryonic carcinoma cell) lines (Okamoto et al., 1990; Rosner et al., 1990; Smith et

al., 1992; Yeom et al., 1996).

Oct4 plays a central function in embryonic development and in maintaining
undifferentiated ESCs. Oct4-deficient embryos die at the peri-implantation stage and form empty
deciduas or implantation sites that contain trophoblastic cells that are devoid of yolk sac or
embryonic structures (Nichols et al., 1998). In vitro cultures of the cells from the inner region of
the Oct4-deficient blastocyst contain trophoblastic giant cells and not pluripotent cells nor
extraembryonic endoderm. Moreover, a critical amount of Oct4 has been found to be crucial for
the maintenance of ESC self-renewal (Niwa et al., 2000). In the study, Niwa et al. used ESCs with
inactivated endogenous Oct4 alleles that were maintained by tetracycline regulated transactivator

constructs activating a transgene expressing Oct4. They showed that downregulation of
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endogenous Oct4 to below 50% of its original levels in undifferentiated mESCs resulted in the
cells to be committed towards trophectoderm lineages due to the upregulation of transcription
factors Cdx2 and Eomesodermin (Eomes) (Niwa et al., 2005). This result is consistent with Oct4™
embryos (Nichols et al., 1998). On the other hand, an increase beyond 50% of the endogenous
levels of Oct4 leads to the concomitant differentiation of ESCs into extraembryonic endoderm and
mesoderm, similar to that observed upon LIF withdrawal (Niwa et al., 2000). Therefore, Oct4
governs commitment of embryonic cells along three distinct cell fates: self-renewal,

trophectoderm, extraembryonic endoderm and mesoderm.

Retinoic acid triggers the rapid downregulation of Oct4 in ESC and ECC (Okamoto et al.,
1990; Rosner et al., 1990; Scholer et al., 1989). In ESCs, Oct4 activates gene transcription
irrespective of the distance of the octamer motif from the transcriptional initiation site (Okamoto et
al., 1990; Scholer et al., 1989). In differentiated cells, Oct4 can transactivate gene transcription
only from a proximal location. However, interaction between adenovirus protein EA1 or human
papillomavirus E7 oncoprotein and the Oct4 POU domain is sufficient for Oct4 to elicit
transcriptional activation from remote binding sites (Scholer et al., 1991). E1A and E7 proteins
would therefore mimic unidentified ESC-specific coactivators that serve a similar function in

pluripotent cells.

1.4.2.1.3 Regulation of Oct4 expression

The Oct4 gene comprises a TATA-less proximal promoter as well as two stem-cell-specific
regulatory elements, a distal enhancer and a proximal enhancer (Pikarsky et al., 1994;
Schoorlemmer et al., 1994; Sylvester and Scholer, 1994; Yeom et al., 1996). Many positive and
negative regulators are recruited to Oct4 at these sites. Among these are the Liver receptor
homolog 1 (Lrhl or Nr5a2) which is a putative positive regulator of Oct4. Oct4 expression is lost

in the epiblast of Lrhl-null embryos and is quickly downregulated after the induction of
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differentiation in Lrhl-null ESCs (Gu et al., 2005a). Conversely, the germ cell nuclear factor
(Genf or Nr6al) is a potential Oct4 negative regulator. Low Genf expression is detected in the
whole mouse embryo at 6.5dpc where Oct4 expression is high. At 7.5dpc, increasing Genf and
correspondingly decreasing Oct4 mRNA levels are observed in neural folds and at the posterior of
the embryo. In Genf-deficient embryos, Oct4 mRNA is detected in the putative hindbrain region
and posterior of the embryo (Chung and Cooney, 2001; Fuhrmann et al., 2001). This indicates that
loss of Genf leads to loss of Oct4 repression in somatic cells and loss of Genf-induced restriction
of Oct4 in the germ line. The same phenotype is observed in Genf-deficient mice containing a
targeted deletion of the DNA-binding domain of Genf (Lan et al., 2002). Oct4 repression
following the induction of differentiation is also delayed in Genf-null ESCs (Gu et al., 2005b). In
addition to Genf, Chicken ovalbumin upstream promoter-transcription factors (Coup-tf) I and II,
encoded by Nr2fl and Nr2f2, respectively, also function as negative regulators of Oct4 expression
(Ben Shushan et al., 1995; Gu et al., 2005b). In addition to Oct4 itself, Sox2 and Nanog have also
been implicated to regulate Oct4 expression, which will be discussed in detail in the following
chapters. FoxD3 has also been implicated as an activator for Oct4 expression (Pan et al., 2006).
The balance between these positive and negative regulators might determine the precise level of

Oct4 expression.

1.4.2.2 Sox2

Sox2 is a member of the mammalian testis-determining factor Sry-related high mobility group
(HMG box-containing) transcription factor family that binds to DNA through its 79 amino acid
high mobility group (HMG) domain (Kamachi et al., 2000). In contrast to most DNA-binding
proteins, which access DNA through the major groove, the HMG box interacts with the minor

groove of the DNA helix, and introduces a bend in the DNA molecule.

16



Sox2 is indispensable for maintaining pluripotency. Sox2 is co-expressed with Oct4 in the
ICM of preimplantation embryos, ESCs, ECCs, and EGCs (Avilion et al., 2003). Sox2 is also
expressed in neuronal multipotent cells (Zappone et al., 2000). Sox2 homozygous null embryos
stop development in the peri-implantation stage (as found in Oct4 mutants) and die immediately
after implantation (Avilion et al., 2003). Using an inducible system, Masui et al. (2007) recently
showed that Sox2 null mESCs differentiate primarily into trophectoderm-like cells. In
concurrence, knockdown of Sox2 in mESCs also drives the cells towards the trophectodermal
lineage (Ivanova et al., 2006). In contrast, Sox2 overexpression did not impair propagation of
undifferentiated mESCs. However, when mESCs were released from self-renewal, they
differentiated into the neurectoderm. More recently, Sox2 was also implicated in controlling
transcriptional regulators of Oct4, thereby affecting Oct4 expression levels in mESCs (Masui et

al., 2007).

The two regulatory regions termed Sox2 regulatory region 1 (SRR1) and SRR2, were
identified based on their activities in pluripotent ESCs where they exert their function specifically
when cells are in an undifferentiated state (Tomioka et al., 2002). It was shown that SRR2 has a
regulatory core sequence comprising octamer and Sox-2 binding sequences and that SRR2
exhibits its activity by recruiting the Oct4-Sox2 complex to it in ESCs. The Sox2 HMG domain
binds to the DNA recognition sequence CTTTGTT through numerous specific hydrogen bonds.
Sox2 is able to bind to DNA on its own, but with a significantly lower affinity compared with
binding to DNA as part of a ternary complex with POU proteins (Remenyi et al., 2003). Studies
on Sox2 as a transcriptional regulator have mostly been in combination with Oct4, where Oct4 and
Sox2 have been shown to interact and bind to multiple binding sites as a complex (Ambrosetti et

al., 2000; Remenyi et al., 2003).
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1.4.2.2.1 Oct4 and Sox2 partnership

Oct and Sox proteins selectively interact with each other via their conserved domains POU and
HMG, respectively, which also bind to DNA. The C-terminal domains of both Sox2 and Oct4
contribute to the functional activity of Sox2/Oct4 complex (Ambrosetti et al., 2000). The C-
terminal domain of Oct4 is active when Oct4 exists as an Oct4/Sox2 complex. The synergistic
action of Sox2 and Oct4 results from two distinct yet concerted events. Cooperative binding of
Sox2 and Oct4 to the DNA via their respective DNA binding domains, and upon tethering of each
factor to the enhancer region forming a ternary complex, new DNA-protein and protein-protein
interactions induce conformational changes that may lead to activation of latent domains and
constitute a new, distinct platform for the recruitment of other coactivators (Dailey and Basilico,
2001). Their functional partnership has been characterised on regulatory elements in various
species including that of human and mice (Dailey and Basilico, 2001). Recently, the importance of
Oct4 and Sox2 in the maintenance of pluripotency was further reinforced in an artificial system
when Takahashi and Yamanaka (2006) reported that the expression of Oct4 and Sox2 with two
other transcription factors, c-Myc and Klf4, could induce murine fibroblasts to become pluripotent

ES-like cells (Takahashi and Yamanaka, 2006; Wernig et al., 2007).

An example of a target gene with Sox2-Oct4 composite binding element is the Fgf4
(fibroblast growth factor 4) enhancer, which was the first DNA element that was described to
contain a composite DNA element binding Sox2 and Oct4 (Yuan et al., 1995). The Fgf4 enhancer
in the untranslated region of exon 3 consists of a closely juxtaposed Oct4 binding site and Sox2
binding site. Subsequent biochemical work showed the cooperative nature of Sox2 and Oct4
interaction and the requirement of a specific arrangement of binding sites within the Fgf4 enhancer
DNA (Ambrosetti et al., 1997). The different degrees of Sox2/Oct4 cooperativity on regulatory

elements in vitro are in congruence with the regulation of Fgf4 during development, indicating that
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varying the amount of cooperativity in complex formation could result in distinct functional

properties in vivo, such as varying amount of transcription level production.

Remenyi et al. (2003) analysed the crystal structure of the ternary Octl/Sox2/Fgf4
(fibroblast growth factor 4) enhancer element complex and then used homology modelling tools to
construct an Oct4/Sox2/Fgf4 as well as an Oct4/Sox2/Utfl structural model. These models
revealed that the Fgf4 and the Utfl enhancers mediate the assembly of distinct POU/HMG
complexes, leading to different quaternary arrangements by swapping protein—protein interaction
surfaces of Sox2. Sox2 is also able to bind with other Oct proteins in vitro and this may confer the
specificity of Sox-Oct complexes on different target genes. For example, the POU domains of
several family members, including the prototype member Octl, bind cooperatively with the HMG

domain of Sox2 onto the Fgf4 enhancer (Ambrosetti et al., 1997).

The specific expression of Utfl in ESCs is also regulated by the synergistic action of Sox2
and Oct4, where the binding sites of these factors have no intervening spacing (Nishimoto et al.,
1999; Okuda et al., 1998) . In addition, a non-canonical binding site for Oct4 and Sox2 has been
found in the 3’ regulatory region of the Sox2 gene, SRR2 and is involved in Sox2 expression in
ESCs (Tomioka et al., 2002). Oct4 or Oct6 (but not Octl) has been shown to increase Sox2
dependent transcription of the Sox2 gene. Cooperative binding of Oct4 and Sox2 results in
embryonic expression of the F-box containing protein 15 (Fbx15) and mutation of either binding
site is known to abolish the activity of the enhancer (Tokuzawa et al., 2003). In addition, other
pluripotency-associated genes such as Leftyl, Oct4, Sox2 and Nanog have been shown to be
regulated by an enhancer element that contains the Oct4 and Sox2 binding motif and these genes
are highly expressed in undifferentiated ESCs but not in differentiated cells (this study; Chew et
al., 2005; Kuroda et al., 2005; Nakatake et al., 2006; Okumura-Nakanishi et al., 2005; Rodda et

al., 2005; Tomioka et al., 2002). Chromatin immunoprecipitation (ChIP) studies have also
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demonstrated that Oct4 and Sox2 co-occupy a few thousand regulatory sites in the genome of

ESCs (this study; Boyer et al., 2005; Loh et al., 2006).

1.4.2.3 Nanog

Nanog was identified as another transcription factor whose functions are essential in maintaining
the ESC state (Chambers et al., 2003; Mitsui et al., 2003). It is an NK2-family homeobox
transcription factor containing an N-terminal domain, homeobox domain and C-terminal domain
and is expressed in vivo in the interior cells of compacted morulae, ICM or epiblast, and germ
cells. In vitro, Nanog is utilised as a marker for all pluripotent cell lines such as ESC, EGC and

ECC. Nanog expression is downregulated upon differentiation of these cells.

Nanog is essential for the maintenance of a pluripotent phenotype and endoderm
specification is caused by Nanog downregulation. Nanog-deficient embryos die after implantation
due to a failure in specification of the pluripotent epiblast, which is diverted to the endodermal
fate. ESCs derived from Nanog™ blastocysts differentiate into parietal-endoderm lineages (Mitsui
et al., 2003). Knockdown of Nanog in mESCs also showed similar differentiation phenotype
(Hough et al., 2006a; Hough et al., 2006b). However, recently, Chambers et al. (2007) reported
that Nanog null ESCs are more susceptible to differentiation but could still proliferate as
pluripotent stem cells, whereas Nanog expression appears to suppress differentiation.
Overexpression of Nanog in mESC circumvents the necessity of either LIF or BMP stimulation
(Chambers et al., 2003; Ying et al., 2003), suggesting that Nanog may be a downstream effector
for extrinsic signalling molecules. Nanog has also been shown to reinstate pluripotency in somatic
cells after fusion (Silva et al., 2006). Nanog expression has been reported to be positively
regulated by Oct4 and Sox2 (Kuroda et al., 2005; Rodda et al., 2005) and FoxD3 (Pan et al.,
2006), while negatively regulated by p53 (Lin et al., 2005) and Tcf3 (Pereira et al., 2006).

Recently, Stat3 and T (Brachyury) binding sites were also identified in the Nanog enhancer region
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and Nanog was found to interact with Smad]1 to inhibit the activity of BMP signalling (Suzuki et
al., 2006). Wang et al. (2006) has also identified Nanog-associated proteins such as zinc finger
proteins that form protein interaction networks in mESCs. In addition, Sall4 is another
transcription factor that was shown to interact with Nanog and associate together at genomic sites

in vivo (Wu et al., 2006).

1.4.2.4 Other transcription factors in the maintenance of mESC

The identification of the Oct4, Sox2, Nanog 'triad' as master regulators has been an important
advancement in stem-cell biology, although the expression of the triad does not, in itself,
guarantee pluripotency. For example, ECCs express these three factors at appreciable levels, but
are able to develop along only a limited range of specific developmental pathways. This indicates

that additional regulators are required to establish or efficiently retain the pluripotent state.

Other regulators of pluripotency have been identified in screens for genes that give ESCs a
selective advantage in self-renewal. RNAi was used to screen genes that were required to maintain
ESCs in an undifferentiated state (Ivanova et al., 2006). This study identified four genes, estrogen-
related receptor-g (Esrrb), T-box 3 (Tbx3), T-cell lymphoma breakpoint 1 (Tcll) and
developmental pluripotency-associated 4 (Dppa4), in addition to Oct4, Sox2 and Nanog. By
analysing changes in ESC transcription after the knockdown of each of these six genes, the authors
identified three sets of target genes: 800 genes that were either up- or downregulated in response to
most knockdowns; 474 that were affected only by the knockdowns of Oct4, Sox2 and Nanog; and
272 that responded to the Esrrb, Thx3, Tcll and Dppa4 knockdowns. These findings indicated that
at least two separate pathways control ESC self-renewal. Zfx have also been shown to be involved
in regulating ESC self-renewal (Galan-Caridad et al., 2007). Other studies have also characterized
downstream targets that contribute to the maintenance of ESCs, such as Zfp206 (Wang et al.,

2007) and Zic3 (Lim et al., 2007). In a recent report, the ectopic expression of four genes, Oct4,
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Sox2, KIf4 and c-Myc, have been shown to convert mouse embryonic fibroblasts to ES-like
pluripotent stem cells (Takahashi and Yamanaka, 2006). However, the low frequency of this
conversion suggests that other factors might be required for 'resetting' developmental potential.
Alternatively, these converting factors might be effective in only a minority of fibroblasts that

might have already acquired stem-like properties.

1.5 Cell cycle and proliferation of mMESCs

Under optimized culture conditions, mESCs divide symmetrically every 12 hr. During self-
renewal, most ESCs are in the S phase of the cell cycle, with only a few in G1 (Burdon et al.,
2002; Prost et al., 1998). When ESCs begin to differentiate, the G1 phase of the cell cycle
becomes longer and the rate of cell division slows. A number of pathways and factors have been
reported to play a role in promoting the proliferation, survival and/or differentiation of mESCs,
and this includes the phosphoinositide-3-kinase (PI3K)/Akt/Eras/Tcll signalling (Ivanova et al.,
2006; Matoba et al., 2006; Sun et al., 1999; Takahashi et al., 2003; Watanabe et al., 2006),
transcription factor b-Myb (Iwai et al., 2001; Tanaka et al., 1999) and Myc (also known as ¢c-Myc)
which acts via the activation of cyclin E expression to promote G1-S transition (Cartwright et al.,
2005; Hooker and Hurlin, 2006). It was shown that c-Myc is a direct target of Stat3, and that
overexpression of a dominant-active form of c-Myc attenuates self-renewal of mESCs independent
of LIF, which suggests that the regulation of the G1-S transition may be linked to the maintenance
of pluripotency (Burdon et al.,, 2002). In addition, mESCs with reduced expression of
Undifferentiated embryonic cell transcription factor 1 (Utfl) and mESCs that lack Sall4 showed

reduced proliferation ability (Nishimoto et al., 2005; Sakaki-Yumoto et al., 2006).

1.6 Epigenetic modifications in mESCs
Epigenetic processes such as DNA methylation, histone modifications and RNAi may also be

required for proper ESC differentiation (Niwa, 2007) or to facilitate access for transcription factor
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action (Azuara et al., 2006; Smith, 2005). Recently, studies examining specific epigenetic features
of ESCs such as the abundance of modified histones, Polycomb group (PcG) protein-binding
patterns, replication timing and chromatin accessibility have revealed that ESCs manage their
pluripotent status by priming important regulator genes for future expression (Bernstein et al.,

2006; Boyer et al., 2006a; Boyer et al., 2006b; Lee et al., 2006).

1.7 Building the transcriptional network in mESCs

1.7.1 Transcriptional regulators

Transcriptional regulation is controlled by the sequence-specific DNA binding activity of
transcription factors (Tjian and Maniatis, 1994; McKnight and Tjian, 1986; Blackwood and
Kadonaga, 1998). They determine the expression repertoire and thus the cellular phenotype of a
cell. Regulated eukaryotic gene transcription involves the assembly of an initiation complex at the
core promoter region and the coordinated binding of multiple transcription factors and regulatory
complexes to the promoter and enhancer regions. Transcription factors affect the basal
transcriptional machinery and regulate the transcriptional rate. Hence, they influence the
expression level of the corresponding gene. Their ultimate action may be positive (activators) or
negative (repressors). The activity of many of these transcription factors is regulated in a number
of different ways by distinct signal transduction pathways: by changing the rate of synthesis or
degradation of the protein, by post-translational modification of the transcription factor or by

altering its subcellular localisation.

Proximal promoter bound transcription factors are thought to play a direct role in
transcriptional initiation, since many transcription factors contain distinct domains that directly
contact the basal transcriptional machinery. Enhancer elements are Cis-acting sequences that

stimulate transcription in an orientation-independent manner and can operate from long distances
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(Dynan and Tjian, 1985). Studies have highlighted the importance of higher order structure in
regulating gene expression, particularly in the context of chromatin architecture (Cosma, 2002;
Wolffe et al., 1997). Besides proximal promoter and enhancer elements, other elements such as
locus control region, insulator and matrix attachment regions may also associate with transcription

factors in order to facilitate gene expression (Carey and Smale, 2000).

With the completion of the mouse (Waterston et al., 2002) and human (Lander et al.,
2001; Venter et al., 2001) genome, emerging studies are now defining the transcriptome to
decipher the orchestration of gene expression, which is fundamental to the phenotype of a cell and
ultimately the identity of the organism. Mapping and building regulatory networks in ESCs began
with Oct4, Sox2 and Nanog as the building blocks and continued to gain impetus with the advent

of high throughput technologies.

1.7.2 Technologies for studying the transcriptome

The transcriptome is a complex collection of transcripts, due to alternative splicing, temporal and
spatial expression. Powerful high-throughput technologies have been developed to dissect the
transcriptome and to identify genes potentially involved with ESC self-renewal such as (1)
transcriptional profiling for global gene expression, (2) high-throughput RNA interference (RNA1)
that allows systematic perturbation of biological systems, and (3) genome-wide analysis of
protein-DNA interactions which facilitates the study of transcriptional networks (Liu, 2005; Ruan
et al., 2004). The advent of these high-throughput tools together with computational

bioinformatics allows the study of biological processes in a global scale.

1.7.2.1 Transcriptional profiling
Transcriptional profiling refers to the simultaneous analysis of gene expression of all the

transcripts encoded by the genome. Techniques that are currently being used for transcriptional

24



profiling include serial analysis of gene expression (SAGE), massively parallel signature
sequencing (MPSS), and expression microarrays (Ruan et al., 2004). SAGE is a technology
specifically designed to digitally quantify expression of genes annotated by short cDNA tags.
MPSS couples a SAGE-like approach with a novel restriction—ligation, bar code identification,
and bead-based detection system to identify 17-20 bp tags of every transcript in an RNA sample
(Brenner and Livak, 1989; Brenner et al., 2000). Both SAGE and MPSS involve the sequencing of
transcripts. The primary feature of expression microarrays is the arrangement of DNA probes
precisely placed on a two dimensional surface, upon which the RNA targets of analysis are

overlaid (Stears et al., 2003).

In the field of stem cells, attempts to uncover a common set of molecular properties that
define the uncommitted state were pioneered several years ago in a series of microarray expression
studies (Ivanova et al., 2002; Ramalho-Santos et al., 2002; Rao and Stice, 2004). Systematic,
genome-wide interrogations have identified hundreds of genes, including several transcription
factors, which have expression patterns tightly correlated with ESC differentiation. Examples of
methods used include gene expression profiling (Furusawa et al., 2006; Tanaka et al., 2002), EST
(Brandenberger et al., 2004; Palmqvist et al., 2005; Sharov et al., 2003), MPSS (Wei et al., 2005)
and SAGE (Richards et al., 2004). In addition, global expression profiling was used to delineate

the downstream target genes of Oct4 in Oct4-manipulated ESCs (Matoba et al., 2006).

Although transcriptional profiling provides information about the genes that are expressed
by a particular cell type and their relative abundance, it is unable to define the functional
contribution of a particular gene to a certain biological process. In this aspect, one approach used
to determine the role of a particular gene in a biological process is to remove, reduce or inactivate

the gene and subsequently observing the effects on the system.
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1.7.2.2 RNAi screen

Classical loss-of-function genetic approaches involve the random mutagenesis of genomic DNA
followed by identification of resulting mutant phenotypes, or targeted disruption of a desired
genetic locus. Such forward and reverse genetic screens are time-consuming, technically
challenging and costly (Rajewsky et al., 1996). This can be circumvented by using a technique
called RNA interference (RNAi). RNAI is an evolutionary conserved phenomenon discovered in
Caenorhabditis elegans (Fire et al., 1998) and has since been shown to operate in other organisms
ranging from yeast to mammals (Sen and Blau, 2006). RNAi can be mimicked experimentally
whereby the introduction of double-stranded RNA (dsRNA) corresponding to a particular mRNA
causes the specific and rapid degradation of that mRNA in cells. Large-scale RNAi screens
involving the systematic knockdown can be done in mammalian cells (Paddison et al., 2004).
Recently, Zhang et al. (2006) used an RNAI library constructed from subtracted mESC ¢cDNAs in
an attempt to discover new players in maintaining the ESC state. More interestingly, (Ivanova et
al., 2006) used short hairpin RNA (shRNA)-mediated depletion to identify Esrrb, Thx3, Tcll and

other transcripts as additional important factors for ESC self-renewal.

Although loss-of-function RNAi genetic screens are useful for adding new players to the
stem-cell regulatory network, it cannot distinguish between direct and indirect regulators of gene
activity. To fully understand the network architecture of ESCs, we need to know much more about
how these players interact with DNA. In this aspect, chromatin immunoprecipitation (ChIP) assays

can be used to map out the targets of transcription regulators to better define the ESC interactome.

1.7.2.3 In vivo analysis of transcription factor-DNA interactions
An important strategy in understanding the transcriptome is to uncover its regulatory control that
is directed by transcription factors (TFs). In silico, the DNA-binding feature of transcription

factors were used in computational methods to predict the location of promoters and find targets of
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transcription factors based on consensus sequences (Davuluri et al., 2001). However, information
from this approach will remain inadequate without experimentation. Nevertheless, multiple

bioinformatics methods have aided the experimental analysis for reconstruction of gene networks.

1.7.2.3.1 Chromatin immunoprecipitation (ChlP)

A method currently employed to identify the endogenous or in vivo direct targets of a
transcriptional regulator is chromatin immunoprecipitation (ChIP), which was modified from the
method described in Solomon et al. (1988). ChIP is a powerful tool for analysing target sites of
protein binding to DNA as well as patterns of histone modifications (Orlando, 2000; Roh et al.,
2004). ChIP involves the treatment of living cells with formaldehyde, a procedure that crosslinks
DNA to proteins that are in physical contact with it, thereby preserving the endogenous DNA-
protein interactions. Chromatin is then fragmented either by physical or enzymatic means to an
average size of 500bp. DNA fragments associated with a particular protein are then isolated by
immunoaffinity purification using a specific antibody against the protein. After crosslinking is
reversed, the ChIP-enriched DNA can be analysed by quantitative polymerase chain reaction
(qPCR) using specific primers targeting the loci of interest. ChIP-qPCR is not high-throughput and
requires test targets or binding sites to be pre-determined or assumed. Therefore, more advanced
technologies have been used to identify ChIP DNA (target sequences) on a genome-wide scale

such as paired end ditag (PET) sequencing and DNA microarray (Figure 1.4).
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Figure 1.4: Diagram depicting the chromatin immunoprecipitation (ChIP) assay for the study of
transcription factor DNA binding sites (TFBSs) in living cells. Formaldehyde is used to crosslink
proteins to proteins and DNA. The crosslinked chromatin is then sheared by sonication or nuclease
treatment and immunoprecipitated with specific antibodies against the factor of interest. DNA
sequences that are bound by this factor are pulled out. After the crosslinking is reversed, the IP
DNA can be analysed by quantitative polymerase chain reaction (QPCR). Two approaches which
provide a bigger coverage are the ChIP-on-chip which takes advantage of genomic microarrays
and ChIP-PET (paired-end tag) where short sequence tags of immunoprecipitated fragments are

cloned into a plasmid library and then directly analysed by sequencing. Figure was obtained from
Spivakov and Fisher (2007).
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1.7.2.3.2 ChlIP-Paired-end ditag (PET) technology

Chromatin immunoprecipitation - paired-end ditag (ChIP-PET) technology is a method that can be
used in the genome-wide location analysis of protein-DNA interactions (Figure 1.5). It was
developed by Dr Ruan Yijun’s group in GIS. The ChIP-enriched chromatin fragments are blunt-
ended before being cloned into a primary vector library that appends the cloned fragments with
Mmel restriction sites. Using Mmel, 18 bp tags from each end of the cloned DNA fragments are
retained. These tags are then re-ligated to generate paired-end ditags (PETs). These PETs are
released from the primary vector library by restriction digestion before being concatenated and re-
cloned into a PET sequencing library. The PETs are subsequently sequenced and the sequences
obtained are computationally mapped onto the genome. ChIP-PET can unambiguously assign
enriched genomic fragments to a specific region in the genome and also define the exact length of
each enriched genomic fragment. Due to the random sampling of DNA fragments during PET
cloning and sequencing, genomic fragments that are enriched by ChIP are more likely to be
sequenced and mapped. Therefore, protein-DNA interaction sites are represented by genomic loci
that contain multiple overlapping PETs, with overlap regions demarcating the protein binding site.
A vast amount of sequencing is required to achieve sufficient representation of
immunoprecipitated fragments (each one must be sequenced many times in order to calculate
relative enrichment). Nevertheless, the ChIP-PET approach allows genome-wide, high-throughput
and unbiased identification of transcription factor binding sites. Although currently the ChIP-PET
is expensive and labour-intensive relative to ChIP-on-chip approaches, future advances in DNA
sequencing could redress this balance. The ChIP-PET approach was first employed to map the
binding sites of p53 in a colorectal cancer cell line (Wei et al., 2006). It was also used in this study

to map Oct4 and Nanog global binding sites in mESCs.
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Figure 1.5: Schematic diagram of the chromatin immunoprecipitation-paired end ditag (ChIP-
PET) approach. Cells are treated with formaldehyde to mediate covalent crosslinks that preserves
endogenous interactions between DNA and proteins. The chromatin is fragmented followed by
immunoprecipitation using beads coupled to a specific antibody to capture the transcription factor
bound to target sites (shown in red). The ChIP-enriched chromatin fragments are then
decrosslinked and subjected to proteinase digestion to liberate ChIP-enriched DNA. The DNA is
then blut-ended and cloned into a primary plasmid-based library that affixes the fragments with
Mmel restriction sites. Using Mmel, tags of 18 bp in length are generated from the 5’-most and 3°-
most ends of the ChIP-enriched DNA fragments. These tags are then religated to generate paired
end ditags (PETs). These PETs are released from the primary vector library by restriction
digestion before being concatenated and recloned into a second library called the PET sequencing
library. This second library increases the throughput of analysis, as each sequencing read identifies
10 to 15 PETs representative of 10 to 15 ChlP-enriched genomic fragments. Subsequently, the
concatenated PETs are sequenced and computationally mapped to the mouse genome to demarcate
genomic regions bound by the protein of interest (indicated by overlap regions within PET
clusters). Figure was obtained from Lim and Ng (2007).
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1.7.2.3.3 ChlIP-on-chip

Another approach that allows for whole genome assessment of the DNA binding sites for
transcription factors is the coupling of chromatin immunoprecipitation with oligonucleotide
microarrays (ChIP-on-chip). These microarrays are similar to those used for transcriptional
profiling, except that the oligonucleotides on the microarray are designed to probe genomic
sequences instead of transcript sequences. ChIP-on-chip uses total amplification before
hybridization; therefore a main concern for using this approach is the introduction of bias (Buck

and Lieb, 2004; Negre et al., 2006).

ChIP-on-chip identification of bona fide targets of transcriptional regulators in a genome-
wide manner was reported in yeast (Iyer et al., 2001; Ren et al., 2000). In the mammalian context,
early microarrays designed to analyse protein-DNA interactions only probed selected regions of
the mammalian genome such as core promoter microarrays that probe genomic sequences flanking
the transcription start sites of genes (Balciunaite et al., 2005; Scacheri et al., 2006), CpG
microarrays that analyse genomic CpG islands (Weinmann et al., 2002; Wells et al., 2003),
ENCODE microarrays (Takayama et al., 2007; Wormald et al., 2006), and tiling microarrays that
probed the entire non-repeat regions of chromosomes 21 and 22 (Cawley et al., 2004; Euskirchen
et al., 2004; Martone et al., 2003). Rick Young’s group used oligonucleotide-based human
promoter arrays in ChIP-on-chip studies on transcription factors and Polycomb complexes in
hESCs (Boyer et al., 2005; Boyer et al., 2006b; Lee et al., 2006). Kim et al. (2005) used
microarrays containing approximately 15 million 50-mer probes covering all non-repeat regions of
human DNA at a 100bp resolution to generate a genome-wide map of active promoters in human
fibroblasts by determining the binding sites of transcriptional pre-initiation complexes. Very
recently, whole mouse and human genome microarrays for ChIP-on-chip were made available
from Nimblegen and Affymetrix. Nimblegen chips come in survey sets of 10 (human) and 10

(mouse) covering the repeat masked regions of the human or mouse genome at an average probe
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spacing of 100 bp, while the Affymetrix array sets cover the whole genome on 7 arrays, at 35 bp

resolution.

1.8 Aim and experimental approach

This study focuses on Oct4 and Sox2, which are two key transcription factors that are essential in
maintaining pluripotency of ESC. In order to gain a deeper understanding of the functions of Oct4
and Sox2 in governing the ESC fate, it is essential to know which genes are directly targeted by

these factors in vivo. Prior to this study, only a few Oct4 and Sox2 targets have been identified.

Therefore, the main aim of this study is to map the in vivo genomic binding sites of Oct4 and Sox2
using mouse ESC as a model. The main methodology employed is chromatin immunoprecipitation
(ChIP). Subsequently, information is extracted from these binding datasets to elucidate how these

factors may work in ESCs. The outline of the study is as follows:

(1) Gene-by-gene ChIP-qPCR to optimize the ChIP technique and to establish the
transcriptional network consisting of Oct4, Sox2 and Nanog

(i1) Genome-wide mapping of the Oct4 and Sox2 binding sites using the ChIP-PET
sequencing technology

(i)  Identification of the Oct4 and Sox2 co-bound targets and characterization of the joint
consensus motif by in vitro assays

(iv) Discovery of factors collaborating with Oct4 and Sox2 at cis-regulatory elements by
computational search, ChIP-qPCR and ChIP-on-chip

v) Investigation of the molecular mechanisms that provide insights into the juncture between

different transcription factor pathways that confer mouse ESC characteristics

32



CHAPTER 2

MATERIALS AND METHODS

2.1 Chemicals and reagents

All chemicals and reagents used were of analytical grade unless otherwise stated. The phosphate-
buffered saline (PBS) used in all assays was composed of 137 mM NaCl, 2.7 mM KCI, 4.3 mM
KH,PO, and 1.4 mM K,HPO,.7H,0 at pH 7.3. Luria-Bertani (LB) medium and ampicillin were
purchased from Sigma Aldrich (St. Louis, MO). All other chemicals were purchased from either
the A*STAR Biopolis Shared Facility (BSF), Sigma (St. Louis, MO) or BDH Laboratory Supplies

(Poole, England).

2.2 Antibodies

Sox2 (Y-17) sc-17320 goat polyclonal, Oct4 (N-19) sc-8628 goat polyclonal, Stat3 (C-20) sc-482
rabbit polyclonal, Stat3 (K-15) sc-483 rabbit polyclonal, Smadl (A-4) sc-7965 mouse monoclonal,
Ap-2a (3B5) sc-12726 mouse monoclonal, AP-2a (C-17) sc-6312 goat polyclonal, E2F1 (C-20)
sc-193 rabbit polyclonal, p53 (Pab-240) sc-100 mouse monoclonal, c-Fos (6-2H-2F) sc-447 mouse
monoclonal, JunB (C-11) sc-8051 mouse monoclonal, NFB p65 (c-20) sc-372 rabbit polyclonal,
GST (Z-5) sc-459 rabbit polyclonal, GFP (FL) sc-8334 rabbit polyclonal, Enal (yC-20) sc-15542
goat polyclonal and MLL (c-20) sc-18214 goat polyclonal antibodies were purchased from Santa
Cruz Biotech, CA. Sox2 AB5603 rabbit polyclonal antibody was purchased from Chemicon (now
Millipore Corporation). Oct4 in-house antibody was obtained from colleague, Tay Hwee Goon.
Smadl rabbit monoclonal [EP435E] (ab33902), histone H3 (tri methyl K4) rabbit polyclonal
(ab8580), histone H4 (tri methyl K20) rabbit polyclonal (ab9053) and RNA polymerase II CTD
repeat YSPTSPS (phospho S5) (ab5131) antibodies were purchased from Abcam. Anti-E2F1,
clones KH20 & KH95 (mixed mouse monoclonal antibody) (#05-379), anti-Stat3 rabbit

polyclonal (#06-596) and anti-Smad4/DPC4 rabbit polyclonal (#06-693) antibodies were
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purchased from Upstate. Phospho-Smad1/5 (Ser463/465)(41D10) rabbit monoclonal (#9516) and
phospho-Stat3 (Tyr705) rabbit polyclonal (#9131) antibodies were purchased from Cell Signaling

Technology Inc.

2.3 Recombinant DNA manipulations

General recombination DNA manipulations were performed as described by Sambrook and
Russell (2001). Restriction enzyme digests and other DNA modifications such as ligation of DNA
and de-phosphorylation of cloning vectors were performed using the appropriate buffers specified
and supplied by the manufacturers (New England Biolabs, Inc., MA). Polymerase chain reactions
(PCR) were carried out in a thermal cycler (Thermal cycler PTC-200 from MJ Research Inc. MA)
using high fidelity Pfu DNA polymerase (Promega, Madison, WI) or Expand High Fidelity""®
System (Roche Diagnostics, Germany). DNA fragments from agarose gels were purified using the
QIAquick Gel Extraction Kit (QIAGEN, Hilden, FRG), according to the manufacturer's protocol.
Rapid ligation kit from Roche or T4 ligase from New England Biolabs were used for DNA
ligation. Plasmid DNA was purified using the QIAprep procedure (QIAGEN, FRG) that is based
on alkaline lysis of bacterial cells and clearing the lysates under high salt conditions. The high salt
concentration causes denatured proteins, cellular debris and chromosomal DNA to precipitate,
while the plasmid DNA stays in solution. The latter is isolated by adsorption of DNA onto silica-
based columns and subsequent elution in a low salt buffer. Competent cells used were SoloPack
Gold Supercompetent cells from Stratagene unless otherwise stated. DNA sequencing was carried
out by the GIS Sequencing Facility with the capillary Applied Biosystems sequencers ABI 3730xl
and Applied Biosystems Big Dye Terminator version 3.1 Sequencing kit. Analysis of DNA was
carried out by agarose gel electrophoreses using 1-1.5% (w/v) agarose (Seakem #50004) in 1x
TAE buffer (40 mM Tris-acetate, 10 mM EDTA) containing 1 pg/ml ethidium bromide (EtBr) at
100V, 30 min unless otherwise stated. The DNA samples were mixed with DNA loading buffer

[0.1% Orange G, 30% Ficoll (type 400)] and loaded onto agarose gel alongside 100bp and 1kb
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DNA ladders from New England Biolabs, Inc., MA. The detection of the DNA bands was carried
out using the UV trans-illuminator. Analyses of DNA sequences and design of cloning and
sequencing primers were carried out using the Vector NTI” version 2.0 software (VNTI Suite 8.0,

Invitrogen Corp., CA).

2.4 SDS-PAGE, Western blots and immunodetection

Protein concentrations were measured using the Protein Assay Dye Reagent Concentrate
(Coomassie® Brilliant Blue G-250 dye) from Bio-Rad which is based on the Bradford method.
Bovine serum albumin standards (2 mg/ml) were purchased from Pierce, IL. Proteins were
typically analysed by means of a one-dimensional 7.5% sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) using the Bio-Rad Mini-Protean II system, according to standard
protocols (Sambrook and Russell, 2001). To prepare the samples for SDS-PAGE, equal volumes
of protein samples and 2x Laemmli buffer [125 mM Tris-HCI (pH 6.8), 4% (v/v) SDS, 10% (v/v)
B-mercaptoethanol, 20% glycerol and 0.4% (w/v) bromophenol blue] were mixed thoroughly and
boiled at 95°C for 5 min before loading into the wells. The components of the electrophoresis
buffer were 25 mM Tris-HCI (pH 8.3), 192 mM glycine and 0.1% SDS.

Chromatin extracts or whole cell lysates were resolved by SDS-PAGE and
electrophoretically transferred onto Immuno-Blot™ PDVF membranes (pre-activated with
methanol) (Bio-Rad) using Western transfer apparatus (Bio-Rad Trans-Blot systems) in a transfer
buffer containing 25 mM Tris-base (pH 8.3), 192 mM glycine, 10% SDS and 20% methanol for 1
hr at 4°C. Subsequently, the membranes were incubated in blocking buffer [PBS containing 1%
(w/v) BSA and 0.1% (v/v) polyoxyethylene-sorbitan monolaurate (Tween 20)] for at least 1 hr at
room temperature. The membranes were then incubated for 1 hr at room temperature with primary
antibody (0.1-1 g/ml). Unbound antibodies were removed by extensive washing in wash buffer
(PBS containing 0.1% Tween-20). Membranes were then incubated with 0.5 pg/ml horseradish

peroxidase-conjugated (HRP) secondary antibody for at least 1 hr at room temperature and then
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washed in wash buffer 3 times. Membranes were then developed using an enhanced
chemiluminescence (ECL) kit (GE Healthcare) for 1 min. HRP catalysed-oxidative degradation of
luminal occurs, resulting in light emission at a wavelength of 428 nm, which was detected on an
autoradiography film (GE Healthcare). Bands were also visualised using 0.1% Ponceau S (Sigma)
in 5% acetic acid. Stripping of blots was carried out in a stripping buffer (2% SDS, 100 mM 2-
mercaptoethanol, 62.5 mM Tris pH6.7) at 50°C, 2 hr and blocked again before re-probing with

another antibody.

2.5 Cell Culture

2.5.1 Feeder-free mESC culture

All mESCs used in this project were E14 mESCs grown in feeder-free conditions. The HPRT-
deficient E14 mESC line were cultured without feeders on 0.1% gelatin coated plates and
maintained in Dulbecco’s modified Eagle’s medium (DMEM; GIBCO), supplemented with 15%
heat-inactivated ES fetal bovine serum (FBS; Invitrogen), 55 mM 2-mercaptoethanol (GIBCO),
200 mM L-glutamine (GIBCO), 10 mM minimal essential medium with nonessential amino acids
(GIBCO) and 1,000 U/ml of ESGRO" leukemia inhibitory factor (LIF) (Chemicon International
CA, #ESG1107). Cells were routinely passaged at a 1:5 ratio after subjecting the cells to 0.25%
trypsin (GIBCO) treatment at 37°C for 2 min. Cells were cultured in 500 cm?® dishes (Falcon) for
ChIP assays, 6-well plates for protein lysate and RNA extraction, and 96-well plates for reporter
assays.

2.5.2 Differentiation of mMESCs

Differentiation of mESCs was induced by addition of retinoic acid, withdrawal of LIF or by
allowing the cells to spontaneously differentiate into embryoid bodies. In retinoic acid
differentiation assays, E14 mESCs were treated with 0.5 uM of retinoic acid (RA) (Sigma
#R2625) in mESC media without LIF for 3, 6 and 9 days. In formation of embryoid bodies, 15 x

10° E14 mESCs were seeded onto a 15 cm bacterial petri dish using ES media without LIF and
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incubated in a shaker at 37°C/ 5% CO, for up to 10 days. In LIF withdrawal assays, mESCs were
cultured in mESC media without LIF for up to 2 days.

2.5.3 Defined serum-free mESC culture

ESGRO Complete™ Clonal grade medium (#SF001-500) and ESGRO Complete™ Basal medium
(#SF002-500), Accutase™ (#SCR005) were purchased from Chemicon International. ESGRO
Complete™ Clonal Grade Medium is a defined serum-free medium containing BMP4 and LIF
which has been optimized to grow and maintain undifferentiated mESCs in the absence of serum.
Adaptation of feeder-free mESCs to serum-free cell culture conditions was carried out over at least
3 passages. E14 mESCs were grown to 60% confluence in serum-supplemented ESC medium in a
10 cm dish in the absence of feeder cells. Cells were washed once with PBS. To dissociate cells, 1
ml Accutase was added to mESCs and incubated at 37°C to allow cells to detach (5-10 min). 5 ml
of Basal Medium was added, mixed and cells were spun at 1000 rpm. Pellet was resuspended in 5
ml Clonal Grade Medium and 1x10° cells were seeded onto a pre-gelatin coated 10 cm dish
containing 10 ml pre-warmed Clonal Grade Medium. When mESCs were about 60% confluent, a
1 in 5 split of the 10 cm dish culture was done into another coated 10 cm dish containing Clonal
Grade Medium.

2.5.3.1 Low density plating assay

Early passage E14 mESCs that had adapted to serum-free culture conditions were seeded into a
0.1% gelatin-coated 10 cm plastic tissue culture dish at 1x10° cells/ dish in 10-20 ml of Clonal
Grade Medium. This medium was changed every 3 days. Colony formation was observed after
culturing the cells for 5 days. The majority of the mESC colonies showed no signs of
differentiation.

2.5.4 LIF and BMP treatment of serum-free, feeder-free mESC

Human recombinant BMP4 was purchased from Sigma, MI (#B2680) and R&D Systems (#314-
BP) and ESGRO® LIF (#ESG1107) was purchased from Chemicon International. Feeder-free

mESCs that have adapted to serum-free conditions and grown in ESGRO Complete™ Clonal

37



grade medium were washed with PBS twice and added with the following different media: (1)
ESGRO Complete™ Clonal grade medium, (2) ESGRO Complete™ Basal medium, (3) ESGRO
Complete™ Basal medium with 1000 U/ml ESGRO® LIF (#£SG1107), (4) ESGRO Complete™
Basal medium with 30 or 50 ng/ml BMP4 and (5) ESGRO Complete™ Basal medium with 1000
U/ml LIF and 30 ng/ml BMP4. Cells were grown for specific time-points and treated in 500 cm®
culture dishes (Falcon) for ChIP assays, and 6-well plates (Falcon) for protein lysate and RNA
extractions.

2.5.5 Human ESC culture

Human ESC line HUES-6 was obtained from Doug Melton (Harvard University) and cultures
were obtained from Yeap Leng Siew from Assoc. Prof. Lim Bing’s group, GIS. HES-3 (46X,X)
(ES Cell International) cell cultures were obtained from Andre Choo (Biotechnology Institute,
BTI). The cells were cultured feeder-free on matrigel with conditioned-medium from primary
mouse embryonic fibroblasts (MEFs) in medium supplemented with basic fibroblast growth
factor, recombinant human LIF, serum replacement, and a human plasma protein fraction
(plasmanate) at 37°C/ 5% CO, according to methods described in Cowan et al. (2004) and Xu et
al. (2001).

2.5.6 HEK293T cell culture

Human kidney HEK-293T cells (HEK 293T/17, CRL-11268) were purchased from American
Type Culture Collection (ATCC, MD) and cultured in Dulbecco’s modified Eagle’s medium
(DMEM; GIBCO) supplemented with 10% heat-inactivated fetal bovine serum (FBS; GIBCO)
and maintained at 37°C in the presence of 5% CO,. The cells were routinely passaged in a 1:5

ratio using 0.25% trypsin.

2.6 Cell Images
Cultured cells were routinely examined on the Nikon Eclipse TS100 inverted microscope

(objective lens magnifications: 4X, 10X, 20X, 40X; eyepiece lens magnification: 10X) and images
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were acquired with the Nikon Coolpix 4500 digital camera attached to the microscope. Images
were also taken using the Leica DM-IRB fluorescent microscope (objective lens magnifications:

5X, 10X, 20X, 40X, 63X, 100X, eyepiece lens magnification: 10X).

2.7 Transfection of mammalian cells

HEK293T or mESCs were seeded at ~1 x 10° cells into 10 cm culture plates for 14 hr before they
were subjected to transfection. Adherent cells at ~70% confluency were rinsed with PBS and
transfected with plasmid DNA by liposome mediated transfection with Lipofectamine™ 2000
reagent (2.5 ul per 1 ug DNA) (Gibco-BRL) according to the manufacturer’s instructions. DNA
and lipofectamine were each incubated with 1.5 ml OptiMEM (GIBCO, Invitrogen Corp) in
separate tubes for 5 min at room temperature. Subsequently, the solutions were mixed together and
incubated for another 20 min before adding to the cells. After 4-6 hr, the transfection reagent was
aspirated and the cells were incubated for another 24-36 hr in complete growth medium before

they were harvested.

2.8 Preparation of nuclei extracts from mESCs

Feeder-free E14 mESC nuclear extracts were prepared according to methods described in Dignam
et al. (1983) with modifications as follows: mESCs were harvested in cold PBS. After
centrifugation, cells were resuspended in high salt buffer (20 mM HEPES-KOH pH 7.9, 26%
glycerol, 420 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF)
containing protease inhibitor and incubated on ice for 10 min before being subjected to lysis with a
Wheaton dounce homogenizer. Pelleted nuclei were resuspended in low salt buffer (10 mM
HEPES-KOH pH 7.9, 1.5 mM MgCl,, 10 mM KCI, 0.5 mM DTT and 0.2 mM PMSF) with
protease inhibitor. They were incubated on ice for 30 min and vortexed every 10 min. After
centrifugation, cell supernatant were dialyzed against dialysis buffer (20 mM HEPES-KOH pH

7.9, 150 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF) at 4°C for 2 hr.
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2.9 Preparation of whole cell lysates

Cultured HEK293T or mESCs were rinsed twice with cold PBS before being lysed in cold HEPES
lysis buffer [20 mM HEPES (pH 7.5); 140 mM NaCl; 10% Glycerol; 1% Triton X-100; 1.5 mM
MgCl,; 1 mM EGTA (pH 8.0) with EDTA-free Complete protease inhibitors (Roche, Mannheim,
FRG)] and the cells were collected by manual scraping with a cell scraper (Costar, Corning, NY).
Whole cell lysates were clarified by centrifugation at 14000 rpm for 15 min at 4°C and the cell

pellet was discarded.

2.10 RNA extraction and Reverse Transcription (RT)-PCR

RNA extraction was carried out using Trizol (Invitrogen, CA) according to the manufacturer’s
protocol. In brief, cells were washed with PBS, and were lysed with Trizol for 5 min, while
shaking at room temperature. Chloroform extraction was carried out, followed by isopropanol
precipitation of the RNA. The pellet was resuspended in DEPC water and treated with DNase for
30 min at 37°C. The reaction was then purified using the RNeasy Mini Kit (Qiagen, Hilden, FRG).
20ul RT reaction containing of 1 pg RNA, 0.5 pg Oligo(dt);,.1s primer, 0.5 mM dNTP mix, 5x
first strand buffer, 10 mM DTT, 200 U SuperScript™ II Reverse transcriptase was set up.
Incubation was done at 65°C 10 min, 42°C 1 hr, and heat inactivation at 70°C 15 min. All reagents
were from Invitrogen, CA.

Real-time quantitative PCR was utilised to analyse mRNA expression in the reverse-transcribed
cDNA samples as described in 2.14. RT-PCR primers were designed based on the 3’end of

unigene mRNA sequences from NCBI (http://www.ncbi.nlm.nih.gov/) using OLIGO 6 with the

same parameters described in 2.13.
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2.11 Chromatin Immunoprecipitation (ChlIP)

2.11.1 Crosslinking of cells and chromatin extract preparation

In ChIP assays, cells were grown to 70% confluency in 500 cm” dishes and were crosslinked with
1% formaldehyde in culture media for 10 min at room temperature. Formaldehyde was then
inactivated by adding glycine into the medium to a final concentration of 0.2 M. Cells were
washed with TBSE (20 mM Tris pH7, 0.15 M NaCl, 1 mM EDTA pHS) for 3 times and were
scraped into a 50 ml tube. The cells were then washed twice with cell lysis buffer (10 mM Tris
pHS8, 0.25% Triton X-100, 10 mM EDTA pHS, 0.1 M NaCl) for 15 min, nutation at 4°C and
centrifugation was done at 3000 rpm, 4°C, 5 min. The cell pellet was then transferred into a 50 ml
Oakridge tube and washed once with high SDS FA lysis buffer (50 mM HEPES-KOH pH 7.5, 150
mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% NaDOC, 1% SDS) and twice with low SDS FA
lysis buffer (50 mM HEPES-KOH pH?7.5, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1%
NaDOC, 0.1% SDS) and subjected to 30 min of nutation at 4°C and centrifugation at 20000 rpm,
4°C for 1hr. Complete, EDTA-free protease inhibitor tablets (Roche #1873580) were added into
all wash buffers. The chromatin pellet was then sonicated in low SDS FA lysis buffer (1ml bufter
for every 100 pl pellet) together with 1 ml of 0.5 mm glass beads (Biospec Products Inc.
#11079105) using the Branson sonifier with tapered tip probe to obtain DNA fragments of an
average size of 500 bp. Optimization was carried out for different types of cells. The typical
sonication parameters used were: 40% amplitude, 15 pulses, 1 min rest in between pulses, 4°C.
After sonication, the chromatin extracts were centrifuged at 20000 rpm, 4°C, lhr to remove the
unsonicated chromatin. In order to obtain input DNA, chromatin extracts were decrosslinked at
42°C for 2 hr, and 68°C for 6 hr, in a reaction containing 100 pl extracts, 200 pl ChIP elution
buffer (50 mM Tris pH 7.5, 10 mM EDTA, 1% SDS), 90 ul TE buffer, 30 ul pronase (Roche,
#11459643001). Phenol:chloroform extraction, ethanol precipitation with glycogen (Roche

#901393) and RNAse digestion (DNAse-free Rnase, Roche #1119915) were carried out to purify
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the DNA further. The input DNA was ran on 1.5% agarose gel, 50 V, lhr, 1x TAE buffer to
analyse the size distribution of the DNA fragments.

2.11.2 Immunoprecipitation (IP)

30 ul of protein G sepharose 4 fast flow (Amersham Biosciences, #17-0618-02) or 50 ul of
Dynabeads® protein G (Dynal Biotech, Norway #100.03) beads were washed 3 times with low
SDS FA lysis buffer and incubated with 6 pg antibodies of interest for 3 hr, nutating at room
temperature. Specificity of all the antibodies was checked by Western blot before they were used
for ChIP. After antibody binding, the beads were washed twice using low SDS FA lysis buffer.
Subsequently, 500 ml chromatin extract which was pre-cleared (3 hr, nutating at 4°C in 100 pl
protein G sepharose or 50 ul Dynal beads slurry) was added to the antibody-bound beads and
nutated at 4°C, overnight. The beads were then washed 3 times with low SDS FA lysis buffer,
once with low SDS FA lysis buffer containing 0.35 M NacCl, once with NP-40/LiCl wash buffer
(10 mM Tris pH 8, 0.25 M LiCl, 1 mM EDTA, 0.5% NP-40, 0.5% NaDOC), once with TE buffer
(10mM Tris, ImM EDTA, pH&8) and eluted with 270ul ChIP elution buffer at 68°C, 30 min, 1400
rpm. 260 pl supernatant was added to a reaction containing 220 ul TE buffer and 20 ul pronase
and incubated at 42°C for 2hr, and 68°C for 6hr. Subsequently, phenol:chloroform extraction and
ethanol precipitation were carried out and the pellet was resuspended in 100 ul TE buffer to obtain

the IP DNA.

2.12 Picogreen DNA quantitation

The ChIP DNA was routinely quantified using the Quant-iT™ PicoGreen® dsDNA quantitation
kit (Molecular Probes, OR) following the manufacturer’s instructions. Fluorescence measurement
was carried out in the TECAN GENios multidetection microplate reader (Tecan Trading AG,
Switzerland) using the fluorescein wavelengths: excitation= 485 nm, emission= 535 nm, gain: 60,

number of flashes: 10, measurement mode: Fluorescent Top.

42



2.13 Q-PCR primer designs
Genomic DNA sequences with masked repeats were obtained from the UCSC genome browser

(http://genome.ucsc.edu) for ChIP real-time quantitative PCR primer designs. The primers were

designed using OLIGO 6 (version 6.6.4.0; Molecular Biology Insights, Inc http://www.oligo.net).

The designs were based on ‘very high’ search stringency parameters with the following
modifications: oligonucleotide length of 29-30 nucleotides, product length of 150-250bp, oligo
T> 72°C. All primers were screened by g-PCR using mouse genomic DNA and were confirmed
to produce a single product of the right size, as analysed by agarose gel electrophoresis and
dissociation curve analysis. These primers also yielded no DNA bands in the no-template control.

At least two sets of primers were selected for each region of interest.

2.14 Real-time quantitative PCR (g-PCR)

Q-PCR were carried out in a 10 pl or 20 pl reaction volume containing 0.45 uM primer pairs, at
least 0.5 ng ChIP DNA or ¢cDNA and 2X SYBR"™ Green Master Mix (Applied Biosystems, CA).
96 and 384-well clear plates and covers were purchased from Applied Biosystems, CA and gPCR
were performed on the ABI ABI PRISM 7900HT Sequence Detection System or the 7500 Real-
time PCR System using the SDS2.2 software. The parameters used were absolute quantitation,
stage 1: 95°C, 10 min; stage 2: 40 cycles of 95°C, 30s, 60°C 30s, 72°C 1 min (data collection);
melting curve stage 3: 95°C, 15s, 60°C, 15s, 2% ramp to 95°C, 15s. Relative occupancy values
(ChIP fold enrichment) were calculated by determining the apparent immunoprecipitation
efficiency (ratios of the amount of immunoprecipitated DNA to that of the input sample) and
normalized to the level observed at a control region, which was set at 1.0. Relative expression
levels (RNA transcript) were calculated by taking the ratios of the amount of DNA against that of

the control sample and normalized to the endogenous B-actin control levels.
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2.15 ChIP-PET (paired-end ditag) cloning and sequencing

The ChIP-PET analysis was done in collaboration with Dr Wei Chia Lin, Cloning and Sequencing
Group, GIS, as described in Ng et al. (2005) and Wei et al. (2006). Briefly, the ChIP DNA
fragments were blunted and ligated to the cloning vector pGIS3 containing two Mmel recognition
sites. The ChIP DNA library was obtained by transformation of ligated products into electro-
competent TOP10 bacterial cells. Purified plasmid prepared from the ChIP DNA library was
digested with Mmel, end-polished with T4 DNA polymerase to remove the 3’-dinucleotide
overhangs, and the resulting plasmids containing a signature tag from each terminal of the original
ChIP DNA insert were self-ligated to form single-ditag plasmids. These were then transformed
into TOP10 cells to form a “single-ditag library”. Plasmid DNA extracted from this library was
digested with BamHI to release the 50 bp paired end ditags. The PETs were PAGE-purified, then
concatenated and separated on 4-20% gradient TBE-PAGE. Appropriate sized fractions (1kb - 2
kb) of the concatenated DNA were excised, extracted and cloned into BamHI-cut pZErO-1
(Invitrogen) to form the final ChIP-PET library for sequencing. This library was then subjected to
large-scale sequencing. PET sequences containing 18 bp from 5° and 18 bp from 3’ ends of the
original ChIP DNA fragments were extracted from raw sequences obtained from the PET library,
and mapped to the mouse genome (mm5 build) assembly. The mapping criteria are that both the 5’
and 3’ signatures must be present on the same chromosome, on the same strand, in the correct
orientation (5’ to 3’), with a minimal 17 bp match and within 4 kb of genomic distance. The
locations of the ChIP-enriched DNA present in the library were visualized using the T2G browser

(http://t2g.bii.a-star.edu.sg) developed by the Bioinformatics Institute (Singapore), which contains

the location of the PETs based on the UCSC genome browser (mouse genomic sequences, build
mmb5).

2.15.1 Manual and computer-assisted de novo motif search

Sequence alignments of selected binding sites were carried out manually to identify conserved

motifs. Genomic sequences from the product of peak primers generating the highest enrichment or
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from PET clusters for selected loci were aligned using the multiple sequence alignment tool from
VectorNTI. Consensus sequences resembling the Sox2 and Oct4 motifs were eye-balled from the
alignment.

Computer-assisted search of enriched motifs within Oct4 and Sox2 ChIP-PET data was
carried out by our Bioinformatics colleague, Vinsensius Vega. The masked sequences from
clusters containing a minimum of 7 overlaps were fed into the motif discovery algorithm Weeder
(Pavesi et al., 2004), setting MM (Mus musculus, build mm5) as the background genome,
searching both strands, allowing multiple motif occurrences in each sequence, and running the
most thorough search (i.e. analysis type = “extra”). As the Weeder algorithm only allows for a
maximal motif length of 12 bp, the motif was extended by two bp upstream and one nucleotide
downstream to obtain one that resembles a full Sox2-Oct4 site. The good quality sites (i.e. >90%
similarity to the main discovered motif) was extracted, as determined in the Weeder output, while
at the same time extending several bp out from each arm of the main discovered motif. From these
sequences, a Position Weight Matrix (PWM) M was built to model the joint Sox2-Oct4 binding
sites. This PWM was used to predict the label of a sequence. If a given sequence contained a site
scored at least T under PWM M, the sequence was labeled as positive (i.e. contained Sox2-Oct4
binding sites), otherwise it was labeled as negative. Next, we further refined the Sox2-Oct4 motif
using a refinement strategy akin to the Expectation-Maximization optimization procedure
(Dempster et al., 1977). A collection of 1000 random promoter sequences and 1000 random
coding sequences with an average length of about 1800 bp was used as a background set (sequence
set B1). A positive set (sequence set P1) containing the clusters with 6 or more PET sequences
overlaps (including 10bp flanking sequences) was constructed. The following steps were done
iteratively: 1) Use the background set B1 to calculate the appropriate PWM scoring cutoff T such
that the false discovery rate is at most le~, 2) Scan the positive set P1 for occurrences of the Sox2-
Oct4 motifs using the current PWM M and the cutoff score T, 3) Calculate the statistical

significance (p-value) p of motif over-representation in the set P1 against B1, in terms of predicted
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sites per nucleotide, using the current PWM M and cutoff score T, 4) Construct a new PWM M’
using the discovered sites, 5) Calculate threshold T’ for M’ using background set B1 such that the
false discovery rate is at most le~ (similar to step 1), 6) Compute the p-value, p’, of set P1 being
enriched, in terms of predicted sites per nucleotides, for sites scoring better than T’ under the
matrix M’, 7) If p’ is smaller than p then use M’ as M for the next iteration and go back to step 1,
or else output M as the final matrix. Two other sets were created to test whether the refined matrix
identified over-represented sites in the PET sequences. PETS clusters sequences were used as the
positive set P2 (which did not intersect with P1), while for the background/negative set B2,
another 1000 random promoters and 1000 random coding sequences (non-overlapping to sequence
set B1) were extracted. Varying the cutoff score T produced different sensitivity and specificity.
The performance of the seed matrix and the refined matrix were compared by stratifying the
threshold T and plotting the Receiver Operating Characteristic (ROC) curves. The refined matrix
well outperformed the original seed matrix.

2.15.2 Computational co-motif enrichment analysis

To identify potential co-factors of Sox2-Oct4, a search for transcription factor DNA binding
motifs was carried out on the Oct4 and Sox2 overlapping binding sites from a merged Oct4-Sox2
ChIP-PET dataset by our Bioinformatics colleagues, Vinsensius Vega and Bernard Leong. A list
of regions which are highly probable to be bound by both Sox2 and Oct4 was generated. Sox2
ChIP-PET and Oct4 ChIP-PET overlap regions, each from the moPET2+ clusters, were merged.
1507 unique locations supported by presence of both Sox2 and Oct4 ChIP-PET cluster
overlapping regions were identified.

500 bp regions centred on the 1507 high-confidence Sox2-Oct4 binding regions were
extracted and scanned for other putative transcription factor binding motifs, based on the weight
matrices provided in the TRANSFAC Professional v9.1 and its associated MATCH program and
cutoffs criteria. TRANSFAC (Wingender et al., 2000) is a database on transcription factors, their

corresponding genomic binding sites and DNA-binding profiles. It contains more than 18000
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transcription factor binding sites matrices. To assess the significance of each potential co-motif, a
1000-iteration Monte Carlo simulation (Zhou and Liu, 2004) to estimate the expected occurrences
of each motif was done. In each iteration, a set of random background sequences of equal length as
the input sequences were generated based on 3rd order Markov Chain model of mouse genome
mmb5. Following which, the random sequences were similarly scanned for putative binding motifs.
To simplify the explanation, the observed count of putative binding sites from the positive dataset
was obtained, after which, using randomly generated sequences from the specified background
model, the expected rate of putative binding sites to occur per random bp was estimated. Then,
using the binomial formula, the p-value was computed, where the probability of success p is the
expected rate of putative binding sites occurrence per random bp, the number of trials N is the total
bp in the positive dataset, and the number of success Y is the count of putative binding sites found
in the positive dataset. More information on the binomial formula can be obtained from

http://core.ecu.edu/psyc/wuenschk/docs30/Binomial.doc.

2.16 Sequential chromatin immunoprecipitation (seqChlIP)

In this assay, chromatin extracts were subjected to ChIP twice (Geisberg and Struhl, 2004). 30 ul
of protein G sepharose 4 fast flow beads (Amersham Biosciences) were incubated with the first
antibody (10 pg) for 3 hr, nutating at room temperature. Subsequently, the beads were washed
twice with low SDS FA lysis buffer, twice with Immunopure binding/wash buffer (Pierce) and
crosslinking buffer (0.2 M triethanolamine pH 8.2). The antibodies were crosslinked to protein G
sepharose beads using 20 mM dimethyl pimelimidate (DMP; PIERCE Biotechnology, #21666) in
crosslinking buffer for 45 min, in the dark. The beads were then washed with blocking buffer (0.1
M ethanolamine pH 8.2), Immunopure elution buffer (PIERCE Biotechnology), twice with

Immunopure binding/wash buffer (Pierce) and twice with low SDS FA lysis buffer. Subsequently,
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500 ml chromatin extract which was pre-cleared (3 hr, nutating at 4°C in 100 pl protein G
sepharose) was added to the antibody-bound beads and nutated at 4°C, overnight.

The next day, beads were washed as in ChIP protocol, with Tris component in all buffers
replaced by 10 mM Hepes pH 7.9. The beads were incubated with 130 ul elution buffer (10 mM
Hepes pH 7.5, 1 mM EDTA, 1% SDS) at 37°C, 1400 rpm for 45 min. 120 ul which was recovered
after centrifugation and diluted into 1.1 ml FA lysis buffer (no SDS) was subjected to a second
ChIP using another antibody. The steps for the second round of IP are the same as that described
for the one step ChIP above. Washed beads were eluted with ChIP elution buffer at 68°C for 30
min. 260 pl supernatant was added to a reaction containing 220 pl TE buffer and 20 pl pronase
and incubated at 42°C for 2 hr, and 68°C for 6 hr. Phenol:chloroform extraction and ethanol
precipitation were carried out and the pellet was resuspended in 100 ul TE buffer to obtain IP
DNA for gqPCR. Significant enrichment reflected by qPCR after the second ChIP was indicative of

co-occupancy.

2.17 ChIP on NimbleGen DNA Microarray

Sequential ChIP for Oct4-Sox2 as well as ChIPs for H3K4Me3, Stat3 and Smadl were amplified
and hybridized onto customized gene microarray chips, 2005-03-23 Hui MMS5 ES Chip
(designed from mouse genomic sequences build mm5 by Dr Ng Huck Hui and manufactured by
NimbleGen Systems Inc.) following the manufacturer’s ChIP-on-chip protocol. The chips (25 x 75
mm each) contain 50-mer probes (50 bp apart) spanning the loci of 200 mouse genes, miRNAs
and other genes, 385000 features (16 um x 16 pm) in an array size of 17.4 mm x 13 mm.

2.17.1 Ligation-mediated PCR

ChIP DNA was amplified following Nimblegen’s ChIP-on-chip protocol. Briefly, 30 ng of ChIP
DNA fragments were blunted using 0.6 U T4 DNA polymerase (New England Biolabs, Inc., MA)

at 12°C, 20 min. The DNA was then purified by phenol:chloroform and ethanol precipitation.
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Linkers were ligated to the ends of the DNA fragments in a reaction containing pre-annealed
linkers (oJW102: 5’-GCGGTGACCCGGGAGATCTGAATTC-3’, 0JW103: 5’-
GAATTCAGATC-3’ (Proligo); the pair of oligos were boiled for 10 min in a beaker containing
3L of water and left overnight at room temperature to cool) and T4DNA ligase (New England
Biolabs, Inc., MA) for 16 hr at 16°C. Ethanol precipitation was carried out, followed by PCR
amplification in a 50 pl reaction containing Taq polymerase (Qiagen), Pfu Hotstar (Stratagene),
dNTP, oligo 0JW102 (Proligo). PCR program: 55°C 4 min, 72°C 5 min, 95°C 2 min; 35 cycles of
95°C 30s, 55°C 30s, 72°C 1 min; 72°C 1 min. The PCR product was then purified using the
QIAquick PCR purification kit (Qiagen). After amplification, ChIP DNA and control ChIP DNA
was run on 1.5% agarose gel to ensure similarity in size distribution and absence of degradation.
DNA concentration was determined using the ND-1000 Spectrophotometer (NanoDrop
Technologies, DE) and the samples were tested by g-PCR to ensure that the ChIP enrichment fold
of DNA was maintained after the amplification process.

2.17.2 Labeling, hybridization and analyses

Samples were labeled using Klenow fragment (3°-> 5’ exo’) (New England Biolabs, Inc., MA) and
the Cy3 (ChIP DNA) and Cy5 (control DNA) 9-mer Wobble primers (5°-
Cy3/CySNNNNNNNNN-3’) were purchased from Research Biolabs, following the Nimblegen
protocol. The labeled samples were purified using isopropanol precipitation and an equal amount
of labeled ChIP and control DNA were mixed and dried in a speedvac. Hybridization reaction
containing Hybridization buffer (NimbleGen array hybridization kit), Hybridization component A
(NimbleGen), Cy3 and Cy5 CPK 50-mers [IDT, 250 nmole HPLC purified; obtained from Lee
Yew Kok (Prof. Edison Liu’s group, GIS)] were added to the DNA and heated at 95°C 5 min
before loading onto the array slide. Samples were hybridized at 42°C, 18 hr, mix mode: B, in the
MAUI Mixer SL Low Temperature Hybridisation Chambers (BioMicro Systems #02-A008-03)

and the MAUI (MicroArray User Interface) Hybridization System (BioMicro Systems, model #01-
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A002-03). Slides were washed sequentially with the Nimblegen wash buffers I, 11, III according to
manufacturer’s instructions and spun dry using the Arraylt microarray highspeed centrifuge. Raw
data were analyzed on GenePix analysis software version 4.0 on the GenePix 4000A scanner
(Axon Instruments) at a 5 pm resolution. Thereafter, NimbleScan™ and SignalMap™ softwares

from Nimblegen Systems Inc. were used for data analysis and visualization.

2.18 Dual-luciferase reporter assay

pGL3-mOct4 pp vector [an Oct4 minimal promoter driving luciferase; Oct4 minimal promoter
upstream (BglIl and Ncol sites) of the luciferase gene in the pGL3-basic vector (Promega)] was
obtained from a colleague, Chen Xi (Wu et al., 2006). Oct4 and Sox2 binding motif elements were
ordered as oligo pairs from Proligo.

Oligo pairs were annealed at 95°C, 4 min, 70°C 10min, room temperature 1hr followed by
addition of T, Polynucleotide Kinase (New England Biolabs, Inc., MA). The phosphorylated
probes were then cloned upstream (MIul and BgIII sites) into the pGL3-mOct4 pp vector. The
plasmids were transformed into MAX Efficiency® Stbl12™ Competent Cells (Invitrogen) and
isolated plasmids then transfected into E14 mESCs according to the Lipofectamine 2000
(Invitrogen) manual. In brief, 24000 mESCs were seeded per well in 96-well flat-bottom
luminometer plates (Costar, Corning Inc., NY) 14 hr before transfection. 150 ng plasmid DNA
was mixed with 5.5 ng of phRLSV40 (normalization control expressing Renilla luciferase,
Promega), and incubated in 25 pl OptiMEM (GIBCO, Invitrogen Corp) for 5 min. 0.5 pl
Lipofectamine 2000 was incubated with 25 pl OptiMEM for 5 min before adding to the plasmids
mixture and incubated at room temperature for 20 min. The resulting solution was then added to
ESCs. Transfections were done in triplicates. Luciferase activities were measured 36 hr after
transfection with the Dual-Luciferase® Reporter Assay System (Promega) using Centro LB960 96-
well luminometer (Berthold Technologies). Reporter activity was calculated as ratio of the average

of experimental readings over the average of readings in vector-transfected controls.
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Co-transfection of the plasmids together with 150 ng Oct4 and Sox2 RNAi plasmids,
pSUPER.puro-Oct4 shRNA or pSUPER.puro-Sox2 shRNA were carried out as described above.
Cells were treated with mESC media containing 1 pg/ml puromycin (Sigma) to select for cells
carrying the RNAi plasmids. Luciferase activities were measured 3 days post-transfection. Probe

sequences containing 3x elements are listed in Appendix E.

2.19 RNAi-mediated depletion of Oct 4 and Sox2 in mESCs

pSUPER.puro-Oct4 and pSUPER.puro-Sox2 which confers ampicillin and puromycin resistance
plasmids for RNAi were obtained from a colleague, Loh Yuin Han. In the construction of RNAi
plasmids, 19 bp gene-specific regions for RNA interference were designed based on the work of
Reynolds et al. (2004) and Ui-Tei et al. (2004). Oligonucleotides were cloned into pSUPER.puro
(Oligoengine) (BglII and HindIII sites), which contains the polymerase II1 HI-RNA gene promoter
for directing the synthesis of 19-nucleotide hairpin-type short hairpin RNAs (shRNAs) with a 9-
nucleotide loop. All sequences were analyzed by BLAST search to ensure that they did not have
significant sequence similarity with other genes. For the Oct4 RNAI target sequence, the Reynolds
score and Ui-Tei class value were 6 and class Ib, respectively. For the Sox2 RNAI target sequence,
these were 5 and class Ia, respectively. The oligonucleotides used were as follows: for

Luciferase control RNAI, 5-

GATCCCCGATGAAATGGGTAAGTACATTCAAGAGATGTACTTACCCATTTCATCTTTT

TA and 5’-
AGCTTAAAAAGATGAAATGGGTAAGTACATCTCTTGAATGTACTTACCCATTTCATCG
GG-3’ ; for Oct4 RNAI, 5’-
GATCCCCGAAGGATGTGGTTCGAGTATTCAAGAGATACTCGAACCACATCCTTCTTTT

TA-3’ and 5’-
AGCTTAAAAAGAAGGATGTGGTTCGAGTATCTCTTGAATACTCGAACCACATCCTTCG

GG-3’; for Sox2 RNA|, 5-
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GATCCCCGAAGGAGCACCCGGATTATTTCAAGAGAATAATCCGGGTGCTCCTTCTTTT

TA-3’ and 5’-
AGCTTAAAAAGAAGGAGCACCCGGATTATTCTCTTGAAATAATCCGGGTGCTCCTTCG
GG-3’. For Oct4 and Sox2 RNAi, E14 mESCs at 50% confluency were transfected with RNAi and
plasmids. Selection with 1 pg/ml puromycin (Sigma) was initiated 24 hr after transfection and
continued for 48 hr. The specificity of Oct4 and Sox2 knockdown was reported in Chew et al.
(2005). Cell morphology was observed and knockdown cells were harvested for protein, RNA and

ChIP analyses.

2.20 Overexpression of Oct4 and Sox2 proteins in HEK293T cells

Plasmids pTri-Ex 1.1 which confers ampicillin resistance and contains the Oct4 or Sox2 open
reading frame (ORF) obtained from colleague Zhang Wensheng and the expression vector pTri-Ex
1.1 were transfected into HEK293T cells using Lipofectamine 2000 (Invitrogen). HEK293T cells
were seeded at ~1 x 10° cells onto 10 cm culture plates for 14 hr before transfection. These
adherent cells at ~70% confluency were rinsed with PBS and transfected with 24 pg plasmid DNA
containing Oct4 and Sox2 overexpression contructs or vector alone by liposome mediated
transfection with Lipofectamine™ 2000 reagent (Gibco-BRL). Plasmids were incubated in
OptiMEM for 5 min. Lipofectamine 2000 was incubated with OptiMEM for 5 min before adding
to the plasmids mixture. The mixture was incubated at room temperature for 20 min. The complex
was then added to cells. At 4-6 hr post-treatment, the transfection reagent was aspirated and the
cells were incubated for another 24-36 hr in complete growth medium before they were harvested.
Whole cell lysates were prepared and run on Western blot to detect the Oct4 and Sox2

overexpressed proteins.
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2.21 Electrophoretic mobility shift assay (EMSA)

1 pg double-stranded DNA oligonucleotides (Proligo) labeled with biotin at the 5’ termini of the
sense strands were annealed with reverse strands in an annealing buffer (10 mM Tris-HCI, pH 8.0,
50 mM NaCl, 1 mM EDTA) and purified with an agarose gel DNA extraction kit (Roche). The gel
shift assays were performed using a LightShift Chemiluminescent EMSA kit (Pierce). 10 pug of
nuclear extract or overexpressed Oct4, Sox2 and vector control were added to a final 10 pl
reaction mixture containing 3 ng of biotin-labeled oligonucleotide and 1 ug of poly(dG-dC)
(Amersham Biosciences). The final binding buffer composition was 60% dialysis buffer. Binding
reaction mixtures were incubated for 10 min at room temperature. Where specified, antibodies
were added after the initial incubation for a further 20 min. For competitive studies, 200X (600 ng)
unlabeled double-stranded competitor were added for a further 20 min after the initial incubation.
For cooperativity binding studies, indicated amounts of overexpressed Oct4 or Sox2 were added
for a further 20 min after the initial incubation. Binding reaction mixtures were resolved on pre-
run 6% native polyacrylamide gels in 0.5X Tris-borate-EDTA (TBE). Gels were transferred to
Biodyne B nylon membranes (Pierce Biotechnologies) using Western blot techniques and
crosslinked using the Hoefer UVC 500 ultraviolet crosslinker (Amersham Biosciences) with
energy setting: 120000 pJ/cm’, time setting: 10 s. The membranes were then subjected to
chemiluminescence detection as described in the LightShift Chemiluminescent EMSA kit (Pierce).

Probe sequences are listed in Chapter 6.

2.22 Co-Immunoprecipitation (Co-1P) of protein complexes

50 ul of protein G sepharose 4 fast flow beads (Amersham Biosciences, #17-0618-02) were
washed twice with NP-40 lysis buffer (50 mM Tris pHS, 150 mM NaCl, 2 mM EDTA, 1% NP-40)
with Complete, EDTA-free protease inhibitor (1 tablet/ 50 ml, Roche). 6 pg Oct4 antibodies (N-

19, Santa Cruz) were incubated with the beads in 0.25% Triton X-100 in 1xPBS for 3 hr at room
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temperature, nutating. 200 ug E14 mESC nuclear extract was precleared using 100 ul of protein G
sepharose 4 fast flow beads (Amersham Biosciences, #17-0618-02) at 4°C, 3 hr, nutating.
Antibody-bound beads were washed 3 times with NP-40 lysis buffer plus protease inhibitor and
precleared nuclear extract was added to the antibody-bound beads and nutated overnight at 4°C.
Beads were washed 5 times with NP-40 lysis buffer plus protease inhibitor before 100 ul 2x
sample buffer was added. The beads were then heated at 95°C 15 min and the eluted samples were

loaded onto SDS-PAGE gel for Western blot analysis to detect Smadl and Stat3 in the Oct4

protein complex.

2.23 Error bars in figures

Error bars in figures represent either two technical replicates or two biological replicates, as stated.
Technical replicates are duplicates included during qPCR experiments. Biological replicates are
duplicates of the same experiment repeated twice with different cells in different experimental

sittings.

2.24 Contribution of collaborators

All high-throughput bioinformatics analyses were done by collaborators from the Bioinformatics
group in Genome Institute of Singapore. Their names have been added to the respective methods
stated in this Chapter. Cloning and sequencing of ChIP DNA in the ChIP-PET approach was
carried out by the Cloning and Sequencing group in Genome Institute of Singapore. Their names
have been mentioned in this Chapter accordingly. All collaborators and contributors to reagents
have also been acknowledged in the acknowledgement. Other than high-throughput bioinformatics
analyses and cloning and sequencing of ChIP-PETs, other work in this thesis was carried out by

the author.
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CHAPTER 3

Establishing the Circuitry of Oct4, Sox2 and Nanog in Embryonic Stem Cells

3.1 Introduction

Oct4, Sox2 and Nanog are transcription factors essential for the formation of the ICM during
mouse preimplantation development and for the pluripotent and self-renewing properties of ESCs
(Avilion et al., 2003; Chambers et al., 2003; Mitsui et al., 2003; Nichols et al., 1998; Scholer et
al., 1990). These factors are highly expressed in both human and mouse ESCs, and its expression

diminishes when these cells differentiate and lose pluripotency (Palmieri et al., 1994).

Several targets of Oct4 were previously identified in mESCs, including Fgf4, Utfl, Opn,
Rex1/Zfp42, Fbx15, and Sox2 (Ben Shushan et al., 1998; Botquin et al., 1998; Catena et al., 2004;
Dailey et al., 1994; Nishimoto et al., 1999; Tokuzawa et al., 2003; Tomioka et al., 2002; Yuan et
al., 1995). The regulatory regions of these genes contain an octamer element capable of binding
Oct4 in vitro. These sites have been shown to be important for transcriptional activity of their
respective genes in reporter assays. The octamer elements within the enhancers of Fgf4, Utf1, Opn,
Fbx15, and Sox2 were also found in proximity to sox elements. Of these genes, all but Opn have
the octamer and sox heptamer elements separated by either 0 or 3 bp. Such proximity suggested
that Oct4 and Sox2 may interact with each other on genomic DNA. Moreover, two structures have
been solved for a POU/HMG ternary complex bound to composite sox-oct elements where one of
these is on an element separated by 3 bp (Remenyi et al., 2003) and the other is on an element
separated by 0 bp (Williams, Jr. et al., 2004). Both reveal that the POU and HMG domains are
involved in mediating specific protein-protein and DNA-protein interactions. In addition, it has
also been demonstrated that Oct4 and Sox2 can interact in the absence of DNA and that the HMG
and POU domains are involved in this interaction (Ambrosetti et al., 2000). Therefore, Oct4 and

Sox2 are capable of forming heterodimers regardless of whether they are bound to DNA.
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Previous studies have identified regulatory elements of the Oct4 and Sox2 genes. For
Oct4, its regulatory regions are important for driving expression in early stage mouse embryos and
were defined through analysis of LacZ reporter genes regulated by different mouse Oct4 genomic
fragments (Yeom et al., 1996). The Oct4 regulatory regions identified were the core promoter,
proximal enhancer and distal enhancer. The core promoter is located within the first 250 bp of the
transcription initiation site. The proximal enhancer, located about 1.2 kb upstream, was shown to
direct Oct4 expression in the epiblast, Oct4 downregulation in the anterior to posterior direction
after gastrulation, and retinoic acid-dependent Oct4 downregulation in embryonic carcinoma (EC)
cells (Okazawa et al., 1991). The distal enhancer region (located about 2 kb upstream) was shown
to regulate Oct4 expression in preimplantation embryos (morula and ICM), primordial germ cells
(PGCs), and in pluripotent ES, EC and embryonic germ (EG) cells. In another study, alignment of
the upstream sequences of human, bovine, and mouse Oct4 promoters revealed four conserved
regions, CR1 to CR4 (Nordhoff et al., 2001). Interestingly, CR4 overlaps with the distal enhancer,
suggesting that evolutionarily conserved elements may be regulating the activity of the distal
enhancer. However, the factors that bind and regulate these regulatory elements have not been

identified.

Sox2 is transcriptionally regulated in ESCs by an enhancer containing a composite sox-oct
element where Oct4 and Sox2 were reported to bind in a combinatorial interaction. Two regulatory
regions (SRR1 and SRR2) in Sox2 were reported to confer ESC-specific expression (Tomioka et
al,, 2002). SRR1 has been demonstrated to bind Oct4 at an octamer site by chromatin
immunoprecipitation (ChIP) (Catena et al., 2004). SRR2, located 1.2 kb downstream of the Sox2
transcription start site, contains the composite sox-oct element. Mutations within this composite
element disrupted the in vitro formation of a DNA/protein complex and also resulted in the loss of
SRR2 enhancer activity. More importantly, the reduction of Oct4 abolished the SRR2 activity,

indicating that Oct4 can positively regulate SRR2. Further studies would be needed to clarify
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whether Oct4 and Sox2 are bound to the SRR2 in ESCs and whether Sox2 binding to the SRR2

region is required for the transcriptional activity of Sox2.

Since Oct4 and Sox2 have been suggested to work together and that their binding elements
were found in many ES-specific genes, Oct4 and Sox2 may also bind to genes encoding
themselves as well as to the other key ESC gene, Nanog. Factors that bind to and regulate the
transcription of Nanog gene have yet to be identified. This study employs chromatin
immunoprecipitation (ChIP) in a small-scale gene-by-gene mapping of Oct4 and Sox2 binding
sites in living mESCs and hESCs. Results showed that Oct4 and Sox2 bind to Oct4, Sox2 and
Nanog loci on the composite sox-oct elements, leading to the establishment of the core

transcription factor network circuitry in mESCs.

3.2 Results

In this study, ChIP-qPCRs were carried out to investigate the binding of Oct4 and Sox2 on
genomic Oct4, Sox2 and Nanog DNA. Undifferentiated mESCs grown in feeder-free conditions
were crosslinked with formaldehyde, and the fragmented chromatin lysates were subjected to

immunoprecipitation with the Oct4 or Sox2 antibodies.

3.2.1 Optimisation of the Oct4 and Sox2 ChIP assays

Firstly, optimisation of ChIP assays using mESCs was conducted. A series of mESC chromatin
sonication was carried out to find the optimal conditions for producing DNA fragment sizes of
about 500 bp (data not shown). Optimal ESC chromatin fragment sizes were obtained with
sonication conditions of: 40% amplitude, 15 pulses, 1 min rest in between pulses at 4°C. 1ml
sonication buffer was used for every 100 pl chromatin pellet and 1ml glass beads were added to
facilitate the fragmentation process. Minimum sonication volume in a 14 ml bacterial culture tube

is 3 ml. For smaller sonication volumes, sonication was optimally carried out in a 2 ml volume in
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an Eppendorf tube with 100 ul glass beads with sonication conditions of 40% amplitude, 4 pulses,
1 min rest in between pulses, in an ice-filled container. In this Chapter, protein G sepharose beads
were used. At least two different antibodies each for Oct4 (N-19 goat polyclonal antibody from
Santa Cruz and an in-house produced Oct4 rabbit polyclonal antibody) and Sox2 (Y-17 goat
polyclonal antibody from Santa Cruz, an in-house produced Sox2 rabbit polyclonal antibody and
Ab5306 rabbit polyclonal antibody from Chemicon) were tested by ChIP and yielded relatively
similar enrichment results (data not shown). This was carried out to exclude the possibility of non-
specific recognition of proteins and epitope masking that could reduce the efficiency of ChIP and
preclude the identification of some targets. Western blots of mESC nuclear extracts showed that
the two main antibodies used (anti-Oct4: N-19 sc-8628 and anti-Sox2: Y-17 sc-17320) detected

proteins that had sizes that correspond to that of Oct4 (43kDa) and Sox2 (34kDa) (Figure 3.1).

3.2.2 Oct4 and Sox2 bind to the distal enhancer of Oct4 in mESCs

Ten pairs of primers which were located sequentially along the entire conserved promoter region
and the first exon were used to quantify ChIP-enriched DNA by real-time PCR (Figure 3.2A). A
peak representing Oct4 and Sox2 binding was observed (approximately 30-fold above
background) at the distal enhancer, indicating that this region was specifically bound by the two
transcription factors (Figure 3.2B and C). A control antibody (glutathione-S-transferase; GST)
showed no significant enrichment over the entire surveyed region (Figure 3.2D). Similar results
were obtained when polyclonal antibodies against other epitopes of Oct4 and Sox2 were used,
further confirming the specificity of this binding (data not shown). Thus, Oct4 distal enhancer is a

bona fide target of Oct4 and Sox2 in undifferentiated mESCs.

Retinoic-acid (RA) treatment overrides the self-renewal properties of mESCs and induces
their differentiation. There is a corresponding decrease in endogenous levels of Oct4 and Sox2

(Figure 3.3A). The binding profiles of Oct4 and Sox2 on Oct4 in this RA-induced differentiation
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model were examined, as this also allowed us to determine the specificity of the antibodies by
analyzing the binding in cells deficient in these factors. Mouse ESCs at different periods of RA
treatment were crosslinked with formaldehyde, and the occupancies of Oct4 and Sox2 on the Oct4
promoter were analyzed by ChIP. Upon differentiation, the binding of Oct4 and Sox2 to the Oct4
distal enhancer was reduced in close correlation with the degree of differentiation (Figure 3.3B
and C). By day 3 of RA treatment, the level of Oct4 binding was reduced by almost 50%, and by
day 6, no significant enrichment was detected. A mock ChIP using a control antibody (myeloid/
lymphoid leukemia; MLL) did not result in enrichment of the enhancer sequences (Figure 3.3D).
This indicated that the antibodies recognize specific complexes found in mESCs but not in their
differentiated derivatives. The results indicate that Oct4 and Sox2 bind to the Oct4 enhancer when

this gene is being actively transcribed in undifferentiated, pluripotent mESCs.

3.2.3 Oct4 and Sox2 bind to the SRR2 of Sox2 in mESCs

Previous studies have demonstrated the importance of the enhancer element at the 3’ end of Sox2
by reporter assays and mutagenesis (Tomioka et al., 2002). This SRR2 (Sox regulatory region 2)
region contains a composite sox-oct element. Although Oct6 and Oct4 have been implicated to
bind to SRR2 along with Sox2, it is unclear if Oct4 and Sox2 are indeed bound to the SRR2 site in
living ESCs. The ChIP results in Figure 3.4 shows Sox2 and Oct4 bound to the SRR2 region of
Sox2 in mESCs (Figure 3.4) and that these interactions were found specifically in undifferentiated
ESCs. This result is similar to that for Oct4 and Sox2 binding on the Oct4 gene, in which the
levels of Oct4 and Sox2 bindings were reduced upon differentiation (Figure 3.4B and C). A
control antibody (myeloid/ lymphoid leukemia; MLL) showed no significant enrichment for any
of the amplicons from any of the ESC states analyzed (data not shown). Taken together, these

results demonstrate that the SRR2 region in S0x2 is a bona fide target for Oct4 and Sox2.
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3.2.4 Oct4 and Sox2 bind to the Nanog promoter in mESCs

To investigate if Oct4 and Sox2 interact with the Nanog promoter in vivo, ChIP experiments were
carried out using Oct4 and Sox2 antibodies and nuclear extracts from undifferentiated mESCs and
in mESCs differentiated with RA. ChIP DNA fragments from undifferentiated mESCs were
enriched up to 43- and 37-fold at the Nanog proximal promoter when immunoprecipitated with
Oct4 and Sox2 antibodies, respectively (Figure 3.5B and C). Two neighbouring regions were not
significantly enriched. Upon retinoic acid-induced differentiation of mESCs, this enrichment was
reduced proportionally in response to the degree of differentiation. After 3 days of differentiation,
enrichment only reached a maximum of 10-fold above background with both Oct4 and Sox2
antibodies, and after 6 days of differentiation, no significant enrichment was detectable (Figure
3.5B and C). Using an antibody against MLL as a negative control, no significant enrichment was

found for any of the amplicons from the three ESC states analyzed (data not shown).

3.2.5 OCT4 and SOX2 bind to the CR4 region of OCT4, SRR2 region of SOX2 and promoter

region of NANOG in human ESCs

To determine if OCT4 and SOX2 bind to Oct4, Sox2 and Nanog genes in hESCs, Oct4 and Sox2
ChIP-gPCR were carried out using HUES-6 hESCs propagated on inactivated mouse embryonic
fibroblasts or grown in feeder-free conditions in the presence of matrigel. Both methods of
culturing hESCs were tested using ChIP-qPCR and gave similar results. As fibroblast mouse cells
do not express Oct4 or Sox2, the growth of hESCs on a mouse feeder cell layer did not affect the
ChIP analysis. Moreover, the primers used to quantify the ChIP-enriched DNA were specific to
human sequences (Figure 3.6A, C, E). Both the OCT4 and SOX2 ChIP assays on hESCs showed
enrichment of DNA fragments in the distal enhancer of OCT4 (Figure 3.6B). A control antibody
did not show any enrichment of these enhancer sequences (Figure 3.6B). This shows the in vivo
binding of OCT4 and SOX2 to the distal enhancer of OCT4 in hESCs. Furthermore, ChIP-qPCR

also showed that OCT4 and SOX2 binds to the SRR2 region 3’ of SOX2 in hESCs (Figure 3.6D).
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The control antibody did not show any enrichment (Figure 3.6D). Thus, OCT4 and SOX2 also
bind to the SRR2 region of SOX2 in hESCs. To establish that OCT4 and SOX2 also interact with
the NANOG promoter in hESCs, similar ChIP analysis was performed using HUES-6 hESCs. Six
different amplicons (Figure 3.6E), all within close proximity to exon 1 of NANOG were used to
detect for enrichment of OCT4 and SOX2 ChIP DNA. Three primer pairs showed significant
enrichment with OCT4 and SOX2 antibodies (Figure 3.6F). Using the GST antibody as a negative
control, no significant enrichment was found for any of the amplicons in these hESCs. In
summary, these ChIP analyses demonstrate the in vivo occupancy of OCT4 and SOX2 on the

NANOG promoter in undifferentiated hESCs.

3.2.6 Conserved elements in the CR4 region of Oct4 promoter, SRR2 region of Sox2
enhancer and promoter region of Nanog

Multiple sequence alignment of genomic regions with Oct4 and Sox2 binding (highest ChIP
enrichment) were carried out. A consensus motif that resembles the composite sox-oct element
which is involved in regulating the transcription of several other ESC-specific genes was identified
in the CR4 region of Oct4, SRR2 region of S0x2 and promoter region of Nanog of mESCs. The
mouse elements are shown together with other Sox-Oct elements found in other studies in Figure
3.7. This element has also been identified in the conserved DNA regions in several organisms
(Rodda et al., 2005; Nordhoff et al., 2001; Tomioka et al., 2002). This indicates that Oct4 and
Sox2 bind to a specific motif which is evolutionarily conserved, and thus implying that this motif

has an important functional role in mediating the actions of Oct4 and Sox2.
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3.3 Discussion

3.3.1 Oct4, Sox2 and Nanog circuitry in ESCs

During early embryogenesis, Oct4 and Sox2 are found to be co-expressed in several pluripotent
cells such as the morula, ICM, epiblast, and germ cells. Gene knockout studies revealed that the
primary defect for both the Oct4- and Sox2-null animals is in the pluripotent epiblast, though there
are slight differences between the two null phenotypes. There is no epiblast development in the
Oct4-null blastocyst, and the fate of all cell types is towards trophectoderm lineage (Nichols et al.,
1998). On the other hand, Sox2-null animals are capable of giving rise, at least transiently, to the
epiblast, as epiblast-derived extraembryonic endoderm is detected (Avilion et al., 2003; Ben
Shushan et al., 1995). However, this transient epiblast formation may be the result of maternally-
derived Sox2 protein. Therefore, Oct4- and Sox2-null blastocysts are incapable of giving rise to
pluripotent ESCs, indicating that they are both crucial regulators for these cells. Besides Oct4 and
Sox2, the other key regulator of ESCs is Nanog. The removal of Nanog via gene targeting or
RNAI leads to differentiation of mESCs (Chambers et al., 2003; Mitsui et al., 2003; Rodda et al.,

2005).

Results show that the enhancer elements of Oct4 and Sox2 are the direct targets of their
respective gene products and are reciprocally bound by the other regulator. In addition, Oct4 and
Sox2 also bind to the Nanog promoter region (Figure 3.8A). Within these binding sites, composite
sox-oct elements were identified. This study expands the list of genes (Fgf4, Utfl, Opn, and
Fbx15) which are potentially regulated by both Oct4 and Sox2, and is also the first to directly link
these three transcription factors within the pluripotent cell genetic regulatory network. As the
highest level of binding was detected in undifferentiated cells when these genes are known to be
most transcriptionally active, they are likely associated with the transcriptional activation of these

genes and may play a role in positively regulating expression. Moreover, gene-specific sequence
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conservation within these sox-oct composite elements suggests functional significance. This was
further confirmed by the knockdown of both Sox2 and Oct4 mRNAs by RNAi (Chew et al., 2005;
Rodda et al. 2005). Knockdown of Oct4 and Sox2 caused a reduction in the Oct4 distal enhancer
activity and in endogenous Oct4, Sox2 and Nanog transcript levels, and caused the cells to
differentiate. This indicates that both Sox2 and Oct4 are positively regulating Oct4, Sox2 and
Nanog. Together with the binding results obtained from this study, a regulatory network
containing Oct4, Sox2 and Nanog was established whereby Oct4 and Sox2 autoregulate, regulate

reciprocally and regulate Nanog.

3.3.2 Network motifs in the Oct4, Sox2 and Nanog circuit

The interactions of Oct4 and Sox2 with the respective genes can be described as a transcriptional
regulatory network consisting of autoregulatory, multi-component, feed-forward and multi-input
motif loops (Figure 3.8B) (Lee et al., 2002). A network motif (architecture) is a fundamental unit

within a complex transcriptional regulatory network.

In an autoregulation model, the gene product binds to its own regulatory element (Figure
3.8B). This may allow for self-perpetuation and enhanced stability of gene expression.
Autoregulation can be shut down by active mechanisms during differentiation. The promoter of
Oct4 contains negative regulatory elements which are required for repression when embryonal
carcinoma cells differentiate (Ben Shushan et al., 1995; Scholer, 1994; Schoorlemmer et al., 1994;
Sylvester and Pikarsky et al., 1994). One example of a negative regulator is the germ cell nuclear
factor (Genf) which has been shown to mediate repression of the Oct4 proximal promoter
(Fuhrmann et al., 2001). The expression of Gcenf is inversely correlated with the Oct4 expression
in embryonal carcinoma cells (ECCs) and in Genf-knockout mouse embryos, the Oct4 expression

is no longer confined to the germ cell lineage.
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An additional relationship between Oct4 and Sox2 is depicted by a multi-component loop
motif whereby a regulator binds to the regulatory elements of another regulator in a closed loop
(Figure 3.8B). Such a closed-circuit loop can efficiently generate a bi-stable system with the
ability to switch between two different states. For ESCs, the two states may be the decision to
undergo self-renewal or to differentiate and exit from symmetrical division. This model also
requires that the concentrations of the two factors remain relatively constant, as any slight change

in the abundance of one protein will destabilize the circuitry.

Besides that, Oct4 and Sox2 are depicted in a feedforward loop motif containing a
regulator that controls a second regulator and has the additional feature that both regulators bind a
common target gene (Figure 3.8B). The feedforward loop may act as a switch that is designed to
be sensitive to sustained inputs. Feedforward loops have the potential to provide temporal control
of a process, because expression of the ultimate target gene may depend on the accumulation of
adequate levels of the master and secondary regulators. In this case, the expression of Nanog is
proposed to be regulated by an appropriate level of Oct4 and a second regulator Sox2.
Feedforward loops may provide a form of multistep ultrasensitivity, as small changes in the level
or activity of the master regulator at the top of the loop might be amplified at the ultimate target
gene because of the combined action of the master regulator and a second regulator that is under
the control of the master regulator. Interestingly, it has been shown that mESCs are exquisitely
sensitive to the level of Oct4 (Niwa et al., 2000). Increasing the level of Oct4 by 50% is sufficient

to induce differentiation of ESCs into primitive endoderm and mesoderm.

Lastly, Oct4 and Sox2 are involved in multi-input motifs consisting of a set of regulators

(Oct4 and Sox2) that bind together to a set of genes (Oct4, Sox2, Nanog) (Figure 3.8B). In ESCs,

this motif may offer the potential for coordinating gene expression for maintaining the ESC state.
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3.3.3 Conjectures

It is apparent that Oct4 and Sox2 are important transcriptional regulators in ESCs. The binding of
Oct4 and Sox2 may thus be instrumental in recruiting various other protein partners. However, it
should be emphasized that not all Oct4 and Sox2 sites on the same regulatory region are
synergistic in transcriptional activation. For example, in the Osteopontin intron, a sox site 39 bp
away from an inverted pair of Oct4 sites acts antagonistically in transactivation by Oct4 (Botquin
et al., 1998). Repression by Sox2 was shown to require DNA binding and a carboxy-terminal
transactivation domain. For Fgf4, Utfl, and Fbx15, the regulatory elements contain Oct4 and Sox2
sites in proximity (either 0- or 3-bp separation) and the Oct4/Sox2 complex is implicated in
transactivation. This raises the interesting possibility that perhaps Oct4 and Sox2 collaborate to
globally control ESC-specific gene expression through the sox-oct motifs. To address this

possibility, the genome-wide targets of both regulators have to be identified.

It is also possible that the Oct4/Sox2 complex interacts with another factor(s) to activate
the network of ESC-specific genes. For example, both Oct4 and Sox2 are present in the nucleus of
cells of the morula and their precursors (Botquin et al., 1998; Donovan and Gearhart, 2001) which
do not express Nanog, indicating that other molecular signals, besides the appropriate cellular
location of Oct4 and Sox2, are required for pluripotent-specific expression of Nanog. It will be
interesting to identify other factors that act through other cis-elements within this conserved

promoter and/or through coactivators interacting with the Oct4/Sox2 complex.

It is also important to note that there are other key regulators for maintenance of the
undifferentiated state of ESCs. The LIF/Stat3 pathway is essential for self-renewal of mESCs
(Matsuda et al., 1999; Niwa et al., 1998; Raz et al., 1999). This was shown by the removal of LIF
which leads to the inactivation of Stat3 and induces differentiation. Intriguingly, overexpression of

Nanog is sufficient to bypass the LIF/Stat3 requirement. This may mean that Stat3 is regulating
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Nanog. However, how Stat3 interacts with Nanog and the Oct4/Sox2 pathway remains to be

studied. All these questions were examined in the following chapters.
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Figure 3.1: Specificity of aOct4 and aSox2 antibodies used in ChIP. Western
blot analyses of mESC nuclear extracts using antibodies against Oct4 (N-19) and

Sox2 (Y-17).
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Figure 3.2: Oct4 and Sox2 binding to Oct4 CR4 region in mESCs. (A) Locations of the amplified
products (numbered black boxes) of ten primer pairs used in Oct4 ChIP-qPCR on the mouse Oct4
gene. The locations of the conserved regions, CR1-4 are indicated. Open boxes represent exons.
(B-D) High resolution ChIP-qPCR mapping of Oct4 (B), Sox2 (C), and control (glutathione S-
transferase; GST) antibody (D) binding sites across the Oct4 promoter in mESCs by ChIP
analysis. Fold enrichment is the relative abundance of DNA fragments at the indicated regions (A)
over a control region as quantified by real-time PCR.
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Figure 3.3: Oct4 and Sox2 binding reduces after retinoic acid differentiation of mESCs. (A) Oct4
and Sox2 levels decreased upon retinoic acid-induced differentiation of mESCs. Western blot
analyses of chromatin extracts using antibodies against Oct4, Sox2 and a histone deacetylase 1
antibody (HDAC1) as a loading control in undifferentiated mESCs (ESC) and mESCs treated with
retinoic acid for 3 and 6 days. A similar analysis of Oct4 (B) and Sox2 (C) occupancy on the Oct4
promoter in undifferentiated mESCs and in mESCs induced to differentiate with retinoic acid for 3
and 6 days. ChIP analysis was used as a subset (4, 6, and 7) of the amplicons described in panel
Figure 3.2. (D) A control ChIP assay using an anti-MLL antibody is also shown.
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Figure 3.4: Oct4 and Sox2 bind to the SRR2 at the 3° enhancer of Sox2 in mESCs. (A) Schematic
diagram of mouse S0x2 genomic locus with its single exon represented by an open box and the
SRR2 region indicated. The relative locations of the amplicons used to detect enriched ChIP
fragments are shown (A to C). (B) Measurement by ChIP analysis of Oct4 occupancy in regions of
Sox2 in undifferentiated mESCs and those induced to differentiate for 3 and 6 days by retinoic
acid. Letters correspond to the amplicons indicated in (A). (C) Measurement by ChIP analysis of
Sox2 occupancy in regions of Sox2 in undifferentiated mESCs and those induced to differentiate
for 3 and 6 days by retinoic acid.
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Figure 3.5: Oct4 and Sox2 bind to the Nanog promoter in mESCs. (A) Schematic diagram of
mouse Nanog genomic locus with exons represented by open boxes. The relative locations of the
amplicons used to detect enriched ChIP fragments are shown (1-3). (B) Measurement by ChIP
analysis of Nanog occupancy in regions of Nanog in undifferentiated mESCs and those induced to
differentiate for 3 and 6 days by retinoic acid. Letters correspond to the amplicons indicated in
(A). (C) Measurement by ChIP analysis of Sox2 occupancy in regions of Nanog in
undifferentiated mESCs and those induced to differentiate for 3 and 6 days by retinoic acid.
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Figure 3.6: OCT4 and SOX2 bind to the distal enhancer (DE)/CR4 region of OCT4, the SRR2
region of the SOX2 and promoter region of NANOG in living human ESCs. (A) Schematic
diagram of the location of the amplicons (A, B, and C) used to detect ChIP-enriched fragments in
OCT4 shown relative to the distal enhancer (DE)/CR4 region, to the proximal enhancer (PE), to
the transcription start site (arrow) and to the exon (box). (B) ChIP-qPCR using OCT4, SOX?2, and
a control glutathione S-transferase (GST) antibody. (C) Schematic diagram of the human SOX2
genomic locus with the single exon represented by an open box and the SRR2 region indicated.
The relative locations of the amplicons used to detect enriched ChIP fragments are shown (A and
B). (D) Measurement by ChIP analysis of OCT4 and SOX2 occupancies on SOX2 in living
hESCs. A glutathione S-transferase antibody (GST) was used as a negative control. (E) Schematic
diagram of the location of the amplicons (1 to 6) used to detect ChIP-enriched fragments in
NANOG shown relative to the first exon (box). (F) Measurement by ChIP analysis of OCT4 and
SOX2 occupancies on NANOG in living hESCs. Control glutathione S-transferase (GST) ChIP-
gPCR is also shown.

SOX oct
Pou5fl ETEEGET---ETECATCT
Sox2 EATTGIG---ATGCATAT
Nanog ECATTGTA---ATGCRARR
Utfl CATTGTIT---ATGCTAGT
Fbx15 EATTGIT---ATGATARRA
Fgf4 ETEEGETTGGREGCTAAT

Figure 3.7: Multiple alignment analysis of Oct4 and Sox2 binding sites in mESCs from this study
and previous studies (Utfl, Fbx15, Fgf4) identified the Sox-Oct composite element.
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Figure 3.8: Oct4, Sox2 and Nanog circuitry and network motifs. (A) Mapping of the Oct4, Sox2,
and Nanog circuitry in ESCs. The relationship between Oct4 and Sox2 proteins (circled) and Oct4,
Sox2 and Nanog genes (boxed). Solid arrows represent binding shown by ChIP in this study. (B)
The network motifs in the Oct4, Sox2 and Nanog regulatory network includes autoregulation,
multi-component loop, feed-forward loop and multi-input motif. Regulators are represented by
circles; gene promoter/enhancers are represented by rectangles. Binding of a regulator to a
promoter is indicated by a solid arrow. Genes encoding regulators are linked to their respective
regulators by dashed arrows.
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CHAPTER 4

Genome-wide Mapping of Oct4-DNA Interactions in Mouse Embryonic Stem Cells

4.1 Introduction

The previous chapter demonstrated that Oct4 and Sox2 bind and regulate transcription of Oct4,
Sox2 and Nanog (Boyer et al., 2005; Chew et al., 2005; Kuroda et al., 2005; Okumura-Nakanishi
et al.,, 2005; Rodda et al., 2005). Both Sox2 and Nanog are essential for maintaining the
pluripotent phenotype, although the in vivo phenotype of both hints at a slightly later role in
development as compared with Oct4 (Avilion et al., 2003; Chambers et al., 2003; Mitsui et al.,
2003). Results from the previous chapter suggest that Oct4 and Sox2 function through
autoregulatory feedback loops (Sox2 and Oct4) and feed-forward mechanisms (Nanog) to maintain

the expression of transcription factors essential to the ESC phenotype.

Other targets of the Oct4-Sox2 complex in pluripotent cells include Fgf4, Utfl, and
Fbxol5. Fgf4 is an extracellular signalling molecule synthesized by the epiblast and it plays an
essential function in mediating signals to maintain the trophoblast stem cell (Tanaka et al., 1998).
Utfl is a transcriptional co-activator that has been implicated in enhancing ESC proliferation,
thereby associating Oct4 with a proliferative regulatory network (Nishimoto et al., 1999;
Nishimoto et al., 2005). Fbx15 is a transcription factor with no known targets or function. The
only other known targets of Oct4 are Sppl encoding the extracellular molecule osteopontin and
Zfp42 encoding the transcription factor also known as Rex1 (Ben Shushan et al., 1998; Botquin et

al., 1998). Neither of these have any known function in the pluripotent cell.

The cis-regulatory element, to which the Sox2-Oct4 complex is bound, consists of
neighbouring Sox2 (CATTGTA) and Octd (ATGCAAAT) binding sites. These elements are

immediately adjacent to one another with the sox element in the 5° position in five out of the six
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Sox2-Oct4 target genes. The sixth target gene (Fgf4) contains 3 intervening base pairs between the
two binding sites (Ambrosetti et al., 1997; Ambrosetti et al., 2000). For Sppl, the Oct4 site is
important in transcriptional activation while a Sox2 site 35 bp 5’ to this is implicated in
transcriptional repression (Botquin et al., 1998). Sox2 binding to the Zfp42 promoter has not been
described while the binding by Oct4 is through a representative octamer motif (Ben Shushan et al.,

1998).

Based on the limited knowledge in the involvement of Oct4 in cellular functions such as
ESC maintenance and proliferation, it is anticipated that there are many more Oct4 targets yet to
be identified. Moreover, none of the known Oct4 targets display the early phenotypic defect
shown by Oct4-null embryos, implying that additional Oct4 targets should exist. Also, given the
central role that Oct4 plays in ESC biology, the identification of transcriptional targets of Oct4

would expand our understanding into its regulatory network.

In the previous chapter, ChIP-qPCR was used to discover binding sites of Oct4 and Sox2
in a gene-by-gene approach. While qPCR detection is effective and convenient, it is limited to loci
that are selected for study. Here, this study uses chromatin immunoprecipitation coupled with a
paired-end ditags (ChIP-PET) sequencing technique developed in the Genome Institute of
Singapore (Wei et al., 2006) to map the Oct4 binding sites in mESCs on a global manner. In brief,
mESCs were fixed using formaldehyde to preserve in vivo protein-DNA interactions. Chromatin
extracts were sonicated and subjected to immunoprecipitation using an antibody against Oct4.
ChIP-enriched DNA was purified and cloned into a PET library. Subsequently, 36 bp sequence
tags (PET) from both ends (18 bp from 5’ and 18 bp from 3’ end) of each individual ChIP-
enriched DNA fragment were generated. These PETs were then concatenated to allow for efficient
sequencing. Sequenced PETs were then mapped to the mouse genome to demarcate the boundaries

of ChIP-enriched DNA fragments. Single PETs, called singletons, were observed throughout the
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genome and they represent background noise due to random recovery of genomic DNA. Genome
locations derived from multiple overlapping PETs indicate bona fide transcription factor binding

sites.

In this study, 366,639 PETs mapping to unique genomic loci were generated from Oct4
ChIP-enriched DNA from undifferentiated mESCs. ChIP-qPCR validations done on these regions
empirically defined PET overlaps of 4 and above as high confidence Oct4 transcription factor
binding sites (TFBS). 1083 distinct Oct4 binding sites were identified from the clusters of multiple
overlapping PETs. Along with known targets of Oct4 such as Oct4 and Nanog, Oct4 was also
shown to bind a variety of gene classes. A substantial number of these genes code for transcription
factors implicated in a much broader range of cellular processes in ESCs. Genes associated with
Oct4 binding encode products that function in an array of cellular processes, including cell
proliferation (Mycn), transcription (Rest, Tcf3), DNA integrity (Trp53, Trp53BP1), metabolism

(proteases and pumps), signalling (kinases) and translation (microRNAs).

The strategy used here synergises ChIP, high-throughput cloning and sequencing,
computational analyses, and comparative analyses with previous observations by other groups on
the functions of the target genes to define the role of Oct4. The results implicate Oct4 in triggering

a cascade of pathways governing pluripotency, self-renewal and cell fate determination of ESCs.

4.2 Results

4.2.1 Optimisation of large-scale ChIP
MagnaBind™ goat anti-rabbit IgG (Pierce), Dynabeads M-450 Tosylactivated (Dynal), protein G
and protein A magnetic beads (New England Biolabs), Dynabeads M-450 Epoxy beads (Dynal

Biotech), peptide [Oct4 PS (N-19) sc-8628PS, Sox2 PS (Y-17) sc-17320PS, Santa Cruz)] elutions,
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protein G sepharose (Amersham) and protein G Dynabeads (Dynal) were all tested in Oct4 ChIP-
gPCR assays. Protein G sepharose beads were chosen for its high ChIP DNA recovery
(approximately 50ng per ChIP reaction) and high enrichment. Feeder-free mESCs grown at a
confluency of 70% were optimal for crosslinking and ChIP assays. Large-scale mESC cultures in
500cm” dishes (at least 8 dishes at each time) were done to obtain sufficient chromatin extracts.
Large-scale Oct4 ChIP of 14 reactions was carried out at each time. Input DNA (decrosslinked
chromatin extracts) was re-purified after RNase digestion, measured for enrichment by ChIP-
gPCR and quantified before being sent for library construction by the GIS Cloning and

Sequencing group.

4.2.2 Global mapping of Oct4 binding sites in mMESCs

This study utilises a robust sequencing approach, termed the ChIP-PET technology developed by
Dr Ruan Yi Jun’s group in GIS, which efficiently identified and positioned Oct4 ChIP DNA
fragments onto the mouse genome. Oct4 ChIP-enriched DNA fragments were cloned into a
primary library that preserved the original representation of ChIP-enriched DNA. The clones were
then converted into paired-end ditags that were concatenated and cloned into a plasmid vector to
yield the final ChIP-PET library (please refer to Chapter 2 for more details). Approximately
80,000 randomly selected clones were sequenced, generating 10 to 15 PETs per sequence read for
a total of 1,088,836 PET sequences. These PET sequences were then mapped to the mouse
genome to define the boundaries of the Oct4 ChIP DNA fragments (termed as ‘cluster’).
Definition of the terms used in ChIP-PET is illustrated in Figure 4.1. The binding data was then
visualized through a browser maintained by the Bioinformatics Institute (http:/t2g.bii.a-
star.edu.sg). With the help of large scale data prosessing by the Bioinfomatics group in GIS,
515,717 (47%) PETs were found to map to specific locations on the mouse genome (build mmb5)
and the rest of the PETs either did not map to the genome (469,032; 43%) or were mapped to

multiple locations (109,087; 10%) as they were derived from repetitive sequences. The 515,717
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PET-mapped locations were grouped into 366,639 unique genomic loci. It is highly unlikely to
have two independently generated PETs mapping to identical locations due to the random nature
of DNA shearing used in the ChIP protocol. Any redundantly mapped PETs are likely a result of

amplification events during the ChIP-PET cloning process.

True Oct4 binding sites should be distinguishable from background noise by virtue of
multiple overlapping PETs mapping to specific locations within the genome. Of the 366,639 PETs
mapping to unique genome locations, the majority (276,006; 75%) were represented by single
non-overlapping PETs (singletons). These singletons most likely represent background noise. The
remainder of these PETs (90,633 or 24.7%) was found to overlap with others and comprised
37,623 distinct PET clusters. The total number of PETs in these clusters ranged from 2 PETs for
29,451 of these clusters to 17 PETs represented by one cluster. Some of these clusters, particularly
those containing few PETs, may represent background noise from random sampling of genomic

DNA.

Subsequently, the minimum number of overlapping PET sequences required within a
cluster to distinguish a bona fide Oct4 binding site was determined through ChIP-qPCR. Clusters
with 2, 3, 4 and 5 overlapping PETs were randomly selected and tested for Oct4 ChIP enrichment
by the conventional ChIP-qPCR. Out of the clusters represented by 3 overlapping PETs, only 3
showed more than a 2-fold enrichment over background and were considered to represent
background in the data analysis (Figure 4.2). In contrast, all clusters containing 4 overlapping
PETs showed significant enrichment of Oct4 binding (greater than 2-fold). In addition, clusters
with 5 or more PET overlaps were all enriched over background. Therefore, the majority of loci
with 4 PET overlaps and above were deemed to represent authentic Oct4 binding sites. Based on
this cut-off, 1083 distinct sites within the mouse genome were determined to be Oct4 high

confident binding sites in undifferentiated mESCs.
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4.2.3 Oct4 ChIP-PET experiment identifies known Oct4 binding targets

Prior to this study, there were eight reported Oct4 DNA binding sites in mESCs (five of which
were validated by ChIP). To verify the reliability of the Oct4 ChIP-PET data, these known sites
were searched for positive binding. Firstly, Oct4 bindings on three key transcription factors
essential to the ESC phenotype, namely the Oct4 gene itself, Sox2, and Nanog as previously
characterized by this study and others (Chew et al., 2005; Kuroda et al., 2005; Okumura-
Nakanishi et al., 2005; Rodda et al., 2005; Tokuzawa et al., 2003; Tomioka et al., 2002) were
examined. As expected, the ChIP-PET method identified Oct4 binding to these three genes where
nine PET overlaps mapped to Oct4 gene (Pou5fl), five PET overlaps mapped to Sox2, and four
PET overlaps mapped to Nanog. Furthermore, the PET overlap region mapping to each of these
genes encompassed the known Oct4 binding sites as shown and confirmed by conventional ChIP-
gPCR. The Oct4 ChIP with its corresponding PET overlaps showing the binding sites on Oct4 and
Nanog are depicted in Figure 4.3. Control ChIP using an antibody against yeast Ena-1 protein

showed no enrichment with the same primers.

In addition, the ChIP-PET method also identified a fourth previously known Oct4 target
gene, Fbx15 (Tokuzawa et al., 2003), with four PET overlaps spanning the known Oct4 binding
site located 530 bp 5’ to the transcription start site of this gene. Identification of these known Oct4
binding sites by the ChIP-PET method attested to the reliability of this approach for determining
Oct4 binding targets in mESCs. However, the other four previously reported Oct4 binding sites
were not identified by the ChIP-PET method. There were no PETs, singletons or otherwise,
spanning the Oct4 binding sites in Fgf4, Zfp42, or Sppl and only a singleton spanning the known
Oct4 site of Utfl. This omission may be due to the inadequate depth of sequencing. When
conventional ChIP and a two step ChIP (sequential ChIP)-qPCR were carried out on these loci,
there were indeed enrichment or positive binding on the Zfp42, Fgf4, Sppl and Utfl loci (data not

shown). Therefore, the Oct4 ChIP-PET data may likely be an underestimate of the actual number
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of Oct4 binding sites in the mouse genome. Nonetheless, the ChIP-PET method was still able to
detect 1083 high confidence Oct4 binding loci, expanding the catalogue more than 100 times the

number of sites previously known.

4.2.4 Annotation of Oct4 binding sites to the transcriptome of ESCs

To identify genes that are potentially regulated by these 1083 Oct4-DNA interactions, these loci
were annotated together with Dr Leonard Lipovich to determine the nearest known gene
(Appendix A). The ChIP-PET data identified 957 distinct Oct4-bound genes. Subsequently, these
Oct4 binding loci were also annotated for their relative position to the respective gene (Appendix
A). For distances of less than 100 kb, bound loci were annotated as 5 distal (10 to 100 kb
upstream), 5° proximal (0 to 10 kb upstream), intragenic (contained within introns or exons of the
respective genes), 3’ proximal (0-10 kb downstream), and 3’ distal (10 to 100 kb downstream)
(Figure 4.4A). Loci mapping greater than 100 kb away from the nearest gene were annotated as

gene deserts although the nearest genes were still listed.

Results showed that about 44% of the Oct4 binding sites mapped within a gene, with 437
mapping to introns and 25 to exons (Figure 4.4B). 197 loci (19%) mapped to the 5’ proximal
region of genes (eg. Oct4) and of these, 82 (42%) were within 1 kb of the 5” end of the gene (this
includes Nanog and Fbx15). The binding within the 1 kb proximal promoter window represented
7.9% of all Oct4-bound loci which indicates a significant enrichment for this immediate proximal
promoter region (this is compared with 13% of Oct4-bound loci mapping to the 90 kb region
classified as 5” distal). The number of Oct4 binding sites mapped to the downstream of genes was
79 in the 3’ proximal (including S0x2) and 104 in the 3’ distal regions. Of the 957 distinct genes
with Oct4 binding sites, the vast majority contained a single Oct4 ChIP-PET cluster mapping to it.
However, there were also a number of genes that contained multiple Oct4 binding sites. The

highest number of binding sites associated with a single gene was 5. This was associated with an
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uncharacterized transcript (2610042L04Rik). A second gene, Igfbpll, had 4 Oct4 binding sites.
Five genes were associated with three Oct4 binding sites and 67 genes had two Oct4 binding sites.
The remainder (883 genes) had only one Oct4 binding site. This suggests that clustering of Oct4
binding sites is not a common mechanism of action for transcriptional regulation by Oct4. With
the help of Dr Paul Robson, all 957 distinct genes associated with Oct4 binding sites were further
annotated for functional relevance with the Panther classification system (Mi et al., 2005). 714 of
these genes were recognized in the Panther system but only 527 of these were identified with a
molecular function. In total, there were 430 genes of unknown function in close proximity to the
Oct4 binding sites. Understanding the association of Oct4 and these genes will unravel the
functions of these novel genes in transcriptional regulation. Within the genes of known molecular
functions, transcription factors were the most significantly over-represented. Within a random list
of 527 genes generated from the 25358 genes characterized in the Panther system, 105
transcription factors such as Trp53, Cdx2 and Mycn were indicated to associate with Oct4 binding
sites (Table 4.1). Kinases are a second group of genes that were significantly over-represented. A
gene that was identified as having an Oct4 ChIP-PET cluster overlap of 5 mapping to its first
intron was AKp2. This is an alkaline phosphatase routinely used as a marker for both mouse and
human pluripotent cells. This suggests that Oct4 is activating the transcription of Akp2 in

pluripotent cells.

The 1083 Oct4 binding sites were also annotated for indication of expression by relating
expression profiling results from a massively parallel signature sequencing (MPSS) study (Wei et
al., 2005) (Appendix A). MPSS generates millions of 20 bp signature sequence tags per sample
which are quantified as transcripts per million (tpm). The frequencies of Oct4 transcript in this
MPSS study were 388 tpm and 21 tpm in ESCs and EBs, respectively. Utilizing MPSS data for the
genes that map closest to each Oct4 binding locus allowed the comparison of their expression

levels between ESCs and EBs with that of Oct4 itself. Approximately 8% of the genes associated
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with these Oct4-bound loci had greater than 100 tpm in undifferentiated ESCs. Surprisingly, the
majority (507 genes or 52%) did not show expression in ESCs, as indicated by zero MPSS tags.
From the relative abundance, measured by calculating the ratio of ES to EB tpm, 296 genes
showed higher expression in ESCs than in EBs. This ES/EB ratio provides a correlation between
pluripotent specific expression and Oct4 binding, and serves to imply potential activation,
repression or non-regulation of these genes by Oct4. Annotation for all of the Oct4 binding sites

are presented in the Appendix A.

4.2.5 ldentification of novel Oct4 bound genes and associated pathways

The Oct4 ChIP-PET data uncovered a broad spectrum of genes previously not associated with
Oct4 binding or regulation. These include Esrrb, Rest, Jarid2, Tcf3, Tcf7, Mycn, Zic3, Rifl,
Ehmtl, Tcfep2ll, FoxH1, 1d3, Trp53, Trp53BP1, Didol, Tdgfl, Sgk, RARa, RARg, Bmil and
Zfp64 (Figure 4.5A). Importantly, microRNA (miRNA) genes (mir302 and mir296) were also
identified among the candidate targets of Oct4 (Figure 4.5B). Oct4 bound to sites within 10 kb of
both miRNA genes. For all the protein coding and miRNA genes mentioned above, Oct4 binding
was confirmed (i.e. enrichment of at least 2-fold) by traditional ChIP with detection by real-time
PCR as compared to that of a control ChIP using an unrelated antibody (Figure 4.5A, C). To test
the specificity of Oct4 binding in mESCs, Oct4 ChIP-qPCR was carried out using retinoic acid
(RA) -induced differentiated mESCs. Fold enrichment for these targets decreased when mESCs
were treated with retinoic acid. ChIP using a control antibody showed no significant enrichment
(Figure 4.6). This further confirmed that the detected Oct4 binding at these target sites in

undifferentiated mESCs was authentic and that upon differentiation, Oct4 binding was reduced.

The majority of genes identified in this analysis has not been identified in previous studies
and thus represent novel targets of Oct4. These candidate target genes encode for transcription

factors, chromatin remodellers, miRNA and other proteins. Oct4 was found to bind to genes
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involved in the DNA damage response pathway (Trp53, Trp53BP1, Rifl). In addition, Oct4 also
bound to genes important in cell proliferation (Mycn). Importantly, a cohort of Oct4 bound genes
(Table 1) were those that encode for factors important in inhibiting transcription of lineage specific
genes, such as the Rest transcription factor which is an inhibitor of neuronal genes (Ballas et al.,
2005). The repertoire of Oct4 target genes and the roles they play in different pathways may

contribute to the ESC self-renewing and pluripotent potential.

4.3 Discussion

A total of 1083 high confidence Oct4 binding sites were identified using the ChIP-PET method.
Apart from identifying known targets of Oct4 in ESCs, such as Oct4, Sox2 and Nanog, a cohort of
Oct4-associated genes involved in diverse functions that include transcription regulation, cell fate
determination pathways, cellular proliferation, metabolism, and genetic integrity were also
discovered. Transcription factors were found to be the most enriched subset of Oct4 binding sites
(Table 4.1), suggesting that Oct4 may be one of the most important transcription factors in the

hierarchy of the transcriptional regulatory network in mESC.

When transcripts of some of the Oct4 bound genes were tested in Oct4 RNAi-depleted
mESCs, Esrrb, Rest, Jarid2, Tcf3, Tcf7, Mycn, Zic3, Rifl, Ehmtl, Tcfcp2ll, FoxH1, Trp53,
Trp53BP1, Didol, Tdgfl, Sgk, RARa and RARQ transcripts were significantly downregulated after
Oct4 knockdown (Loh et al., 2005), indicating that Oct4 binding on these targets confer
expression. Interestingly, the trophectoderm (TE) marker genes Cdx2 and Cldn4 which were
bound by Oct4, were dramatically upregulated upon Oct4 reduction; demonstrating that Oct4
could also repress genes in ESCs (Chew et al. 2005). Concurringly, Oct4 was reported to directly
prevent differentiation towards trophectoderm by interacting with Cdx2 to form a repressor
complex (Niwa et al., 2005). This complex interferes with the autoregulation of these two factors,

giving rise to a reciprocal inhibition system that establishes their mutually exclusive expression.
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As such, the downregulation of Oct4 results in an upregulation of Cdx2, and vice versa - a
mechanism that might account for the two different pathways that lead to pluripotent stem cells
and to trophectoderm cells. Besides Cdx2, other genes important for proper TE development were
also bound by Oct4. An Oct4 binding site was found at 88 kb proximal to Eomes, a transcription
factor essential for proper TE development (Russ et al., 2000). In addition, Cldn4, which is
expressed in trophoblastic stem cells and in the blastocyst, was also found to be bound by Oct4.
This gene product is a major player in tight junction function and therefore implicated in TE

epithelial integrity. This suggests that Oct4 also acts as a repressor of the trophoblast lincage.

There are also many other genes with Oct4 binding sites which show very low or no
expression in mouse ESCs but are upregulated in differentiating embryoid bodies as determined by
MPSS data-mining. A number of these genes are related to lineage development such as Midl,
RbPms, Myo10, Cspg2, Spn2 and Nestin. This suggests that Oct4 may not only repress genes for
trophectoderm differentiation, but it also represses genes for other lineages as well. For example,
this data suggests that Oct4 indirectly inhibits neuronal lineages by positively regulating the
expression of Rest. Rest encodes for a transcriptional repressor that restricts neuronal gene
expression in neural progenitors. Ballas and coworkers demonstrated that in neural progenitor
cells, Rest is degraded to levels just sufficient to repress transcription of neuronal genes. As
progenitors differentiate into neurons, Rest and its co-repressors dissociate from the binding site,
triggering activation of neuronal genes (Ballas et al., 2005). The sustained activation of inhibitors
of lineage genes such as Rest by Oct4 suggests another mechanism utilized by ESCs to remain

undifferentiated whereby Oct4 may repress differentiation genes.

Oct4 also binds to genes important in proliferation and cell cycle such as Mycn, Esrrb,
Rifl, Trp53 and Trp53bpl. Mycn has been reported to be among the key mediators in the self-

renewal and proliferation of ESCs (Cartwright et al., 2005). Esrrb belongs to the superfamily of
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nuclear hormone receptors, and homozygous mutant embryos show abnormal trophoblast
proliferation, precocious differentiation toward the giant cell lineage and reduction in primordial
germ cells (Mitsunaga et al., 2004; Tremblay et al., 2001a). Rifl is an ortholog of a yeast
telomeric protein and is upregulated in mESC and germ cells (Adams and McLaren, 2004). In
human cells, Rifl associates with dysfunctional telomeres and has a role in DNA damage response
(Adams and McLaren, 2004; Silverman et al., 2004; Xu and Blackburn, 2004). p53 has been
suggested to maintain the genetic stability of ESCs by eliminating DNA damaged cells (Sabapathy
et al., 1997; Xu, 2005). p53BP1 is a p53 binding protein and functions as a key transducer of the
DNA damage checkpoint signal and monitoring of dysfunctional telomeres (d'Adda et al., 2003;
DiTullio, Jr. et al., 2002; Takai et al., 2003; Wang et al., 2002). Besides genes of the cell cycle,
Oct4 also binds to 1d3, FoxH1 and Tcf3 genes which are implicated in the BMP and Wnt
signalling pathways (Hollnagel et al., 1999; Hoodless et al., 2001; Kofron et al., 2004; Merrill et
al., 2004; Norris et al., 2002; von, I et al., 2004;). In addition, Oct4 binding was also identified at
microRNA genes mir296 and mir302. These microRNAs have been isolated in ESCs and their
expression was shown by Northern blot analyses (Houbaviy et al., 2003). This finding suggests a
role for miRNA in early embryonic development. In addition, a substantial number of Oct4-bound
genes are related to metabolic pathways including solute carrier proteins (Slcs) and enzymes
related to ubiquitination pathways (ubiquitin conjugating enzymes and ubiquitin specific

proteases). These may contribute to the high proliferation rate and metabolic turnover of ESCs.

In many instances, Oct4 bound to genomic sites with no apparent upstream or downstream
genes within the range of 500 kb. These may be non-functional Oct4 sites, sites where novel
transcription units which have not yet been defined or sites of enhancer regions acting at a distance
due to the conformational structure of the chromatin. This demonstrates that the ChIP-PET method
identified Oct4 binding sites in a global manner. This global manner of mapping binding sites is

particularly important as regulatory elements do not always fall within the 5’ proximal region of
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the first exon (Cawley et al., 2004). The location map generated in this study will serve as a useful
guide in identifying additional components in the regulatory network important for self-renewal,
pluripotency and differentiation of ESCs. Moreover, the data will provide clues for the selection of

genes in ESCs that may be targeted for a directed differentiation of mESCs.
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Figure 4.1: Diagram illustrating the features of the ChIP-PET readout. Paired-end ditags (PETs)
mapped to the genome either appear as a single PET (termed singleton) which most likely
represent background noise, or as multiple overlapping PETs forming a PET cluster demarcating
the boundaries of the ChIP DNA fragments. Maximum overlapping PETs (moPET) are located at
the region where the number of overlapping PETs is the highest.
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Figure 4.3: Profiles of Oct4 binding revealed by ChIP-PET. Validation of known Oct4 occupied
genes in mMESCs. An image of the T2G browser showing PET clusters at Oct4/Pou5f1 (upper panel
of A) and Nanog (upper panel of B) with 9 overlaps and 4 overlaps respectively. Each horizontal
green line represents a DNA fragment mapped to the genome based on the UCSC mmb5 build.
TFBS density (coloured in brown) is a plot showing the profile of the transcription factor binding
and is based on the number of overlaps of the DNA fragments. Conventional Oct4 ChIP-gPCR
was carried out using Oct4 and Nanog genes specific primers to confirm the Oct4 binding sites
shown by the ChIP-PET analysis. Graphs depicting the mapping of the Oct4 (red circles) and
control (Ena-1 antibody, light blue circles) binding sites across the chromosomal locations of PET
clusters are shown (lower panels of A and B). Fold enrichment is the relative abundance of DNA
fragments at the regions shown (relative to the position of the respective gene as illustrated in the
browser) over a control region as quantified by realtime PCR.
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Table 4.1: Molecular function of Oct4 target genes

Total in R27 genes with known molecular function
Molecular Function Genome | expected | actual Representaiive Gene
Transcription factors 2092 589 105|Trpa3, Esmb, Jand2, Edri, Zic3, FoxH1
Homeokox transcription factor 243 6.84 15|Manog, Poudr!, D2 Cdx2
Basic helix-loop-helix transcription factor £a 248 & [Nmye
Zinc finger transcription factor 768 21.62 11 |Myst2 M2 Sall1
HMG baox transcription factor 83 233 5|Sox2, Tefd
Transcription cofactor 159 448 15| TrpS3bpt, Trim24
Kinases 729 2053 44|Brd2, Yes{
Tyrosine protein kinase receptor 72 203 9| Tyro3
Mon-receptor SenThr protein kinase 288 8.1 12| Sgk, Mast2
Kinase activator/modulator 138 3.88 5|TcH
G-protein modulator 7 893 16|Rapgeft
Cell adhesion molecule 501 14.11 12|Clstn2
Signaling molecule 7949 225 21|Spry4, CdB3
Membrane-bound signaling molecule 129 363 900, Jagd
Other receptor 30 873 18|Ptch
Other membrane fraffic protein ] 222 5| Sectig
Cytokine receptor 100 282 3|iast Lifr, Cntfr
Ligase 232 6.53 10|Sars?
Glycosidase a7 1.32 3|Hexb
Esterase a3 2.79 7| Suir
Glycosyltransferase 206 58 10|Ext?
Phaosphaorylass 10 028 2|Upp1
Phosphatase 276 77 10|Ppp2r2d, Akp2
Reductase 105 315 5|Akriba
Annexin 106 2088 5|Pricch1
Chaperone 157 471 4|Cdc3vid
G-protein coupled receptor 1827 51.44 16|Bait
Ribosomal protein BRG 1566 o[-
Structural pratein 146 411 3|Cal18at
Protease inhibitor 180 507 1|iih3
TGF-beta superfamily member 34 0.95 3|Leftyd!
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Figure 4.5: Novel genes bound and potentially regulated by Oct4 in mESCs. (A) Novel and known
Oct4-bound targets were validated by conventional ChlP-qPCR using Oct4 and control (Ena-1)
antibodies. Conl to con3 are control regions. (B) Image of the T2G browser illustrating the
binding of Oct4 on miR296 and miR302. (C) Verification of Oct4 occupancy by conventional
ChIP-gPCR. ChlIP using Oct4 (N-19) and control Ena-1 antibodies were carried out to validate
Oct4 occupancy on miR296 and miR302.
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Figure 4.6: Retinoic-acid induced differentiation reduces Oct4 binding levels on targets in mESCs.
Oct4 (N-19) and control (Ena-1) ChIP were carried out using formaldehyde-crosslinked mESCs
treated with retinoic acid (+) and non-treated ESCs (-). Fold enrichment represents the abundance
of enriched DNA fragments over a control region not enriched for the respective targets. Standard
deviations representing technical replicates are shown.
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CHAPTER 5

Genome-wide Identification of Sox2-DNA Interactions in Mouse Embryonic Stem Cells

5.1 Introduction

Similar to the previous chapter, the Sox2 genome-wide binding sites in mMESCs were also mapped
using the ChIP-PET approach. The essential function of Sox2 in ESCs is mediated through the
genes that it transcriptionally regulates; several which have been identified. In Chapter 3, Sox2
was shown to bind to the regulatory regions of Sox2 itself, Oct4 and Nanog. Other reports also
corroborated with this finding (Boyer et al., 2005; Kuroda et al., 2005; Okumura-Nakanishi et al.,
2005). The autoregulatory loop and feed-forward mechanisms of Sox2 action implicated its
function in the regulation of these three transcription factors that are essential to the pluripotent
phenotype. In addition, Sox2 is known to bind regulatory regions of Fgf4, Utfl and Fbxol5
(Ambrosetti et al., 1997; Botquin et al., 1998; Nishimoto et al., 1999; Yuan et al., 1995) to drive
their pluripotent-specific expression. In all these six known target genes, Sox2 binds
synergistically with Oct4 to neighbouring sox and octamer elements, implying that Sox2 may also
bind to many of Oct4 target genes. To investigate this possibility, the genome-wide binding sites
of Sox2 in mESCs (and the genes associated with them) were identified to establish the extent in

which these binding sites overlap with those of Oct4.

In this study, 1133 high confidence Sox2 binding sites and numerous other lower affinity
sites were identified using the ChIP-PET method. Of these high affinity sites, 49% are located
within 20 kb of a gene whereas a surprisingly high number (15%) are more than 100 kb away. A
number of sites mapped to the proximal promoters of uncharacterized transcripts. As with Oct4,
transcription factors such as FoxD3, Mycn, Rifl, Rest, and Tcf3, were the most significantly
represented targets of Sox2 binding. Novel binding sites such as those from the Oct4-bound loci,

which was not detected in the gene-by-gene examination in Chapter 3, was identified here. Results
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show that Sox2 binding sites associate with a diverse array of genes encoding transcription factors,
chromatin remodelling factors, proteins involved in cell cycle control, cytokine signalling and

MiRNAS.

5.2 Results

5.2.1 Optimisation of ChIP and global mapping of Sox2 binding sites in mESCs

Single-step Sox2 ChlIP did not yield high enrichments. Therefore, a two step ChIP using the Sox2
antibody was carried out to obtain good quality ChIP DNA for cloning and sequencing. Since
sequential ChlP only gave approximately 5 ng of DNA per ChIP reaction, multiple reactions were
carried out to acquire enough DNA (at least 500 ng for ChIP-PET and minimum validations).
Purified Sox2 ChIP-enriched DNA was cloned into a primary library that preserved the original
representation of the ChlP-enriched DNA by the GIS Cloning and Sequencing group led by Dr
Ruan Yijun. As with the Oct4 ChIP-PET process, sequence tags (18 bp) from both ends of each
cloned DNA fragment were generated and ligated together to form a paired-end ditag (PET).
Subsequently, these PETs were concatenated and cloned into a second library in which each clone
contained 5-6 PETSs in tandem. Clones from this library were randomly picked and single-pass

sequenced by the Cloning and Sequencing group, GIS.

A total of 115,443 clones were sequenced from the Sox2 ChIP-PET library, generating
616,299 PETs. These PET sequences were mapped to the mouse genome (build mmb5) to
demarcate Sox2 binding sites. Of these PETs, 50.85% (313,418) were successfully mapped,
40.68% did not match any sequence in the genome, and 8.46% hit repetitive sequences and was
therefore omitted. Multiple identical PETs are most likely the result of library amplifications of

one original genomic fragment. 203,987 unique PETs were successfully mapped to the mouse
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genome. The majority of these mapped genomic loci (91.8%) were represented by single non-

overlapping PETSs (singletons) and considered to be background.

Out of the 16,729 non-singleton loci, the number of PET overlaps ranged from those
containing two overlaps (PET2) (13,798) to a single cluster containing twenty six (PET26). Those
clusters with a lower number of overlapping PETs most likely contained Sox2 binding sites of a
lower affinity and therefore, such DNA fragments were pulled down less frequently than those
sites of greater affinity for Sox2. To determine the minimum number of PET overlaps (cutoff) that
definitively identified a bona fide Sox2 binding site, 25 PET3 and 29 PET4 and above clusters
were randomly selected to test for enrichment using conventional ChIP-gPCR (Figure 5.1). The
majority of PET3 clusters produced no more than a 2-fold enrichment whereas all PET4 and above
clusters showed significant enrichment (i.e. greater than 2-fold) over background for Sox2 binding
(Figure 5.1). Sampling of clusters with 5 or more PETs (PET5+) indicated that the number of
PETs within a cluster was generally proportional to the fold-enrichment as detected by ChlIP-

gPCR.

Clusters with 4 and more overlapping PETs (PET4+) were taken to be high-confidence
Sox2 binding sites. However, there is likely to be a significant number of true Sox2 binding loci in
clusters containing PET2 and 3 as 32% of the PET3 clusters tested by ChIP-PCR had significant
enrichment. From this percentage, it is assumed that 575 out of the 1799 total PET3 clusters are
likely to be Sox2 binding sites. Additional binding sites may also be represented by some of the
13,798 PET2 clusters. From the set of high-confidence Sox2 binding sites represented by PET4+
clusters, of which 83% fall within the PET4-6 range, 1133 distinct Sox2 binding sites were
identified in the mESC genome, which is a substantial increase over the 8 previously known Sox2

binding sites.
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5.2.2 Sox2 ChIP-PET experiment identifies known Sox2 targets

To investigate the reliability of the Sox2 ChIP-PET data, the data were analysed for known Sox2
targets. In Chapter 3, in vivo binding of Sox2 was demonstrated on Oct4, Nanog and Sox2 itself
(Chew et al., 2005; Rodda et al., 2005) and these loci were detected in the Sox2 ChIP-PET data.
For the Oct4 loci, a cluster containing 11 PET overlaps mapped to the known Sox2 binding site
located 1977 bp upstream of the transcription start site (TSS). Interestingly, a second Sox2 binding
site was detected 862 bp downstream of this first site in the CR2 region and is represented by a
cluster of 5 PET overlaps (Figure 5.2A). Conventional ChIP-gPCR using primer sets scanning this
entire region reiterated a similar profile as detected by the ChIP-PET data (Figure 5.2B),
demonstrating that the ChIP-PET method is more efficient and comprehensive in identifying
binding sites in a global manner. At the known Sox2 binding sites of Sox2 and Nanog, there were
5 and 3 Sox2 PET overlaps, respectively (Figure 5.3A, B). These regions have previously been
shown to bind Sox2 by ChIP-gPCR in Chapter 3. Hence, the identification of these 3 known
binding sites confirmed, to some extent, the reliability of the ChIP-PET data that contained Sox2

binding targets.

5.2.3 Linking the Sox2 binding sites to the transcriptome of mESCs

As with the Oct4 ChIP-PET data, the 1133 Sox2 binding sites were annotated to the nearest genes
that they may potentially regulate (with the help of attachment students, Amanda Ang and Yong
Chun). 957 distinct Sox2 associated genes were identified. Binding sites were then categorized by
their location to their respective genes (Figure 5.4A). Surprisingly, a significant number of Sox2
binding loci were further than 100 kb away from the nearest gene. However, the majority of sites
fall within 20 kb of the nearest gene (Figure 5.4B). These results signify the global nature of the

ChIP-PET approach based on its ability to detect Sox2 binding irrespective of gene location.
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With the help of Dr Paul Robson, the genes were classified according to the Panther
classification system (Mi et al., 2005) to identify their corresponding molecular function
(Appendix B). 550 of 717 genes have recognizable molecular functions. Similar to Oct4, the most
significantly over-represented molecular function (with p=2.99x10™) in the Sox2 binding dataset
was transcription factors which include Otx2, Rarb, Tcf3, Phcl, JunB, Mycn, Sall4, 1d2, 1d4, Ets1,

Smad7, Gbx2, Sp1, Didol, and Lef1.

To investigate if the Sox2-associated genes are transcriptionally active or inactive in
MESCs, expression data from massively parallel signature sequencing (MPSS) was integrated into
the Sox2 ChIP-PET analysis annotation. The Sox2 annotations were carried out together with
attachment students, Yong Chun and Amanda Ang (GIS). MPSS generates millions of 20 bp
sequence tags per sample and these are expressed as transcripts per million (tpm). Data from the
previously profiled transcriptomes of mESC were used (Wei et al., 2005). Sox2, Oct4 and Nanog
transcripts have tpm counts of 105, 388, and 112 in mESCs, respectively. 67.4% of the Sox2
associated genes had 0-3 tpm in ESCs (Appendix B). Only the MPSS tags with a single genome
hit were included in the computation of the percentage of Sox2 associated genes that are not
expressed in ESCs to ensure specificity. A large number of Sox2-associated genes appear not to be
expressed in ESCs, suggesting that Sox2 is negatively regulating these genes. There were 54 genes
with tpm of 100 or more in ESCs, suggesting that these relatively abundant genes were positively
regulated by Sox2. Genes that fall into this category include Rest, Rcor2, Otx2, Rifl, Leftyl,

Lefty2, Dppa5, Sppl and Esrrb.

In addition to the above mentioned genes, other classes of protein-coding genes that were
identified proximal to Sox2 binding include chromatin remodellers (Pcaf), phospholipases
(Pla2g1lb), phosphatases (Ppmlb), kinases (Stk38), cell surface receptors (Notchl) and cell

adhesion molecules (Ncam2). Pathways which were implicated to involve Sox2 regulation
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included cell proliferation (Mycn), apoptosis (Cradd), ubiquitination (Ublela), FGF (Fgfl) and
Whnt (Lefl) signalling pathways. Besides protein coding genes, Sox2 binding sites were also

located proximally to genes encoding microRNAs (miRNAs) (Figure 5.5).

5.2.4 Comparative location analyses of Sox2 and Oct4

In Chapter 4, the ChIP-PET method was used to map the DNA binding sites of Oct4 in mESCs.
Interestingly, many of Sox2 binding sites identified in this study are located near the Oct4 binding
sites identified in Chapter 4. Among the genes which had DNA regions demonstrating Oct4 and

Sox2 binding are Rest, Mycn, Oct4, Sox2 and Esrrb (Figure 5.6).

5.3 Discussion

In this study, 1133 high-affinity Sox2 binding sites (PET4+) were identified in the mESC genome.
This is likely an under-representation of all Sox2 binding sites in ESCs as there might be false
negative targets that have been omitted amidst the noise in overlaps of 2 or 3 PETs. An example of
a true target in this lower range of PET overlaps is Nanog, a known Sox2 binding target (Chapter
3; Rodda et al., 2005) that is represented by a 3 PET overlap in this study. Nonetheless, this
expanded list of Sox2 binding sites represented a more than 100-fold expansion of the previously
known targets of Sox2. This expanded list would be a good starting point to elucidate the

mechanism of Sox2 action in its role in maintaining the pluripotent cell.

The distribution of Sox2 binding sites showed a preference for proximity to genes with a
substantial number of these sites falling within 20 kb of a known gene. The actual number of
Sox2-bound genes may be even higher as many more genes would be identified upon the
completion of the fully annotated mouse genome. Although the 5’ proximal regions of many genes
are enriched for Sox2 binding, there were more Sox2 binding sites within intragenic regions of

genes. However, not all Sox2 binding sites are located proximally to genes, as some of them were
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also found to be greater than 100 kb away from the nearest gene (gene desert). This suggests that a
cis-regulatory module associating with Sox2 can function over large linear genomic distances to

regulate gene expression.

In addition, a subset of the Sox2 binding sites was found proximal to genes of unknown
function. An example of such a gene is 1700019D03Rik (PET cluster ID chr1.53325798). Indeed,
there were 5 and 9 PET sequence overlaps in Sox2 and Oct4 PET clusters, respectively within the
1 kb proximal promoter region of this full-length transcript. Such associations between these
transcription factor binding sites on genes of unknown function should aid in the functional
characterizations of these genes. These associations as well as those binding sites associated with
gene deserts highlight the advantage of using a global approach for transcription factor binding site

discovery.

Besides Oct4, Sox2 and Nanog, FoxD3 which encodes another transcription factor
essential in the maintenance of the pluripotent phenotype in ESCs, was also found to have a Sox2
binding site with PET4 located at the 5’ region (Hanna et al., 2002). This indicates that Sox2 is
involved in the regulation of these transcription factors. In addition, a large cohort of Sox2-
associated genes has been implicated in many ESC functions such as self-renewal and
pluripotency. These include those in the Wnt/B-catenin/Tcf signalling pathway (eg. Lefl, Tcf3,
Tcf7, and Ctnnbll) (Reya and Clevers, 2005). In addition, several genes associated with Sox2
binding have been established to be functionally important in early development (i.e. in the egg
cylinder) and include those that have a role in pattern formation (Nodal, Leftyl, Lefty2) and
members of the fragilis family (Ifitm1, Ifitm2, Ifitm6, and Ifitm7) which are thought to be involved

in germ cell specification (Saitou et al., 2002).
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Sox2 was also shown to bind genes encoding for miRNAs. Studies have indicated that
miRNAs have important roles in gene regulation as more than a third of mammalian protein-
encoding genes are conserved miRNA targets (Bartel, 2004; Lewis et al., 2005). Moreover, ESCs
that lack the machinery that processes mMIRNA transcripts are unable to differentiate

(Kanellopoulou et al., 2005).

Sox2 binding was identified at genes that play important roles in cell cycle and
proliferation. A PET7 Sox2 binding site located 2 kb 5’ to Mycn was identified in this study. Mycn
is functionally equivalent to Myc in ESCs which possesses a proliferative function (Malynn et al.,
2000). In addition, a binding site located 592 bp 5’ to Rif1 was identified as one of the most highly
represented Sox2 binding loci (PET16). Oct4 was also previously found to associate highly with
this gene, with an Oct4 PET overlap of 17. Rifl has been implicated in the DNA damage response
at the intra S-phase checkpoint (Silverman et al., 2004). Other Sox2-associated genes involved in
maintaining DNA integrity either through DNA repair or cell cycle control included Msh6, Pms1,
Xpa, Gadd45g, Cdc3711, Chesl, Cdk6, Syk38, and Terfl. Terfl has been shown to be essential for
development beyond the peri-implantation stage (Karlseder et al., 2003). Earlier data had singled
out Trp53 and Trp53bpl as Oct4 target genes. Together, this indicates that Sox2 and Oct4 are
involved in DNA-damage response ensuring only DNA of high integrity is passed on from the

pluripotent cells to the somatic cell lineages and to the next generation.

As with Oct4, several Sox2 targets have been identified to be involved in the regulation of
ESC differentiation and commitment. One example is the Rest transcriptional repressor that acts at
the terminal stage of the neuronal differentiation pathway and blocks the transcription of several
differentiation genes. Ballas and coworkers (2005) demonstrated that regulation of the Rest
transcriptional repressor plays a fundamental role in the progression of pluripotent cells to lineage-

restricted neural progenitors. Sox2 (PET14) and Oct4 (PET5) were found to bind within a 100 bp
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of each other at a genomic region located 3.1 kb 5° to Rest. In addition, Oct4 and Sox2 also bind to

the Rest corepressor Rcor2.

Sox2 bhinding was also identified on genes encoding chromatin remodeling factors such as
PCAF, Ehmtl, Phcl and Nsdl. p300/CBP-associating factor (PCAF), a ligand-dependent
coactivator, belongs to the histone acetyltransferase (HAT) group of enzymes that are critical in
the regulation of chromatin structure and gene expression (Santos-Rosa et al., 2003). The
polyhomeotic-like 1 (Phcl)/Rae28-like protein helps in maintaining transcription states upon
initiation by generating heritable higher-order chromatin structures. Less is known of the
euchromatic histone methyltransferase 1 (Ehmtl) but it has been suggested to play a role in
histone modification (Okazaki et al., 2002). Nsd1 has been found to be essential for early post-
implantation development and possesses intrinsic methyltransferase activity (Rayasam et al.,
2003). Thus, Sox2 is implicated in the control of numerous proteins involved in chromatin

remodeling.

From this study, it is evident that many of the Sox2 binding sites co-localise with those of
Oct4, which was previously described in Chapter 4. It will be noteworthy to examine the extent in
which Sox2 interacts with Oct4 on DNA in ESCs and to characterize the Oct4 and Sox2 binding

elements that are crucial in mediating the binding of these transcription factors to DNA.
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Figure 5.2: Validation of Sox2 binding profiles at the Oct4 (Pou5f1) upstream regulatory regions.
(A) An image capturing the T2G browser showing PET clusters at Oct4. Each horizontal green
line represents a DNA fragment mapped to the genome. TFBS density (coloured in brown) shows
the profile of the transcription factor binding and is based on the number of overlaps of the DNA
fragments. (B) Conventional ChIP-gPCR was carried out using Oct4 gene primers to confirm the
Sox2 binding sites shown by the ChIP-PET analysis. The locations of the amplified products of the
primer sets used to detect the ChlP-enriched fragments are shown in the context of the genomic
structure of Oct4. Fold enrichment is the relative abundance of DNA fragments at the regions
shown over a control region (red plots represent Sox2 ChIP and blue plots represent control ChlP).
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CHAPTER 6

Analyses of the Combined Oct4 and Sox2 DNA Binding Sites

6.1 Introduction

Oct and Sox proteins have been shown to selectively interact with each other and bind to DNA via
their conserved domains, POU and HMG, respectively (Herr and Cleary, 1995; Wegner, 1999).
Their functional partnership on regulatory elements have been shown to exist in several species
including that of the human and mouse (Dailey and Basilico, 2001; Kuhlbrodt et al., 1998).
Moreover, during early development and in ESC lines, Oct4 and Sox2 genes are co-expressed and
their combinatorial function is critical in specifying the first three lineages in the mammalian

embryo (Avilion et al., 2003; Nichols et al., 1998; Niwa et al., 2000).

The synergistic partnership between Oct4 and Sox2 on DNA has been demonstrated on
Fgf4 (Ambrosetti et al., 1997; Yuan et al., 1995), Nanog (Kuroda et al., 2005; Rodda et al., 2005),
Oct4 (Chew et al., 2005) and Sox2 (Chew et al. 2005) gene loci. In addition, Oct4 and Sox2
elements have been found in the enhancers of Opn (Botquin et al., 1998), Utfl (Nishimoto et al.,
1999) and Leftyl (Nakatake et al., 2006). The data from the ChIP-PET study described in Chapters
4 & 5 has also facilitated the recent characterisation of two composite sox-oct binding sites within
the first intron of Zfp206 where Oct4 and Sox2 are involved in activating its transcription in a
synergistic manner (Wang et al., 2007). With the use of homology modelling tools to analyze the
crystal structure of Octl-Sox2/Fgf4 ternary protein-enhancer complex, Remenyi et al. (2003)
derived a structural model of the Oct4-Sox2 heterodimer interaction on the Fgf4 and Utfl
enhancers. The specific assemblies of these factors are reported to rely on the cis-regulatory

elements on the DNA (Remenyi et al., 2003).
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In this study, a significant number of the same genes were found in the Oct4 and Sox2
ChIP-PET datasets, indicating that Oct4 and Sox2 may target genomic sites through a joint cis
element. Here, the approach taken was to merge both sets of Oct4 and Sox2 binding site data in
order to obtain a list of genes that possess both Oct4 and Sox2 binding sites. A selection of
overlapping genes was then experimentally verified for co-occupancy of Oct4 and Sox2.
Subsequently, sequences from the Oct4 and Sox2 bona fide DNA binding sites were search for the
presence of Oct4 and Sox2 DNA binding motifs. The DNA motifs were then characterised for
specificity in conferring Oct4 and Sox2 DNA binding ability and in providing functional activity

in vitro.

6.2 Results

6.2.1 Oct4 and Sox2 co-occupy shared binding sites

6.2.1.1 Comparative location analyses of Oct4 and Sox2

The Oct4 and Sox2 ChIP-PET datasets were used to investigate the relationship between Sox2 and
Oct4 occupancies on a global scale in mESCs (Chapters 4 & 5). A list of genes (based on known,
Refseq and MGC) associated with Sox2 and/or Oct4 PET4+ clusters and within 50 kb upstream
and downstream of the transcription start site was generated by a bioinformatics colleague,
Vinsensius Vega. While Oct4 and Sox2 were predicted to bind to genes independently of each
other (540 genes for Oct4, 508 genes for Sox2), a significant proportion of the genes
(approximately 30% or 242 genes of Octd-associated and Sox2-associated genes) were also
predicted to be bound by both Oct4 and Sox2 (Figure 6.1). These included Rest, Didol, Phcl, 1d3,
Mycn, Tcf3, Esrrb, Otx2, Leftyl, Rifl, as well as Sox2, Oct4, and Nanog. Although the
bioinformatic search showed that Oct4 and Sox2 may bind to the same genes, further verifications

are needed to show that they bind to cis elements in close proximity with one another. This is
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because Oct4 and Sox2 may be binding individually at the same gene loci but on different DNA

molecules or different populations of cells.

6.2.1.2 Oct4 and Sox2 co-occupy on the same DNA molecules

Six genes were selected from the 242 genes possessing both Oct4 and Sox2 binding sites in Figure
6.1 to test for Oct4 and Sox2 co-occupancy. A two-step ChIP (termed sequential ChlP; seqChlP)
was used to pull down DNA fragments (approximately 500 bp) bound by both Oct4 and Sox2.
Crosslinked chromatin extracts were first immunoprecipitated with either the Oct4 or Sox2
antibody. Recovered material from this first ChIP was then subjected to a second ChlIP using the
other antibody (Figure 6.2A). Subsequently, qPCR using primers amplifying 150-250 bp products
specific to binding sites on selected genes in the Oct4 and Sox2 overlap data were carried out to
measure ChIP fold enrichments. Significant enrichment after the second ChIP was indicative of

Oct4 and Sox2 co-occupancy.

Oct4 or Sox2 binding was still detectable after this first round of ChIP, although
enrichment was reduced due to the process of crosslinking of the antibody to the protein G
sepharose using dimethyl pimelimidate (DMP). The fold enrichments after the 2" ChIP (Oct4
followed by Sox2 and vice versa) were significantly higher than Oct4 or Sox2 single ChIPs and
control ChlPs using a non-specific antibody (Ena-1) (Figure 6.2B). This demonstrates that Oct4
and Sox2 co-occupy the same DNA molecules of Oct4, Sox2, Nanog, Tcf3, Trp53 and Mycn in

very close proximity to each other.

6.2.2 Regulation of target genes by Oct4 and Sox2
Selected gene loci that were co-bound by Oct4 and Sox2 were shown to be active in mESCs by the
presence of histone 3 trimethylated lysine 4 (H3K4Me3) marks which denote active regions of the

chromosome. To examine genes that are bound by both Oct4 and Sox2, seqChIP using Oct4
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followed by Sox2 antibodies were carried out. Oct4-Sox2 sequential ChIP and GST mock ChIP
DNA were amplified, labelled with Cy dyes, and hybridised onto NimbleGen gene microarrays
designed by Dr Ng Huck Hui. The chips (25 x 75 mm each) contain 50-mer probes (50 bp apart)
spanning about 600 genes represented by 385000 features (16 um x 16 um) in an array size of
17.4 mm x 13 mm. The same procedure was repeated using the H3K4Me3 ChIP DNA and mock

ChIP DNA.

SeqChlP-on-chip data showed that Oct4 and Sox2 co-occupy Oct4, Sox2, Nanog, Tcf3,
Mycn, Trp53, Rest and Tcf7 (Figure 6.3, blue peaks) while mock ChlP-on-chip did not show any
peaks at these regions (Appendix F). These ChlP-on-chip results confirm the seqChIP-gPCR
results in section 6.2.1. In addition, the seqChlP-on-chip results showed that Oct4 and Sox2 co-
occupy at the 5’ and 3’ enhancer regions of Sox2 as well as both the promoter and 5 enhancer
region of Nanog demonstrating the sensitivity of using sequential ChIP coupled to microarray.
Moreover, these genes are also bound by H3K4Me3 at the 5” or throughout the transcribed regions
(Figure 6.3, green peaks), indicating that the bound genes are active. In contrast, Oct4-Sox2 and
H3K4Me3 did not show occupancy on Hoxa9 and Hoxal0, which are part of the repressed Hox
cluster genes in ESCs. H3K4Me3 and Oct4-Sox2 binding do not always occur together. One
example is the binding on the Sox15 loci. Sox15 was reported to be expressed in mESCs but is not
essential for ESC self-renewal (Maruyama et al., 2005). Concurringly, H3K4Me3 peaks were
detected on the Sox15 loci. However, Oct4-Sox2 binding was not detected, suggesting that Sox15

is not a downstream target of Oct4 and Sox2.

These data indicates that Oct4 and Sox2 regulate the genes that are bound. Gene activity
increases when histone 3 lysine 4 (H3K4) is converted from a di- to a tri-methyl state (Santos-
Rosa et al., 2002). However, recent studies have suggested that both active as well as repressive

chromatin marks may be closely juxtaposed at promoters of highly conserved genes in ESCs
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(Bernstein et al., 2006), hence other methods of inferring regulation have been utilized. Firstly,
MPSS data correlated with those of ChIP-PET binding as shown in the previous chapters as well
as other studies have confirmed that these genes are highly expressed in undifferentiated mESCs
(Pritsker et al., 2006). Moreover, RNAi-mediated depletion of Oct4 or Sox2 was found to also
perturb the expression of these genes (Loh et al., 2006 & Loh et al. unpublished data). These data
collectively suggest that Oct4 and Sox2 DNA binding may be important for gene regulation in
MESCs. The next step was to identify and characterize the cis elements that determine the binding

of both Oct4 and Sox2.

6.2.3 Identification of the joint Sox2-Oct4 DNA binding motif

To look for consensus sequences that may be present in the Oct4 and Sox2 bound genes, DNA
sequences of enriched regions on selected genes were aligned using the VectorNTI multiple
sequence alignment tool together with previously identified elements from Oct4, Sox2, Nanog,
Utf1 and Fbx15. A 15 nucleotide consensus sequence CATTGTTATGCAAAT, which resembles

the Sox2 and Oct4 motif joint in tandem, was identified (Figure 6.3A, Chew et al., 2005).

Subsequently, a comprehensive motif search was carried out by our collaborator,
Vinsensius Vega, using the de novo motif discovery algorithms Weeder (Dempster et al., 1977;
Pavesi et al., 2004). Sequences from PET7+ clusters of the Oct4 and Sox2 ChIP-PET datasets
(total of 90 Oct4 and 191 Sox2 clusters) were extracted and their repeat regions (as annotated by
the USCS mm5 mouse genome browser) were masked. The CATTGTTATGCAAAT sequence
was the predominant motif found in both the Oct4 and Sox2 datasets (Figure 6.3B). This motif is
similar to the Sox2-Oct4 composite consensus element derived earlier (Figure 6.3A). 69% of
PET6+ Oct4 binding loci and 62% of PET9+ Sox2 binding loci contained this motif, indicating

that Sox2 and Oct4 may act together as a complex in the mESC genome.
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6.2.4 Characterization of the Sox2-Oct4 DNA binding motif

ChIP-gqPCR, ChIP-PET and ChlIP-on-chip experiments can only identify DNA binding regions of
about 100-300 bp. Therefore, in order to investigate the specificity of the 15 nucleotide Sox2-Oct4
joint motif and to examine its functionality in conferring binding and activity, selected motifs from

the ChIP-PET datasets were characterized using a series of EMSA and luciferase reporter assays.

6.2.4.1 Interactions of Sox2 and Oct4 with the Sox2-Oct4 joint motifs

6.2.4.1.1 Sox2 and Oct4 bind to the Sox2-Oct4 DNA motif in vitro

Transcription factors are capable of binding to a basic consensus sequence of various
permutations. EMSA relies on the ability of a protein to bind to a DNA probe in vitro, followed by
electrophoretic separation of DNA-protein complexes from the unbound DNA (free probes) on

non-denaturing polyacrylamide gels.

To test whether Sox2 and Oct4 proteins bind to the Sox2-Oct4 joint element, EMSA was
carried out using Sox2-Oct4 motifs found at Ebfl, Rest, Rifl and Tcf7 loci. A 33 bp biotin-labelled
double-stranded DNA containing the 15 nucleotide composite Sox2-Oct4 elements and 18
nucleotide flanking sequences (Figure 6.5A) was incubated with Sox2 or Oct4 over-expressed
protein from HEK293T cells that do not express endogenous Oct4 and Sox2. When the Oct4
protein was incubated with the probes, a single Oct4/DNA complex was detected (Figure 6.5B,
lane 2). This complex was supershifted (retardation in mobility) upon addition of anti-Oct4
antibody (Figure 6.5B, lane3). Anti-Sox2 and anti-JunB (control) antibodies did not affect the
mobility of the complex (Figure 6.5B, lane 4 & 5). This demonstrates that Oct4 binds to the
dsDNA probe. Similar observations were noted when Sox2 protein was added to the probe,
demonstrating that Sox2 also binds to the same dsDNA probe (Figure 6.5B, lanes 6-9). Control

lysates from HEK293T cells transfected with the vector alone did not form any specific complex
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with the DNA probes (Figure 6.5B, lanes 10-13). For all the probes, except Rifl, the anti-Sox2
supershifted complex showed weaker bands than that formed by the anti-Oct4 antibody,

suggesting that the Sox2 antibody may have interfered with the protein-DNA interaction.

The Ebfl probe, which contains the exact consensus sequence, was also used to test for
binding with native proteins extracted from the nuclei of mESCs (nuclear extract). A major
complex between the probe and native proteins was detected as shown in Figure 6.6, lane 2. The
addition of anti-Oct4 or -Sox2 antibodies led to a supershift of this complex (Figure 6.6, lanes 3 &
4). Conversely, the control anti-JunB antibody did not affect the mobility of this complex.
Therefore, this indicated that the DNA probe was bound specifically by endogenous Oct4 and
Sox2. The addition of a 200-fold excess unlabelled probe successfully competed for binding to the
Sox2/0ct4 complex (Figure 6.6, lane 6), while addition of an unrelated probe had no effect (Figure
6.6, lane 7). When an excess of unlabelled probe was added, the DNA binding protein will bind to
both the unlabelled probe and biotin-probe, resulting in a decrease in the amount of factor
available for binding to the probe by competition from the unlabelled site, and subsequent
reduction in the intensity of the retarded band. When an unrelated probe was used, there was no
difference in the intensity of the retarded band because the competing probe is unable to bind to

the factor.

Thus, in vitro, Oct4 and Sox2 have been demonstrated to bind specifically to the Sox2-

Oct4 joint motifs of these targets as a ternary complex.

6.2.4.1.2 Mutations of Sox2 and Oct4 DNA motif sequences abolished binding
Subsequently, the importance of each DNA sequence within the Sox2-Oct4 element in mediating
the formation of the DNA-protein complex was examined. EMSA was carried out using the wild-

type Rest probe and Rest probes containing mutations within the Sox2 and Oct4 elements (Figure
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6.7A). Mutations within the Oct4 element prevented the formation of the Oct4-DNA complex,
indicating that these sequences are crucial for Oct4 binding. Mutations within the Sox2 element
also abolished the formation of the Sox2-DNA complex, except for mutation E at the 7" position
(Figure 6.7B), which is the last nucleotide of the Sox2 element. Instead, more Sox2-DNA complex
was formed when wild type G was mutated to A at that position. Upon inspection of the consensus
motif matrix generated from the ChIP-PET datasets (Figure 6.7C), the 7" position of the consensus
motif contained nucleotides T and A (square box in Figure 6.7C). This showed that changing the
consensus sequence from G to A increased the efficiency of forming the Sox2-DNA complex,
further validating the joint Sox2-Oct4 consensus motif. However, it does not rule out the
possibility that the 7" position may be dispensable for Sox2 (or Oct4) binding. Nonetheless, these
results indicate that all but one of the sequences in the motif is crucial for Oct4 or Sox2 binding

and that Oct4 and Sox2 are capable of binding on this element in vitro.

6.2.4.1.3 Sequences flanking the Sox2-Oct4 DNA motif are not essential for binding

Mutation of the motif sequences investigates the requirement of the particular sequence in the
formation of DNA-protein complex. However, differences in the sequence of flanking DNA
outside the core consensus binding site may also affect binding of the protein onto DNA. To
examine whether the flanking sequences of the Sox2-Oct4 motifs affect Sox2 and Oct4 binding,
EMSA was carried out using dsDNA probes containing the joint motifs with mutations in the
flanking sequences (Figure 6.8A). All of the probes carrying flanking sequence mutations could
form Oct4/DNA and Sox2/DNA complexes (Figure 6.8B). This demonstrates that the flanking

sequences of the Sox2-Oct4 motif are not essential for Oct4 and Sox2 binding.
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6.2.4.2 The Sox2-Oct4 joint motif sequences are functional

6.2.4.2.1 The Sox2-Oct4 motifs confer reporter activities which are Oct4 and Sox2-dependent
To study the role of these specific sequence elements in the activation of pluripotent cell
transcription, Sox2-Oct4 DNA motifs from Ebfl, Tcf7, Rest and Rifl were cloned in three tandem
repeats upstream of the pGL3-Oct4 pp vector (Wu et al. 2006) which contains the ESC-specific
Oct4 proximal promoter upstream of the luciferase gene (pGL3-3x element-Oct4dpp, Figure
6.10A). The constructs were then transfected into mESC and assayed for luciferase activity after 3
days. All the four Sox2-Oct4 elements caused a two to seven-fold increase in reporter activity
compared to the empty pGL3-Oct4 pp vector control, indicating that the presence of the joint DNA
motifs can augment the activity of the Oct4 promoter in driving the expression of the luciferase
gene in mESCs (Figure 6.9B). The luciferase reporter assay was also carried out using only one
copy of each motif. Luciferase activity was measured to be two-fold above that of the empty
pGL3-Oct4 pp vector (data not shown). However, this is less compared to that which was
observed when the motifs were present in three tandem repeats. The proportional increase in
activity observed with increasing number of copies of motifs indicated that the activity measured
was specific, i.e. luciferase activity is induced by the presence of the DNA motifs. The Sox2-Oct4

DNA motifs are therefore functional.

To further evaluate whether the activity conferred by the motifs were caused by the
presence (and therefore binding as shown by EMSA) of Oct4 and Sox2 proteins, mESCs were co-
transfected with pGL3-3x element-Oct4pp plasmids together with Oct4 or Sox2 RNAI plasmids. In
the cells, Oct4 and Sox2 shRNAs mediate depletion of endogenous Oct4 and Sox2, respectively.
The specificity of these ShRNAs has been previously confirmed (Chew et al., 2005), showing that
the Oct4 and Sox2 shRNA specifically depletes the transcript and protein levels (also shown in

Chapter 7) of Oct4 and Sox2, respectively. The constructs were transfected into mESC and after
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12 hr, the cells were cultured in media containing puromycin for two additional days before
assaying for luciferase activity. The use of puromycin was to selectively remove non-transfected
mESCs. All the non-transfected cells (control) were Killed after 2 days of puromycin selection.
Activities of all the four reporter plasmids carrying the joint motifs were reduced upon Oct4 and
Sox2 knockdown (Figure 6.9B). Oct4 RNAI significantly reduced reporter activities to almost
basal levels, whereas Sox2 RNAI reduced reporter activities by approximately 20% (Ebf1) to 60%
(Rif1), suggesting that the activities conferred by the motifs were dependent on Oct4 and Sox2

proteins.

The cells were harvested for luciferase activity at a relatively short time to reduce the
indirect effects caused by differentiation. This is because silencing of Oct4 or Sox2 lead to
differentiation of mESCs that will subsequently cause endogenous Oct4 and Sox2 levels to
decrease. In addition, the effects of RNAI on the reporters may also constitute indirect effects as
Oct4 and Sox2 reciprocally regulate each other, and thus the depletion of one factor may deplete
the other. These are inherent disadvantages of the RNAi approach. However, since the specificity
of the shRNAs was confirmed, the reporter activities conferred by the motifs are at least dependent
on the presence of the Oct4 and Sox2 proteins. Moreover, since Oct4 and Sox2 have been shown
to bind to these Sox2-Oct4 joint motifs by both EMSA and ChlIP, the results indicate that the

functionality of the DNA elements is dependent on Oct4 and Sox2.

6.2.4.2.2 The orientation of the Sox2-Oct4 DNA motif is important in conferring reporter
activity

To test whether the orientation of the Sox2-Oct4 motif is important, the order of the Sox2 and
Oct4d elements were swapped and tested for reporter activity. Oligos containing Oct4-Sox2
(instead of Sox2-Oct4) motifs were cloned into the pGL3-Oct4 pp in three tandem repeats and

transfected into mESCs for luciferase reporter assay. The Oct4-Sox2 motifs showed a significantly
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lower reporter activity compared to the original Sox2-Oct4 motif (Figure 6.10). This implies that
the binding of Sox2 and Oct4 on their respective consensus motifs may be context-dependent or
that the Sox2-Oct4 motif configuration is entailed by the heterodimer structure of the Sox2-Oct4
protein complex in mESCs. Therefore, these results indicate that the Sox2-Oct4 joint motif has to

be in this particular orientation to be functional.

6.3 Discussion

Merging of the Oct4- and Sox2-associated genes (50 kb downstream to 50 kb upstream) obtained
from individual ChIP-PET datasets revealed a core set of 242 candidate genes that are bound by
both Oct4 and Sox2. Sequential ChIP-qPCR carried out on selected loci showed that Oct4 and
Sox2 indeed co-occupied the same DNA molecule at close proximity. This suggests that Oct4 and
Sox2 work in tandem to regulate gene expression of a majority of their target genes. However,
there are still exceptions where some Oct4 and Sox2 binding sites uncovered by ChIP-PET did not
contain any Sox2-Oct4 motif. This may be due to indirect Oct4 or Sox2 recruitment to genomic
DNA independent of sequence-specific DNA recognition or indirect binding through a protein
complex loop (further explained in Chapter 7). In addition, the Oct4 binding motif does not always
exist joint to the Sox2 motif. Although the sox and oct elements in the enhancer regions of known
targets Fgf4, Utfl, Oct4, Nanog, Fbx15, and Sox2 are <3 bp apart (Botquin et al. 1998; Catena et
al., 2004; Dailey et al., 1994; Nishimoti et al., 1999; Tomioka et al., 2002; Tokuzawa et al., 2003;
Yuan et al., 1995), a recent study found that oct and sox elements in Zfp206 are separated by 11

bp (Wang et al., 2007).

Subsequently, ChIP-on-chip using Oct4-Sox2 sequential ChIP also demonstrated that Oct4
and Sox2 co-occupy the same location on many genes. In addition, the ChlP-on-chip approach
could detect Oct4/Sox2 co-bound sites that were not previously detected using the ChIP-PET

method, such as Myc, Jarid2 and Sgk, which were found in one library but not the other. This is
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because ChIP-on-chip is a more sensitive method that can detect as low as 2-fold ChIP enrichment
(NimbleGen), while many targets may be missed out using the ChIP-PET approach due to low
ChIP enrichment or insufficient sequencing of PETs. Therefore, the ChlP-on-chip approach was
used as a complementary approach to further examine the Oct4-Sox2 co-occupancy. The Oct4 and
Sox2 co-occupied targets identified using ChIP-PET and ChlIP-on-chip included those that are
important in the maintenance of pluripotency (eg. Zic3, Oct4, Nanog, Sox2), cell cycle regulation
(eg. Trp53, Rifl, Myc) and transcriptional regulation (eg. Esrrb). Furthermore, many of these
target genes are transcriptionally active as indicated by H3K4Me3 marks shown by H3K4Me3
ChlIP-on-chip on selected gene loci. The wide range of Oct4 and Sox2 targets, which are crucial
for cell maintenance and survival, further implicates them as key factors of the ESC transcriptional

regulatory network.

The ChIP-PET method provides a resolution of binding site location of approximately 100
bp (based on the Oct4 and Sox2 PET cluster sizes), thus allowing the use of de novo discovery
algorithms to identify specific cis-elements enriched in the ChIP fragments. Both multiple
alignment of selected binding site sequences and computerised de novo motif discovery from both
ChIP-PET datasets identified a predominant 15 nucleotide consensus sequence,
CATTGTTATGCAAAT. This sequence contains the Sox binding site motif, CATTGTT, followed
immediately by the Oct binding motif, ATGCAAAT. Since this consensus motif does not contain
any spacing between the Sox and Oct elements, it is postulated that there may be many more
permutations of sox-oct binding sites present such as the sox-oct binding site with 3 bp separation
found in Fgf4. The identification of a high frequency of Sox2-Oct4 joint motif in the genome from
both the Oct4 and Sox2 ChIP-PET datasets, in addition to the sequential ChlP evidence, suggest
that one of the main mechanisms for targeting Oct4 and Sox2 to their genomic sites is through the

Sox2-Oct4 motif via a cooperative interaction between Oct4 and Sox2.
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In vitro characterisation by EMSA and reporter assay also verified that the
computationally-derived Sox2-Oct4 joint motif was bound by both Sox2 and Oct4. Moreover, the
motif was found to be specific and transcriptionally functional. These results corroborated with
previous studies showing that maximal transcriptional activity of the Oct4 promoter in mESCs
requires the cooperative binding of both Oct4 and Sox2 to the composite joint element (Chew et
al., 2005). The joint motif may enable Oct4 and Sox2 to interact with each other while binding
onto DNA. The DNA-binding domains of these transcriptional regulators may play a key role in
gene regulation by tethering activation domains and coordinating the assembly of the factors on

the promoter or enhancer regions.
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Oct4 Sox2

Figure 6.1: Venn diagram indicating the extent of overlap between genes associated with Sox2 and
Oct4 binding in mESCs. Common targets (overlap) between Oct4 and Sox2-bound genes covered
50 kb upstream to 50 kb downstream of each gene. *Significant at Binomial Test with p-value <
1.55E-192.
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Figure 6.2: Co-occupancy of Oct4 and Sox2 on target sites. (A) Schematic diagram illustrating
Oct4 and Sox2 co-occupancy as carried out in sequential ChlP. First ChIP using Oct4 antibody
will purify for fragments bound by Oct4, as well as non-specific DNA. A second ChIP using the
Sox2 antibody will further purify the pool of DNA to yield DNA fragments bound by both Oct4 as
well as Sox2. Sequential ChIP using (B) Oct4 antibody followed by Sox2 antibody and (C) Sox2
antibody followed by Oct4 antibody. Fold enrichment represents the abundance of enriched DNA
fragments over a control region not enriched for the respective targets. O: Oct4 ChlP, C: control
Ena-1 ChIP, S: Sox2 ChlP, OS: Oct4 ChlIP followed by Sox2 ChIP, OC: Oct4 ChlIP followed by
control Ena-1 ChIP, SO: Sox2 ChlIP followed by Oct4 ChIP, SC: Sox2 ChIP followed by control
Ena-1 ChlIP. Standard deviations representing technical replicates are shown.
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Figure 6.3: ChlP-on-chip data showing occupancy of Oct4 and Sox2 on genes marked by
H3K4Me3. Oct4-sox2 sequential ChIP (seqChlP) and H3K4Me3 ChIP were carried out and
hybridised on Nimblegen customised DNA ChIP. NimbleGen ChIP-on-chip arrays are run as two
colour experiments, one channel representing the experimental ChIP sample, the other
representing the control non-specific GFP antibody ChIP sample. SignalMap readout showed
peaks representing binding on Oct4, Sox2, Nanog, Tcf3, Mycn, Trp53, Rest, and Tcf7 loci.
Negative controls are also shown. No Oct4-Sox2 and H3K4Me3 peaks were detected at the Hoxa9
and Hoxal0 loci, while the Sox15 loci showed H3K4Me3 peaks but no Oct4-Sox2 peak. Y axis
represents enrichment which is the ratio between the intensities of ChIP over control probe.
Bottom track of every panel shows transcribed regions of genes, with blocks above the x axis (+)
representing the sense strand, and blocks below the x axis (-) representing antisense strand.
Replicates shown are on-chip technical replicates of probes separated into physically distinct
blocks on the arrays.
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Oct4 CTTTGTTATGCATCT
Sox2 CATTGTGATGCATAT
Nanog CATTGTAATGCAAAA
utfl CATTGTTATGCTAGT
Fbx15 CATTGTTATGATAAA
Zic3 CACTGTTTTGCAGAT
Jarid2 CTGTATTGTGCAAAA
Zfp57 CATTGAAATATTAGG
Phcl TATTGTTATGCAAAT
Ctnnbl1 TATTGTCTCCTTGTT
Sox2 Oct4
Consensus CATTGTTATGCAAAT

SoxZ2 motif

CATTGTTATGCAAAT

Octd motif

Figure 6.4: Identification of the 15 nucleotide Sox2-Oct4 joint consensus motif in the Oct4 and
Sox2 ChIP-PET datasets. (A) The Sox2-Oct4 joint motifs were found by multiple alignment
analysis of sequences from Oct4 and Sox2 binding sites on the Oct4, Sox2, Nanog, Utfl, Fbx15,
Zic3, Jarid2, Zfp57, Phcl and Ctnnbll loci. (B) De novo identification of Sox2-Oct4 consensus
motif found in both the Oct4 and Sox2 ChIP-PET libraries.
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Figure 6.5: Binding of Oct4 and Sox2 overexpressed (OE) proteins on biotin-labelled DNA probes
containing Oct4 and Sox2 binding sites using EMSA. (A) Sequences of corresponding probes
containing the Sox2-Oct4 joint motifs. (B) Oct4 and Sox2 containing expression plasmids as well
as an empty plasmid were transfected into HEK293T cells and the cell lysates were harvested.
Specific anti-Oct4, anti-Sox2 and JunB (control) antibodies were used to obtain supershifts in
reactions containing a) Ebfl, b) Tcf7, ¢) Rest, and d) Rifl probes. * denotes non-specific bands.
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Figure 6.6: Endogenous native Oct4 and Sox2 bind to the composite Sox2-Oct4 joint motif of
Ebf1. Oct4 and Sox2 binding on the Ebfl probe using 10 ug mESC nuclear extract.
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Figure 6.7: Mutations within the Sox2-Oct4 element of Rest abolished the Sox2/Oct4-DNA
complex. (A) Sequence of the Rest composite element and corresponding mutations (lower case
and shaded) used in this study. (B) EMSA using 10 ug cell lysate containing Sox2 and Oct4 over-
expressed proteins from HEK293 cells with 3 ng wild type (WT) and corresponding probes with
mutation. Control denotes 10 pg lysate from HEK293 cell transfected with vector control. EMSA
with WT probe detected Sox2-DNA and Oct4/DNA complexes, while probes with Sox2 mutations
A, B, C, D did not show the Sox2/DNA complex. EMSA with Sox2 mutation E detected both
Sox2/DNA and Oct4/DNA complexes. EMSA with Oct4 mutations F, G, H, | detected low or no
Oct4/DNA complex. (C) De novo motif discovery of the Sox2-Oct4 element from the Oct4 (left)
and Sox2 (right) ChIP-PET data. The height of the alphabets represents frequency of sequence
occurrences. Sequences that occur at position 7 are boxed.

A
f-Ebfl 57 009999gggCATTGTTATGCAAATggggggggg 3~
f-Tcf7 57 009999gggTATTGTTATGCAAATggggggggg 3~
f-Rest 57 009999g9ggTATTGTGATGCAAATggggggggg 3~
f-Rifl 57 909999gggCTTTGTTATGCACGCggggggggg 3~
B

WT  f-Ebfl fTcff fRest f-Rifl

Figure 6.8: Flanking sequences of the Sox2-Oct4 joint motif do not affect Sox2 or Oct4 binding.
(A) DNA probes containing mutations (lower case and shaded) in the 9 bp flanking sequences at
both sides of the Sox2-Oct4 motifs of Ebfl, Tcf7, Rest and Rifl. (B) EMSA using 10 ug cell lysate
containing Sox2 and Oct4 over-expressed proteins in HEK293 cells with 3 ng wild type (WT)
probe (shown here as an example is Ebf1) or Ebfl, Tcf7, Rest, Rifl probes carrying mutation in the
flanking sequences (represented with a prefix f-). Control denotes 10 ug lysate from HEK293 cell
transfected with vector control. EMSA with WT probe and probes with flanking sequence
mutation detected Sox2-DNA and Oct4-DNA complexes.
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Figure 6.9: Increased reporter activity conferred by the Sox2-Oct4 elements. Three copies of
Sox2-Oct4 elements were cloned upstream of the Oct4 promoter in the luciferase plasmid system
(A) and transfected into mESCs. Increased reporter activity in Sox2-Oct4 elements-containing
plasmids compared to control is shown (B). The enhancer activities are reduced upon knockdown
of Oct4 and Sox2 demonstrating that the activity is Oct4 and Sox2 specific.
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Figure 6.10: Swapping the orientation of Sox2-Oct4 motifs to Oct4-Sox2 abolished enhancer
activity. Luciferase activity conferred by Sox2-Oct4 wild type element and Oct4-Sox2 swapped
element.
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CHAPTER 7
Discovery of Oct4 and Sox2 Collaborating Factors and Demonstrating a Link between

Different Pathways in Mouse Embryonic Stem Cells

7.1 Introduction

Many questions regarding the mechanism of pluripotency remain unanswered, such as how are the
transcriptional pathways of Oct4, Stat3 and Nanog regulated, and whether there is crosstalk
between these pathways. Is there a link between the extrinsic signalling pathways and intrinsic
transcription factors? This chapter attempts to answer these questions by utilizing the Oct4 and

Sox2 binding site datasets obtained in Chapters 4 and 5.

Nanog is an essential determinant of pluripotency that induces activation of ES state
genes, represses visceral-parietal state genes, or both (Figure 7.1). Overexpression of Nanog in
mMESCs enables maintenance of pluripotency in the absence of LIF (Chambers et al., 2003),
suggesting that Nanog may be a downstream target of the LIF signalling pathway. Oct4 is unable
to prevent differentiation of mESCs upon LIF withdrawal. This implies that Oct4 and LIF
probably activate two different pathways of gene activation, with the latter relying on Stat3 for
downstream signalling. On the other hand, both LIF withdrawal and Oct4 up-regulation lead to the
same pattern of ESC differentiation, suggesting that there may be crosstalk between the two
pathways (Niwa et al., 2000) (Figure 7.1). Niwa et al. (2001) proposed that increase in Oct4
expression or LIF withdrawal induces downregulation of a group of genes either by squelching of
the co-activators lying downstream of the Stat3 pathway or by downregulation of a Stat3-induced
transcriptional programme, which results in a differentiation into the mesoderm-endoderm lineage.
Stat3 is hypothesized to either activate ESC state genes, to suppress endodermal-mesodermal
genes, or both. Activated Stat3 and subtle changes in Oct4 expression go hand in hand in the

maintenance of a pluripotent ESC fate. In this model proposed by Niwa et al. (2001), Stat3 may
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activate the expression of an Oct4 partner to maintain ESC self-renewal. This model is supported
by the existence of the E1A-like activities postulated to exist in ESCs (La Thangue and Rigby,

1987), which may likely represent the mentioned coactivators.

Relative amount of Oct4
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Figure 7.1: Model of the integrated roles of Oct4, Nanog and LIF (Stat3) on embryonic stem cell
fate specification, according to different Oct4 and Nanog levels. (Mes: mesoderm, PE: parietal
endoderm, PrE: primitive endoderm, TE: trophectoderm, VE: visceral endoderm). Figure was
adapted from Lanza (2004).

Transcription factors are known to form multi-protein complexes on DNA, thereby
orchestrating the precise temporal and spatial expression of specific genes. Therefore, Oct4 and
Sox2 are likely to work in tandem with other co-factors in maintaining mESC pluripotency and
self-renewal. To study these questions, a computational method was used to search for potential
co-motifs that are present in the vicinity of Sox2-Oct4 overlapping binding sites. Two extrinsic
signalling pathway proteins, Stat3 and Smadl, were identified as Oct4 and Sox2 collaborative
factors by various methods: ChIP-gPCR, ChIP-on-chip, seqChIP, co-IP, RA induction of cell

differentiation as well as RNAi-mediated depletion of Oct4 and Sox2. Subsequently, Stat3-
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depletion via ligand removal in a serum-free culture system was carried out to study the roles of
Stat3 on the regulation of Oct4, Stat3 itself and Nanog. The collective results suggest a
mechanistic model that links the Oct4, Stat3 and Nanog transcriptional pathways in governing

pluripotency and self-renewal in mESCs.

7.2 Results

7.2.1 Stat3 and Smad1 as Oct4 and Sox2 collaborative factors

7.2.1.1 Expansion of the combined Oct4 and Sox2 ChIP-PET binding data

Previously, the Oct4 and Sox2 ChIP-PET datasets only included binding sites with clusters
containing maximum overlap (mo) PET 4 and above as high confidence binding sites. This cutoff
threshold was stringent and many true binding sites may have been omitted. Therefore, the Oct4
and Sox2 ChIP-PET datasets were expanded to include moPET of 2 and 3, and were subsequently
merged to obtain the dataset of Oct4/Sox2 overlapping binding sites with the help of our
Bioinformatics colleague, Vinsensius Vega. A total of 37625 PET clusters contained 2 or more
Oct4 moPETSs, 16794 clusters contained 2 or more Sox2 moPETs and 1507 clusters contained both
Oct4 and Sox2 overlapping moPETs (Figure 7.2). These 1507 clusters represent binding sites

shared by both Oct4 and Sox2.

Several binding sites that contained low moPETs from the overlapping 1507 clusters were
validated by ChIP-gPCR. As expected, many sites that contain low moPETSs also tested positive
for binding (Figure 7.3). For example, the cluster chr10.45045909 which contained two Oct4 and
two Sox2 moPETSs yielded good enrichment of 10-fold for Sox2 ChIP and 30-fold for Oct4 ChlP.

The enriched bindings for both Oct4 and Sox2, including those with moPET2 in both datasets
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provide confidence that these 1507 overlapping binding sites contain both Oct4 and Sox2

bindings.

7.2.1.2 Matching of binding site sequences against TRANSFAC database identified putative
co-motifs

To identify putative transcription factor partners for Oct4 and Sox2, masked sequences (sequences
with masked repetitive sequences) from the 1507 overlapping clusters were matched against
TRANSFAC matrices (motif sequences) by our Bioinformatics colleague, Vinsensius Vega.
TRANFAC is a database containing more than 18000 transcription factor binding site matrices.
500 bp sequences centered on the 1507 high-confidence Sox2-Oct4 binding regions were extracted
and scanned for putative transcription factor binding matrices that were provided by TRANSFAC.
This scan generated 67 matching matrices (p=0) representing putative motifs present in the Sox2-
Oct4 binding site loci (Table 7.1). From this list of putative Oct4 and Sox2 collaborative factors, it
was interesting to find that two transcription factors, Stat3 and Smadl, which are activated by

signalling pathways, may be working in collaboration with intrinsic factors Oct4 and Sox2.

7.2.1.3 Co-localisation of Stat3 and Smadl to Oct4 and Sox2 binding sites

To examine whether Stat3 and Smad1 bind to DNA within the vicinity of Oct4-Sox2 binding sites,
Stat3 and Smadl ChlPs were carried out. Both protein G sepharose and Dynal magnetic beads
were used to optimize Stat3 and Smadl ChlIPs. Protein G Dynal beads worked more efficiently in
these ChlPs (data not shown) and were used throughout this study. Western blots using antibodies
against Stat3 and Smadl detected a band of the correct size (92 kDa and 56 kDa, respectively) in

mESC chromatin extracts (Figure 7.4), indicating that these antibodies are specific.
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7.2.1.4 ChlIP-on-chip

Stat3 and Smadl ChIP DNA were hybridized onto Nimblegen customized DNA arrays designed
by Dr Ng Huck Hui based on mouse genomic sequences build mm5. The chips (25 x 75 mm each)
contain 50-mer probes, 50 bp apart spanning the loci of 200 mESC genes, miRNAs and house
keeping genes, 385000 features (16 um x 16 um) with an array size of 17.4 mm x 13 mm. The
results were compared with that of Oct4-Sox2 sequential ChlP-on-chip. Results demonstrated that
Oct4, Sox2, Stat3 and Smadl bind to the same genomic regions on the Mycn and Sgk loci as
shown by the ChlIP-on chip results (Figure 7.5). ChlP-on-chip using a control antibody showed no

peaks for these regions (Appendix F).

7.2.1.5 Scanning ChlP-gPCR

Subsequently, Stat3 and Smadl ChIP-gPCR were carried out on loci containing Oct4 and Sox2
binding sites in order to obtain a scanning profile of the respective binding. Six loci (Rest, Thx3,
Didol, Mycn, Nanog and Sgk), which contained Oct4 and Sox2 binding sites as identified by
ChIP-PET and ChlIP-on-chlIP, were selected. Stat3 and Smadl were shown to bind to all these six
Oct4 and Sox2 binding sites (Figure 7.6), with peaks corresponding to Oct4 and Sox2 binding
peaks. All loci showed enrichment of more than 20-fold except for Stat3 binding on Thx3 and

Nanog, which showed lower enrichment. This may be due to a lower binding affinity.

7.2.1.6 ChIP-gPCR of Oct4, Sox2, Stat3 and Smad1 on 25 loci

Using primers that gave the highest ChIP enrichments (binding peaks), 25 gene loci were tested
for Oct4, Sox2, Stat3 and Smad1l binding using ChIP-gPCR. A colour-coded heat map is shown in
Figure 7.7, where the darker regions represent higher ChIP enrichments. Two independent
antibodies for Stat3 (Stat3a,b) and Smadl (Smadla,b) were used in the ChIP assays. Stat3 ChIP
showed positive enrichment on all loci bound by Oct4 and Sox2, while Smadl1 showed enrichment

for all with the exception of Etvl, Tulp4 and Zfp64.
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Smadl has been implicated in influencing the expression of Id genes (Ying et al., 2003)
whereas Zfp57 and Myc have previously been identified as candidates of Stat3 targets (Akagi et
al., 2005; Cartwright et al., 2005). This further validates the results here which included 1d3 as a
Smadl binding target and Zfp57 as a Stat3 binding target. Control ChIPs using mock antibodies
(GFP, cFos, NFkB, JunB) and the p53 antibody did not yield any significant enrichment for all the
25 loci. Control genomic regions tested for binding of these factors (Test regions 1-5 and p21 loci)
showed that Oct4, Sox2, Stat3 and Smad1 did not bind to these regions. p53 has been shown to be
highly expressed in mESCs (Sabapathy et al., 1997). As p21 is a known target of p53, it was used

as a positive control locus to ensure that the p53 ChIP worked.

The genes associated with binding of all the four factors (Oct4, Sox2, Stat3 and Smadl)
are involved in various functions including governing pluripotency, self-renewal, cell cycle and
cell survival (Table 7.2). This suggests that Oct4 and Sox2 collaborate with Stat3 and Smadl to

maintain pluripotency and self-renewal of mESCs.

When all these 25 loci were scanned for the presence of Stat3 and Smadl motifs with the
help of our Bioinformatics colleague Vinsensius Vega, Stat3 motifs were found in the Atbfl, Esrrb
and Trp53 loci while Smadl motifs were present in the Ctnnbl1, Esrrb, 1d3, Jarid2, mir296, Mycn,
Nanog, Rest, Rifl and Sgk loci. All loci that contained the motifs tested positive for the binding of
the respective factors. However, control regions p21, test regions 1, 3 and 4 were also found to
contain the Smadl motif. This may be due to the possibility that the TRANSFAC motif sequence
is not very defined (AGACNBCNN for V3SMAD_Q6 and NNNTTCCN for V$STAT3_02),
increasing the probability of identifying false positives in the computational search. Thus, the
computational method only provides a rough guide in the search for putative co-motifs. Another
possibility is that Oct4 and Sox2 binding may be a prerequisite for Stat3 and Smadl to bind, as

none of the control regions contain Oct4, Sox2, Stat3 and Smadl binding although some may
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contain the Smadl motif. Experiments involving the differentiation of mESCs and depletion of
Oct4 and Sox2 were subsequently carried out to further support the notion of Stat3 and Smad1l

binding dependency on Oct4 and Sox2.

7.2.1.7 Co-occupancy of Oct4 with Stat3 and Smad1l on the same DNA molecule

To further examine if Stat3 and Smadl are binding onto the same DNA molecule as Oct4,
sequential ChlIPs (seqChlPs) using Oct4 followed by Stat3 or Smadl antibodies were carried out.
Significant enrichment was observed after Oct4-Stat3 and Oct4-Smad1l seqChlPs, as compared to
low enrichment in the Oct4-control seq ChiPs (Figure 7.8). This indicates that Stat3 and Smad1l
are binding to the same molecule as Oct4. This experiment omits the possibility that Oct4 and

Sox2 may bind independently on the same DNA region of different DNA molecules.

7.2.1.8 Retinoic acid differentiation affects Stat3 and Smad1 binding

To examine the effect of Stat3 and Smad1 binding upon induction of differentiation, mMESCs were
treated with retinoic acid (RA) as described in Chapter 2. Upon RA induction, the cells begin to
differentiate. Oct4 and Sox2 protein could not be detected in RA-treated cells (Figure 7.9A).
Concurrently, binding of Oct4 and Sox2 on the Nanog locus was also reduced (Figure 7.9B). In
mESCs treated with RA, Stat3 and Smadl protein levels remain relatively unchanged (Figure
7.9C). However, Stat3 and Smad1 bindings on Nanog, Mycn, Sgk, Dido1, Thx3 and Rest loci were
abolished (Figure 7.9D,E). Reduction in Stat3 and Smadl binding were also observed in ChIP
experiments using embryoid bodies and mESCs grown without LIF (data not shown). These
results indicate that Stat3 and Smad1 binding on these loci are specific in undifferentiated mESCs.
In addition, it also suggests that Stat3 and Smadl could no longer bind to these loci due to the

absence of Oct4 and Sox2 binding.
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7.2.1.9 RNAi-mediated depletion of Oct4 and Sox2 affects Stat3 and Smad1 binding

To investigate whether Stat3 and Smad1 bindings are dependent on Oct4 and Sox2, mESCs were
depleted of Oct4 and Sox2 proteins and were assayed for Stat3 and Smadl binding. Cells were
transfected with RNAIi plasmids (ShRNA) that targeted Oct4 and Sox2. The cells were then
cultured in media containing puromycin to remove non-transfected cells. Cells transfected with
vector plasmid and plasmid carrying the luciferase gene did not show any significant
differentiation (Figure 7.10a,b). Knockdown of Oct4 and Sox2 caused the cells to flatten and
change morphology into distinct individual epithelial-like cells (Figure 7.10Ac,d). All non-
transfected cells died after 2 days of puromycin selection (Figure 7.10Ae). Oct4 and Sox2 protein
levels were also shown to be reduced significantly in RNAi-treated cells (Figure 7.10B). A slight
reduction in Sox2 protein levels was also observed in Oct4 RNAi-treated cells (Figure 7.10B).
Similarly, there was also a slight reduction in Oct4 protein levels in Sox2 RNAi-treated cells
(Figure 7.10B). These observations can be attributed to the indirect effects of RNAi as Oct4 and
Sox2 reciprocally regulates each other in a positive manner. However, Oct4 and Sox2 RNAI-
mediated depletion can still be used as a model for study as the primary effects caused by the
specific ShRNAs were much more significant. As expected, ChIP-gPCR showed that upon Oct4
and Sox2 RNAI, Oct4 and Sox2 binding reduced significantly on the Mycn and Nanog loci as

compared to cells treated with luciferase ShRNA (Figure 7.10C).

The protein levels of Stat3 and Smadl were noted to remain relatively unchanged in both
Oct4 and Sox2 knockdown cells (Figure 7.11A). The same shRNA-treated cells that were selected
for 2 days were crosslinked and harvested for ChlP. Results show that although their protein levels
remain unchanged, Stat3 and Smadl binding on the Mycn and Nanog loci were reduced
significantly in Oct4 and Sox2-depleted cells, as compared to the cells treated with control
luciferase shRNA (Figure 7.11B). The RNAIi-ChIP experiment was repeated for cells selected for

4 days in puromycin-containing media. Similarly, Stat3 and Smadl binding were reduced
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significantly on the Mycn and Nanog loci in Oct4 and Sox2 depleted mESCs (Figure 7.11C). Stat3
and Smad1 were not present in the Oct4 and Sox2 ChIP-PET datasets, indicating that they are not
regulated by Oct4 and Sox2. These data suggests that Stat3 and Smadl binding may be dependent

on the presence of Oct4 and Sox2.

7.2.1.10 Stat3 and Smadl are Oct4 protein partners

To examine whether Stat3 and Smadl are Oct4 protein partners, co-immunoprecipitation (co-1P)
was carried out using nuclear extracts (input) from undifferentiated mESCs. IP carried out using
Oct4 antibodies could pull down all protein complexes containing Oct4, and subsequently these
complexes can be analysed by Western blotting. As control, the Oct4 protein was detected in the
Oct4 immunoprecipitate (Figure 7.12A). Smadl, Stat3 and their phosphorylated forms were also
detected in Oct4 immunoprecipitates, while none of these proteins were detected in GST
immunoprecipitates (control IP) (Figure 7.12B). This indicates that Stat3 and Smad1 are present in
Oct4 protein complexes, and may likely be Oct4 partners in mESCs. A limitation of the co-IP

experiment is that it does not discriminate between direct and indirect protein-protein interactions.

7.2.2 The connection between Stat3, Oct4 and Nanog pathways

7.2.2.1 Culturing mESCs in defined media containing BMP4 and LIF

To investigate the role of Stat3 binding, depletion of Stat3 via ligand removal was carried out.
Cells were first acclimatized in serum-free media containing BMP4 and LIF (Clonal media from
Chemicon; as optimsed by Ying et al. 2003). After 3 passages, mESCs form densely packed
colonies (Figure 7.13Ab). A low density colony forming assay was performed using 1x10° cells in
a 10 cm culture dish. After 5 days of culture, densely packed colonies emerged (Figure 7.13Aa),
verifying the quality of the mESCs grown in this serum-free media. The mESCs could be cultured

in Clonal media for more than 6 passages.
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7.2.2.2 Stat3 depletion in mESCs

Cells cultured in serum-free clonal media were then treated with basal media containing LIF,
BMP4 or both. The morphology of cells cultured in different media for 24 hr is shown in Figure
7.13B. Some differentiation was observed in cells cultured in Basal media, while cells cultured in
LIF, BMP4, LIF and BMP or Clonal media still formed densely packed colonies and showed no
signs of differentiation after 24 hr. Cells grown in LIF, BMP4 and basal media all differentiated

after 36 hr (data not shown).

Cell lysates were obtained from mESCs grown in Clonal media, Basal media and Basal
media containing 1000 U/ml LIF, 30 ng/ml BMP4, 50 ng/ml BMP4 or a combination of 1000
U/ml LIF and 30 ng/ml BMP4 at 15 min, 2 hr, 6 hr and 12 hr. Western blot using these lysates
were carried out to detect phosphorylated Stat3 (p-Stat3) proteins (Figure 7.14). Significant
reduction of p-Stat3 proteins was observed in cells cultured without LIF, that is in media with
BMP4 alone and Basal media (Figure 7.14, lanes 3, 4, 6, 7, 10, 12, 13, 15, 16). Stat3 is a substrate
in the LIF-Stat3 signalling pathway. According to the LIF/STAT3 pathway model, removal of the
LIF ligand may not allow Stat3 to be phosphorylated or translocated into the nucleus, and thus

reduced the levels of phosphorylated Stat3 in cells cultured without LIF.

7.2.2.3 Stat3 binds to but does not regulate Oct4

Using mESC cultured in defined media for 24 hr, the effects of Stat3 depletion on Oct4 was
examined. Stat3 ChIP was carried out using crosslinked chromatin extracts from cells treated with
(i) Clonal, (ii) Basal, (iii) Basal media with 50 ng/ml BMP4, (iv) Basal media with 1000 U/ml LIF
and (v) Basal media with 30 ng/ml BMP4 + 1000 U/ml LIF. ChIP-gPCR of Stat3 on the Oct4 loci
showed high enrichment (15-25 fold) using extracts from Clonal, LIF + BMP4, and LIF alone,
indicating that Stat3 binds to the Oct4 loci in these cells (Figure 7.15A). In cells grown without

LIF (BMP and Basal media), Stat3 binding was significantly lower (about 5-fold), indicating that
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Stat3 binds to the Oct4 loci in the presence of LIF (Figure 7.15A). However, the expression level
of Oct4 remains relatively unchanged in all these cells as shown by RT-PCR analysis of Oct4
transcript levels (Figure 7.15B). Only after 24 hr, Oct4 transcript level in cells grown in Basal
media started to show some reduction compared to the other samples. This is probably due to
differentiation of mMESCs. These results collectively indicate that although Stat3 binds to the Oct4

loci, it does not regulate Oct4 transcription.

7.2.2.4 Stat3 binds to its own gene, providing a model for autoregulation

Next, to examine the effects of Stat3 depletion on its own regulation, ChIP-gPCR of Stat3 on the
Stat3 loci was carried out. Enrichment of 150-250 folds were detected in Clonal, LIF+BMP and
LIF samples, indicating that Stat3 binds to the Stat3 loci in cells grown in the presence of LIF. In
cells grown without LIF (BMP4 only and Basal media), enrichment for Stat3 binding was
comparatively lower (about 25-fold) (Figure 7.16A). Stat3 transcript levels were then measured.
The expression of Stat3 remained relatively unchanged for Clonal, LIF+BMP and LIF samples
(Figure 7.16B). On the other hand, Stat3 transcript levels were significantly reduced in cells grown
in BMP4 and basal media after 1hr (Figure 7.16B). Therefore, Stat3 binding and expression levels

reduced concurrently in mESCs grown without LIF, suggesting that Stat3 regulates its own gene.

7.2.2.5 Stat3 regulates Nanog

Oct4 ChIP-gPCR on the Nanog loci did not show significant difference in fold enrichment for all
treated samples, indicating that Oct4 binds to Nanog in the presence or absence of LIF (Figure
7.17A). To test the effects of Stat3 depletion on Nanog, Stat3 ChIP-gPCR on the Nanog loci was
carried out. ChIP enrichment of 25-40 fold was detected in Clonal, LIF+BMP and LIF samples,
indicating that Stat3 binds to the Nanog loci in cells grown in media containing LIF (Figure
7.17B). Enrichment was low (<10-fold) for Stat3 on the Nanog loci in cells grown without LIF

(BMP4 and Basal media) (Figure 7.17B). RNA Polymerase Il ChIP-gPCR on the Nanog loci was
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also carried out and results showed that ChlIP enrichment was approximately 16-24 fold in Clonal,
LIF+BMP and LIF samples, and less than 3 fold in BMP4 and Basal media samples (Figure
7.17C). RNA Polymerase Il binding pattern correlated with the Stat3 binding pattern, indicating
that RNA Polymerase Il and Stat3 were present together in cells grown in the same condition. The
presence of RNA Polymerase Il on Nanog in Clonal, LIF+BMP and LIF cells indicates that Nanog
is being actively transcribed in these cells as the occupancy of RNA polymerase Il is tightly
correlated to the level of transcription activity and is a strong indicator of in vivo transcription

elongation (Knight et al., 2003).

Subsequently, the kinetics of Nanog expression in these cells were measured. There was a
significant drop in the Nanog transcript levels at 6 hr and 24 hr (Figure 7.17D). The reduction in
Nanog transcripts is correlated with the reduction in RNA polymerase Il binding in these cells.
These results suggest that Stat3 binds to and regulates the expression of Nanog. Oct4 and Sox2
have also been shown to partly regulate Nanog (Kuroda et al., 2005; Rodda et al., 2005); hence
Stat3, Oct4 and Sox2 may work in collaboration to regulate Nanog. Oct4 and Sox2 binding may be

a pre-requisite for Stat3 binding, and thus, regulation of Nanog.

7.3 Discussion

7.3.1 Cofactors collaborating with Oct4 and Sox2 in cis-regulatory modules

Oct4 and Sox2 may carry out their functions by collaborating with other factors. Motif search
through TRANSFAC identified that two transcription factor binding sites, Stat3 and Smadl were
significantly enriched in the subset of Oct4-Sox2 overlapping binding sites. These extrinsic
signalling pathway factors were distinguished after screening of the Oct4-Sox2 overlapping
PET2+ clusters from mouse transcription factor motifs in the TRANSFAC database (version 9.1)

(Wingender et al., 2000). Results revealed 67 putative transcription factor matrices (p=0). The
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large number of potential co-motifs identified using computational methods can only serve as a

guide for forming biological hypotheses.

Stat3 and Smad1 are transcription factor substrates of extrinsic signalling pathways which
are important in mESC self-renewal, while Oct4 and Sox2 are intrinsic key transcription factors
essential in maintaining the pluripotency of mESC. Results from ChIP-qgPCR and ChlP-on-chip
indicated that Stat3 and Smadl may co-localise to the same binding regions of Oct4 and Sox2, as
shown on 25 gene loci. The genes targeted by the four factors play important roles in maintaining
both self-renewal and pluripotency of mESCs. Further evidence showed that Oct4 co-occupied the
same ChIP DNA fragment as Stat3 and Smad1, and that Stat3 and Smad1l are partners of Oct4 in
mESCs. Subsequently, RA-induced differentiation and RNAi-depletion of Oct4 and Sox2 assays
provided evidence that Stat3 and Smad1l bindings may be dependent on the presence of Oct4 and
Sox2 on the genomic sites. Collectively, these results strongly suggest that Stat3 and Smadl are

cofactors collaborating with Oct4 and Sox2 in cis-regulatory modules.

7.3.2 Molecular mechanisms in the maintenance and differentiation of mESCs

This study presented strong evidence that Stat3 regulates itself. Autoregulation is one of the key
features of transcription factors positioned at the top in the hierarchy of the transcriptional
regulatory network. They act to regulate other transcription factors as well as auto-regulate
themselves in order to maintain their own transcript level. Stat3, being a downstream factor of
extrinsic LIF signalling pathway, may act to regulate intrinsic factors that are crucial in
maintaining undifferentiated mESCs. Concurringly, a LIF dose-response study indicated the
presence of a positive feedback loop in mESCs, whereby Stat3 activation may control the
expression of Stat3, gp130 and LIFR (Davey et al., 2007). Stat3 autoregulation was also shown in

murine myeloid leukemic cells (Ichiba et al., 1998).
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Depletion of Stat3 (or LIF) and Nanog, as well as overexpression of Oct4, led to the
differentiation of mESC into the endodermal lineage (Figure 7.1). Results from this study showed
that Stat3 co-binds with Oct4 on many ESC genes, including Nanog. This study also demonstrated
that depletion of Stat3 down-regulated Nanog expression. In concurrence, previous studies have
also showed that over-expression of Nanog can maintain mESCs in the absence of LIF, which is a
ligand for activation of Stat3 in the LIF-Stat3 signalling pathway. Therefore, a model linking Oct4,
Stat3 and Nanog is proposed whereby Stat3 regulates itself and binds together with Oct4 to

regulate Nanog.

Since both the inhibition of Stat3 activity and the overexpression of Oct4 stimulate
mMESCs to differentiate into primitive endoderm-like cells (Figure 7.1) (Niwa et al., 1998; Niwa et
al., 2000), the function of Stat3 could be disrupted by an excess level of Oct4, which might act to
block Stat3 from binding to the neighbouring genomic site via the saturation of protein
interactions. This will then disrupt the functions of the ternary complex (consisting of Oct4, Stat3
and a general transcription unit, which activates target genes). This mechanism is substantiated by
the evidence that the over-dosage effect of Oct4 on mESC differentiation does not require Oct4

DNA-binding activity (Niwa et al., 2002).

Nanog has been reported to prevent mESCs from differentiating into primitive endoderm
by repressing the trigger factor, Gata6 (Chambers et al., 2003; Mitsui et al., 2003). Moreover,
Gata6 promoter sequences are bound by Nanog (Wang et al., 2006) and Nanog-null mESCs was
shown to differentiate into Gata6-positive parietal endoderm-like cells, which have a morphology
that is similar to that of Gata6-induced cells (Mitsui et al., 2003). In this model, depletion of Stat3
down-regulates Nanog which then may allow the cells to differentiate towards the endodermal
lineage. This study provides evidence of crosstalk and interdependence between the Oct4, Stat3

and Nanog pathways in mESCs.

151



Another group showed similar conclusion of Stat3 regulating Nanog, but they identified
Stat3 binding and Stat3 motif at about 5 kb upstream from the transcription start site (Suzuki et al.,
2006) (Figure 7.18A). In contrast, results from this chapter demonstrated Oct4, Sox2, Stat3 and
Smadl binding near the Sox2-Oct4 motif, which is about 500bp upstream from the transcription
start site. Integrating these findings with evidence that Stat3 binding may be dependent on Oct4
(and Sox2 binding); a conformational model is derived whereby a loop containing these factors
may be formed during transcription of this gene (Figure 7.18B). These results indicate that Oct4
and Sox2 have multiple DNA binding sites for a single transcription factor molecule and work in

collaboration with other transcription factors in gene regulation.

152



Oct4 Sox2
moPET2+ moPET2+
37625 clusters 16794 clusters

Figure 7.2: Expansion of the combined ChIP-PET data. Clusters containing maximum overlapping
PET (moPET) 2 or more from both Oct4 and Sox2 binding datasets were merged by Vinsensius
Vega (Bioinformatics, GIS). An overlap of 1507 clusters was obtained assuming that the
maximum overlapping span is ~10 kb. *The p-value of observing 1507 Oct4/Sox2 overlapping
clusters is 1.687927e-75.
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Figure 7.3: Validation of Oct4 and Sox2 overlapping binding sites containing low PET overlaps.
Oct4 (A) and Sox2 (B) ChIP followed by gPCR at sites containing 2 or more PET overlaps were
carried out. Open (white) bars represent Oct4 or Sox2 ChIP and solid (black) bars represent
control GST ChlIP. Standard deviations represent technical replicates.
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Table 7.1: List of putative Oct4 and Sox2 co-occurring motifs denoted by their TRANSFAC
matrix I1D. Oct4 and Sox2 overlapping ChIP-PET masked sequences were matched against the
TRANSFAC database. 67 potential co-occurring motifs (matrix 1D) with p-values representing the
expected rate of occurrence per random bp calculated as zero are listed. The list represents binding
motif of transcription factor and its variation according to the TRANSFAC database.

1 KROX_0B 35 MYOGENIN_QE
2/GC 01 36 HNF3 06 _01
3/SP1 06 37 CACBINDINGPROTEIN_ Q5
4 5P1_04 01 35|LEF1_ G2

5 SP1 Q2 01 39 OCSEF1_01

6 VDR_Q3 40 TEF1_06

7 MAZR 01 41 SREEP1_06

g8 SP1_0B 01 42 HNF4_DR1_Q3
9 PAXS 03 43 DR1_Q3

10 MAZ_QB 44 SGF3_06
11/SP1 01 45 ZIC3 01

12 Alfin1_Q2 45 SMAD 06

13 ZF5 01 47 HNF4_ 01

14 AP2_03 48 HNF3ALPHA QB
15 OCT1_QE 43 PPAR_DR1 Q2
16 E2F_Q2 50 TST1_01

17 OCT_QB 51 FOXD3_01

18 OCT1_04 52 MSX1_01

19 HSF_01 53 HNF3 06
20 SPZ1_01 54 MYC (2
21 0CT1_Q5 01 55 AP2REP 01
22 CHCH_O1 56 HNF4_ Q6 01
23 AP2_QB D1 57 MAF_Q6_O1
24 SRY_01 55 STAT3_02
25 IF5 B 59 FOX_02
26 ADR1_O1 B0 GEN_INZ_B
27 MUSCLE INLE 61 CPRF2 01
28 MZF1_02 52 EVE_(B
29 GEN_INZ_B 3 GAGAFACTOR_QF
30 HSF 01 B4 USF2_0F
31 EGR_Q6 B5 FACT 01
32 SF1_0F BB MRF1_0F
33 GEN_INI_B 7 MRSF_04
34 E2F1_03
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Figure 7.5: Co-localisation of Oct4-Sox2, Stat3 and Smadl. ChlIP-on-chip SignalMap diagram
showing co-localisation of Oct4-Sox2, Stat3 and Smad1 on the Mycn and Sgk loci. Oct4 and Sox2
sequential ChIP, Stat3 and Smadl ChlIP were hybridized on the Nimblegen DNA microarray.
Peaks represent enrichment of ChIP DNA on the loci (transcription factor binding on that
particular region). Block replicates for each ChIP-on-chip are shown. Control ChIP-on-chip is
shown in Appendix F.
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Figure 7.6: Co-localisation of Stat3 and Smadl on Oct4 and Sox2 overlapping binding sites.
ChIP-gPCR scanning of putative collaborating transcription factors at loci bound by Oct4 and
Sox2. Binding profiles of Stat3 (open diamond) and Smad1 (open square) on A: Rest, B: Thx3, C:
Didol, D: Mycn, E: Nanog, F: Sgk loci. Control ChIP (cross) using the GST antibody is also
shown. Standard deviations represent biological replicates. Axis y represents coordinates relative
to the most upstream amplicon. All coordinates are shown in Appendix G.
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Figure 7.7: Co-localisation of Oct4, Sox2, Stat3 and Smadl on 25 loci. A heat map showing ChIP-qPCR validations
of Stat3 and Smad1l co-localisation on Oct4 and Sox2 binding sites identified from ChIP-PET (black) and ChlIP-on-
chip (grey) studies. Different antibodies targeting the same protein are symbolized as a and b. These were Stat3a (C-
20), Stat3b (K-15), Smadla (A-4) and Smadlb (ab33902). Oct4 and Sox2 enrichment of ChIP DNA are depicted in
shades of green, Stat3 in shades of red, and Smadl in shades of yellow. The colours represent fold enrichment as
shown in the figure legend on the right. The p21 locus is a positive control for p53 (Pab246) mock ChIP to
demonstrate that the ChIP worked. Mock 1, 2, 3 and 4 are ChlIP using irrelevant antibodies GFP (FL), cFos (6-2H-

2F), NFxB (C-20), and JunB (C-11). Test regions 1-5 are randomly picked genomic regions. Coordinates of loci are
shown in Appendix G.
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Table 7.2: Function of genes associated with the binding of Oct4, Sox2, Stat3 and Smad1l in mouse embryonic stem cells as shown by ChIP-qgPCR
and annotated in NCBI.

Symbol |Gene full name mRMNA Unigene Function
regulation of transcription, DNA-dependent; DNA binding; transcription factar activity, cysteine protease inhibitor activity, protein binding; nucleus;
Aff1 activating transcription factor 1 MM_007487 |Mm B7B transcription factar complex, neural differentiation
Ctnnbll |catening beta like 1 NW 025880 |Mm 45193 molecular_function unknown; nucleus; apoptosis; induction of apoptosis
Dido1  |death inducer-obliteratar 1 MM_011805 |Mm 253836  |Apoptosis, regulation of transcription
Dppad |developmental pluripotency-associated 3 MM_139218 |Mm 27982 germ cell marker of pluripotency
Eif2c1  |eukaryotic translation initiation factor 2C 1 MM_153403 |Mm 30800 Translation initigtion activity
Ell elangation factor RMA polyrmerase |l MM_007824 |Mm 271873  |nucleus; regulation of transcription, DNA-dependent
DA hinding; transcription factor activity, steroid hormaone receptor activity, receptar activity, ligand-dependent nuclear receptor activity, steroid
Esrrh |estrogen related receptar, beta MM_011834 |Mm.235550  |hinding; nucleus, transcription; requlation of transcription, DNA-dependent; protein targeting
DA hinding; transcription factor activity, nucleus; regulation of transcripion, DNA-dependent; axan guidance; muscle development;
Etvl ets variant gene 1 MM_007860 |Mm. 4866 mechanosensory hehavior
1d3 inhibitar of DMA hinding 3 M 008321 [Mm.110 nucleus; protein domain specific binding; protein hinding; negative regulation of transcription from Pol Il promoter
DA hinding; DMA binding; intracellular; nucleus; nucleus; development; transcriptional repressor activity, negative regulation of transcription, DNA-
Jarid2  [jumaniji, AT rich interactive domain 2 MM 021878 |Mm. 25058 dependent
mir246 |microRMNA 256 MI0000394  |mmu-mir-296 |regulation of development, gene regulation, potential MESC-specific microRNA
induction of apoptosis by intracellular signals; activation of pro-apoptotic gene products; activation of pro-apoptotic gene products; negative
regulation of survival gene product activity, negative regulation of survival gene product activity, response to radiation; response to radiation;
regulation of cell proliferation; regulation of apoptosis; cellular physiological process; regulation of cell cycle; release of cytochrome © from
mitochondria; OMA hinding; transcription factor activity, protein binding; nucleus; spindle; ONA fragmentation during apoptosis; regulation of
iy myelocytomatosis oncogene M 010848 |Mm. 2444 transcription, DNA-dependent; caspase activation; induction of apoptosis by intracellular signals
regulation of cell cycle; DNA binding; transcription factar activity; protein hinding; intracellular, nucleus; regulation of transcription, DMNA-dependent;
Mycn  |neurohlastoma myc-related ancogene 1 MNm_008708 |Mm. 16468 cellular physiological process
MNanog  |Manog homeohox M 028016 |Mm 440803 |DNA hinding; nucleus; stem cell division
Phc polvhormeatic-like 1 (Drosophila) Mm_007808 |Mm.Ba22 grotein binding; nucleus; development; nuclear bhady, DNA hinding
DA hinding; protein binding; transcriptional repressar activity, transcriptional repressor complex; negative regulation of transcription, DNA-
Rest RE1-silencing transcription factar Mm_011263 |Mm.28840 dependent
Rif1 Rap1 interacting factor 1 homalag (yeast) MM_175238 |Mm. 254630 |Cell cycle, response ta DNA damage stimulus, telomere-associated
protein kinase activity, protein serinefthreanine kinase activity, ATP hinding; nucleus; pratein amino acid phospharylation; apoptosis; kinase activity,
Sk serumdglucocarticaid regulated kinase M 011361 |Mm. 28408 transferase activity
DA hinding; transcription factor activity, nucleus; regulation of transcription, DNA-dependent; development; cell aging; negative regulation of
Thx3  [T-box 3 MM 01168358 |Mm.219133  |transcription; transcriptional repressar activity
Tef3 transcription factar 3 MM 009332 |Mm 440067 |Regulation of transcrigtion, DMNA-dependent; DMA binding; transcription factar activity, VWnt signalling pathway
protein-nucleus import, translacation; DMNA hinding; transcription factor activity, protein binding; nucleus; cytoplasm; cytosaol transcription; regulation
of transcription, DMNA-dependent; apoptosis; respanse to DNA damage stimulus; cell cycle; negative regulation of DMNA replication; negative
regulation of DMA replication; respanse to UV, response to X-ray, OMNA damage response, signal transduction by pa3 class mediator; regulation of
cell praliferation; DNA damage response, signal transduction by p3 class mediator resulting in induction of apoptasis; DNA damage respanse,
signal transduction by p&3 class mediator resulting in induction of apoptosis; negative regulation of apoptasis; negative regulation of cell cycle;
Trp53  |transformation related protein 53 M 011840 |Mm 222 negative regulation of fibrohlast proliferation
Tulp4  |tubby like protein 4 M 054040 |Mm 28251 intracellular signaling cascade
nuclear heterochromatin; regulation of transcription, DNA-dependent; negative regulation of transcription from Pal Il promater; nucleic acid binding;
Ifps7  |zinc finger protein &7 Mi_009558 |Mm 305561  |nucleus
ffpB4  |zinc finger protein 64 MM_009564 |Mm 2095 nucleic acid binding; OMNA hinding; nucleus; regulation aof transcription, DNA-dependent; development; zing ion binding
fic3 7inc finger protein of the cerebellum 3 MM 008575 |Mm 255880 |nucleic acid binding; ONA hinding; nucleus; regulation of transcription, DNA-dependent; pattern specification; zinc ion binding
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Figure 7.8: Co-occupancy of Oct4 with Stat3 and Smadl on the same DNA molecule. Sequential
chromatin immunoprecipitation (seqChlP) using antibodies against Oct4 followed by antibodies
against (A) Stat3 and (B) Smad1 followed by gPCR on the respective gene loci. Control seqChIP
using a-Oct4 followed by a-GST antibody are also presented. Biological replicates are shown as
standard deviation.
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Figure 7.9: Retinoic acid differentiation of mESCs reduces Oct4 and Sox2 levels and binding, and
abolishes Stat3 and Smad1 binding. (A) Oct4 and Sox2 protein levels reduced significantly after
retinoic acid treatment. Western blot analysis of retinoic acid-treated (+RA) and untreated (-RA)
E14 mESC chromatin extract using a-Oct4 and a-Sox2 antibodies. (B) Oct4 and Sox2 bindings on
the Nanog loci were abolished after RA treatment. Oct4 and Sox2 ChIP-gPCR on the Nanog loci
using chromatin extracts from non-treated (ES) and retinoic acid-treated (+RA) mESC. (C)
Minimal changes in Stat3 and Smadl protein levels after retinoic acid treatment. Western blot
analysis of retinoic acid-treated (+RA) and untreated (-RA) mESC chromatin extract using o.-Stat3
and a-Smadl. (D) Stat3 and (E) Smadl binding abolished after RA treatment. ChIP using
antibodies against Stat3 and Smad1, followed by qPCR on the respective gene loci were carried
out. Standard deviation represents biological replicates.
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Figure 7.10: Knockdown of Oct4 and Sox2 in mESCs differentiates the cells, significantly reduces
Oct4 and Sox2 protein levels and concurrently reduces Oct4 and Sox2 binding on the Mycn and
Nanog loci. (A) Morphology of the cells after RNAi-mediated depletion of Oct4 and Sox2. Mouse
ESCs were transfected with shRNA plasmids targeting a) luciferase as control, b) empty pSUPER
vector as control, ¢) Oct4 and d) Sox2. Non-transfected mESCs died upon puromycin selection (e).
Images were taken at 20x10x magnification, 3 days post-transfection. (B) Western blot analysis
using chromatin extracts from Oct4 and Sox2 knockdown cells after 2 days of selection. Mouse
ESCs were transfected with shRNA plasmids targeting luciferase as control, Oct4 and Sox2. The
chromatin extracts were analysed by Western blot for changes in Oct4 and Sox2 protein levels.
The same blots were detected for B-actin as loading control. (C) ChIP-gPCR analysis using
chromatin extracts from Oct4 and Sox2 knockdown cells after 2 days of selection. Mouse ESCs
were transfected with shRNA plasmids targeting luciferase as control, Oct4 and Sox2, followed by
puromycin selection for 2 days. Chromatin extracts were analysed by ChIP-gPCR for changes in a:
Oct4 and b: Sox2 fold enrichment on the Mycn and Nanog loci.
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Figure 7.11: Knockdown of Oct4 and Sox2 in mESCs does not significantly affect Stat3 and
Smadl protein levels but reduces Stat3 and Smadl binding on the Mycn and Nanog loci. (A)
Western blot analysis using chromatin extracts from Oct4 and Sox2 knockdown cells after 2 days-
selection. Mouse ESCs were transfected with shRNA plasmids targeting luciferase as control,
Oct4 and Sox2 and the chromatin extracts were analysed by Western blot for changes in Stat3 and
Smad1l protein levels. The same blots were detected for B-actin as loading control. (B&C) ChlIP-
gPCR analysis using chromatin extracts from Oct4 and Sox2 knockdown cells. Mouse ESCs were
transfected with shRNA plasmids targeting luciferase as control, Oct4 and Sox2, followed by
puromycin selection for (B) 2 days and (C) 4 days. The chromatin extracts were analysed by ChlP-
gPCR for changes in a: Stat3 and b: Smad1 fold enrichment on the Mycn and Nanog loci.
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Figure 7.12: Stat3 and Smadl are Oct4 partners. Co-immunoprecipitation (Co-IP) of Oct4
complex. Immunoprecipitation (IP) of 200 ug mESC nuclear extract was carried out using a-Oct4
and control a-GST (con) antibodies. Input represents mESC nuclear extract. IP was followed by
Western immunoblot (I1B) using (A) a-Oct4 and (panel B) a-Smad1, a-phosphorylated Smadl, o-
Stat3, a-phosphorylated Stat3 antibodies. Arrows point to bands representing proteins detected by

the respective antibodies. Molecular weight markers are presented in kDa.
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E: Basal

Figure 7.13: Feeder-free serum-free mESCs. (A) Culturing mESC in serum-free media containing
LIF and BMP4 (Clonal media, Chemicon). a) Low density colony forming assay at 1000
cells/10cm dish and b) culture after 3 passages at 1:5 plating ratio using Clonal media. Images
taken at 20X 10X magnification. (B) Morphology of mESCs cultured in defined media. Cells were
acclimatized using clonal media for 2 passages, plated in clonal media for 24 hr, washed with
PBS, and cultured with A: clonal, B: 1000 U/ml LIF and 30 ng/ml BMP4 (LB), C: 50 ng/ml
BMP4, D: 1000 U/ml LIF and E: pure basal media for 24 hr.
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Figure 7.14: Stat3 and Smad1l depletion in mESCs cultured in defined media. Cells were grown in
clonal media (Clonal), basal media (Basal), and basal media containing 1000 U/ml LIF and 30
ng/ml BMP4 (LIF+BMP30), 30 ng/ml BMP4 (BMP30), 50 ng/ml BMP4 (BMP50) and 1000 U/ml
LIF for 15min, 2hr, 6hr and 12hr. Western blot analysis of the mESC cell lysates using antibodies
against phosphorylated Stat3. The same blots were stripped and detected for B-actin as loading
control.
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Figure 7.15: Stat3 does not regulate Oct4. (A) Stat3 binding on the Oct4 loci. Stat3 ChIP using
chromatin extracts from mESCs cultured in clonal media (Clonal) from Chemicon, basal media
(Basal), and basal media containing LIF and BMP4 (LB), BMP4 (BMP4) and LIF (LIF) for 24 hr.
ChlIP is followed by gPCR on the Oct4 locus. Standard deviations represent technical replicates.
Fold enrichment represents the abundance of enriched DNA fragments over a control region not
enriched for the respective targets. (B) Kinetics of Oct4 expression in mESC cultured in basal,
clonal, LIF and BMP4, BMP4 and LIF containing media over a time course of 30 min to 24 hr.
Standard deviations represent technical replicates. The levels of transcripts were normalized
against values derived from clonal media cultured cells.
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Figure 7.16: Stat3 binds to its own gene and autoregulates. (A) Stat3 ChIP using chromatin
extracts from mESCs cultured in clonal media (Clonal) from Chemicon, basal media (Basal), and
basal media containing LIF and BMP4 (LB), BMP4 (BMP4) and LIF (LIF) for 24 hr. ChIP is
followed by gPCR on the Stat3 locus. Standard deviations represent technical replicates. Fold
enrichment represents the abundance of enriched DNA fragments over a control region not
enriched for the respective targets. (B) Kinetics of Stat3 expression in mESCs cultured in basal,
clonal, LIF and BMP4, BMP4 and LIF containing media over a time course of 30 min to 24 hr.
Standard deviations represent technical replicates. The levels of transcripts were normalized
against values derived from clonal media cultured cells.
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Figure 7.17: Stat3 regulates Nanog. (A) Stat3 ChIP using chromatin extracts from mESCs cultured
in clonal media (Clonal) from Chemicon, basal media (Basal), and basal media containing LIF and
BMP4 (LB), BMP4 (BMP4) and LIF (LIF) for 24 hr. Oct4 (A), Stat3 (B) and RNA polymerase Il
(C) ChIP-gPCR on the Nanog locus. Standard deviations represent technical replicates. Fold
enrichment represents the abundance of enriched DNA fragments over a control region not
enriched for the respective targets. (D) Kinetics of Nanog expression levels in mESC cultured in
basal, clonal, LIF and BMP4, BMP4 and LIF containing media over a time course of 30 min to 24
hr. Standard deviations represent technical replicates. The levels of transcripts were normalized
against values derived from clonal media cultured cells.
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Figure 7.18: Looping mechanism of Nanog regulation by collaborating transcription factors. A
conjecture presenting how a loop may form linking DNA elements bound by a protein complex is
shown. Stat3 binding and Stat3 motif were identified at -4785 bp from the Nanog transcription
start site by Suzuki et al. (2006) (shown in black fonts), whereas this present study identified
Sox2, Oct4, Stat3 and Smad1l bindings as well as the Sox2-Oct4 (s204) motif at -507 bp from the
transcription start site (shown in blue fonts).
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CHAPTER 8

GENERAL DISCUSSION

8.1 Implications of the study

In this study, the DNA binding sites of Oct4 and Sox2 were identified. Transcriptional network
involving Oct4, Sox2 and Nanog was established (Chapter 3). In addition, Oct4 and Sox2 were
shown to bind to novel targets including transcription factors important in maintaining meSC
pluripotency and self-renewal (Chapters 4 and 5). A joint Sox2-Oct4 motif was identified and
characterized in Chapter 6, suggesting that these two factors collaborate to globally control mESC
gene expression through the Sox2-Oct4 motif. Subsequently, Oct4 and Sox2 were found to
collaborate with extrinsic signalling transcription factors Stat3 and Smad1 to activate the network
of ESC specific genes. Finally, this study demonstrated the relationship between the Stat3, Nanog

and Oct4/Sox2 pathways in mESCs (Chapter 7).

The results showed that a fraction of Oct4, Sox2, Stat3 and Smad1l binding sites did not
contain consensus motifs. These binding sites could represent a novel DNA binding motif or the
transcription factors could be tethered to the DNA independent of their DNA binding properties.
In addition, this study also discovered Oct4 and Sox2 binding sites which were located far away
from known genes. The absence of DNA motifs and the observation of distal binding sites may be
explained by the looping model described in Chapter 7. Due to the chromosomal conformation,
these sites may be indirect binding sites that associate with direct binding sites via transcription
factor complexes. All genomic fragments that are associated with a particular protein, whether
bound directly or indirectly through a complex are isolated by ChIP assays through formaldehyde

crosslinking. Further studies need to be carried out in order to validate this model.
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The presence of Oct4 and Sox2 may play a role in recruiting other factors that directly
regulate the gene as shown in Chapter 7. This may be the reason why some of the Oct4 and Sox2
bindings do not seem to affect the regulation of the bound genes (as described in Chapters 4 and
5). It may also explain a recent study by Masui et al. (2007) which reported that Sox2 is

dispensable for the activation of the Sox-Oct enhancers.

In addition, this study identified Stat3 and Smadl as factors collaborating with Oct4 and
Sox2 on cis-regulating modules (Chapter 7). Stat3 and Smad1 are downstream effectors of the LIF
and BMP signalling pathways, respectively. This suggests that extrinsic signalling factors LIF and
BMP4 activate Stat3 and Smad1, which then work together with Oct4 and Sox2 to regulate certain
genes important in maintaining pluripotency and self-renewal. Indeed, Stat3 was shown to bind
with Oct4 to regulate Nanog, providing evidence of a crosstalk between the Oct4, Stat3 and Nanog
transcriptional pathways in mESCs. In addition, this study showed that Oct4, Sox2 and Stat3

autoregulate, thus confirming their importance as key regulatory factors in mESCs.

There are other studies that reported genome-wide mapping of key transcription factor
binding sites in ESCs. A colleague, Wu Qiang, mapped the binding sites of Nanog in mESCs
using ChIP-PET (Loh et al., 2006). When the ChIP-PET datasets from Oct4, Sox2 and Nanog
were compared (Appendix C), the three transcription factors were shown to bind a set of shared
genes. The three transcription factors co-occupied genes in various arrangements. An example is
where both Sox2 and Oct4 bind 3’ of the Sox2 gene whereas Nanog binds 3.8 kb 5’ to its
transcription start site. Further investigation into these different binding configurations may offer
clues into regulatory mechanisms in addition to perhaps uncovering differential transcriptional
responses. Triple sequential ChIP validated co-occupancy of the three factors on 7 genes
(Appendix D). It appears that pluripotency and self-renewal of mESCs is achieved through the

combination of a few key transcription factors that control the activation and repression of specific
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genes. Boyer et al. (2005) also mapped the binding sites of Oct4, Sox2 and Nanog in hESCs using
promoter microarrays. However, the binding sites generated by ChIP-PET/mESCs (this study) and
ChIP-on-promoter chip/hESCs (Boyer et al. 2005) only overlapped by 6.9% for Oct4 and 9.5% for
Sox2 when comparative analysis was done using both datasets by our Bioinformatics collaborator,
Guillaume Bourque. The large discrepancies from these two binding sites study may be due to
differences in (1) biological factors (mouse versus human ESCs) and (2) approaches used (ChlIP-
PET versus ChlP-on-promoter chip). Despite the small overlap, these sites may regulate core ES
genes that are conserved between both mouse and human, and may represent the most important
genes in controlling ESCs. Further studies on these genes will be important in discovering more
transcriptional switches in the control of the ESC states. ldentifying targets of key factors and
investigation on the roles of these genes using mouse ESCs as a model system would be of
importance to eventually develop switches in differentiating human ESCs, and hopefully bring us

a step closer to achieve control of the human ESC fate for use in regenerative medicine.

8.2 Future studies

This study presents many interesting questions and future directions to be explored. Studies should
be conducted to characterize the functions of identified Oct4 and Sox2 target genes. Core Oct4,
Sox2 and Nanog shared genes which are conserved between mouse and human are likely to have
important roles in ESCs. It will also be intriguing to dissect the roles of microRNAs which are
targeted by these transcription factors in ESCs. Further examination of the interactions among all

these crucial genes will provide a more thorough understanding of cell fate determination.

Besides that, further studies need to be done to verify long range interactions and the
looping model proposed in Chapter 7. Transcriptional activation involves physical association of
genes and their regulatory elements. Previous studies have demonstrated that active B-globin genes

physically interact with multiple cis-regulatory elements (Tolhuis et al., 2002) and this has led to
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the proposal of an active chromatin hub (de Laat and Grosveld, 2003) (Figure 8.1). Moreover,

long-range chromosomal interactions between genomic elements have been shown to regulate

active gene expression (Levings et al., 2006; Vernimmen et al., 2007). Therefore, a higher

chromosome organization may be a major determinant of gene regulation (Levings et al., 2006). It

would be interesting to find out how these distant activators interact with their target genes.

Inactive (Hbb) gene —i

Classical
enhancer
activity

Unknown function
Iintergenic
promoter activity

Active (HDb)
genes

Olfactory receptor
genes
\

)

—

Figure 8.1: A chromatin hub formed by long-range
interactions between the haemoglobin g-chain complex
(Hbb) genes and the locus control region. Figure was
adapted from Chakalova et al. (2005).

One of the methods that can be used to analyze the spatial organization of chromosomes is

the Chromosome Conformation Capture (3C) assay (Figure 8.2a). In the 3C methodology, ChIP is

carried out, followed by ligation to fuse nearby DNA fragments. Primer pairs consisting of one

primer in the promoter region and the other at the enhancer region are then used to PCR-amplify

potentially ligated fragments of DNA. Many variations of the 3C method, including coupling with

microarray detection or high throughput DNA sequencing, have been employed in various studies

(Dostie and Dekker, 2007; Simonis et al., 2006; Zhao et al., 2006). They have used this method to

discover long range interactions such as interactions between the estrogen receptor and Forkhead

protein Fox1A (Carroll et al., 2005), an enhancer on mouse chromosome 14 and multiple olfactory

receptor genes (Lomvardas et al., 2006), and (Igf2)/H19 regulation (Ling et al., 2006). In mESCs,

Waurtele and Chartrand (2006) identified HoxB1-associated loci throughout the genome.
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One of the disadvantages of the 3C method is that sites separated by less than 8 kb may
not be detected (Dekker et al., 2002). In these cases, the RNA TRAP (tagging and recovery of
associated proteins) assay may be used to detect long-range interactions indirectly by identifying
loci that are in the vicinity of nascent RNA (Dekker, 2003). Horseradish peroxidase which is
targeted to a specific nascent RNA, catalyzes local deposition of biotin tags on proteins. DNA
segments cross-linked to biotinylated proteins are then purified on streptavidin-agarose and

detected by PCR (Figure 8.2b).

(a) 3C
.-.r'f-""-.
||
5 . > - Ty - P -
Cross-linking [Digestion Ligation Detection by FCH Flgure 8.2. Approaches used for
detecting long range protein-DNA
{b) ANATRAP interactions are (a) the Chromosome
) I R .. — — Conformation Capture (3C) method and
[ [ . ~ — | (b) the RNA tagging and recovery of
o o — | associated proteins (RNA TRAP)
T e T T eptavidin agarose|, Method.  Figure was  obtained  from
Cross-linking Local I:ul-_::-tln L'.Il]l'ifiﬂﬂ[i'ﬁl‘ll;]ﬂd Dekker (2003).
deposition detection by PCR

Besides transcription factors, maintaining ESC identity ultimately depends on many other
aspects such as the accurate replication of the specific covalent modifications to the histones and
DNA as well as associated transcription factors that structure the chromatin and define the ESC.
To date, the involvement of the epigenome in the maintenance and establishment of ESC
pluripotency remain unclear. Further studies will be necessary to find out how epigenetic
mechanisms determine the pluripotent epigenome and how it functions to maintain the ESC

transcription factor network.
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The advent of new sequencing technologies will be able to help expedite the identification
of transcription factor-DNA or modified histone-DNA binding sites. New sequencing platforms
such as the Genome Analyzer from Illumina and SOLIiD from Applied Biosystems are now able to
sequence short DNA fragments, such as ChlP DNA and micro RNAs. In addition, development to
sequence up to a single DNA molecule will be the future challenge. Currently, a company called
Helicos is developing this new platform technology and if successful, it will be a powerful

technology to study DNA at a single cell level.
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Appendix A: Coordinates of 1083 Oct4 binding loci and their associated genes.

This table shows a list of 1083 Oct4 bound loci, sorted by the numbers of overlapping PETs at each locus. Cluster ID is a unique ID that was
generated for each Oct4 binding locus. MPSS (ES) column indicates the number of unique MPSS tag associated with each candidate Oct4 bound

gene in ES cells. MPSS (EB) and MPSS (NS) columns show the quantification of MPSS tags in embryoid bodies and neurospheres respectively.
The Molecular Function based on Panther classification is shown.
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chrl4 40723866  chrld 407230866-49725177 8 Lats2?

chrl3 BIBEIBSE  chr13 63B69658-61870418 8 AKDZ1218
chr13.63830025 chr13:63830025-63833789 8 C330014B19Rik
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chrX. 02487654  chrX:92487654-02488412 7 Slke7a3

chrX 90960231 chrX 90960231-00061149 7 Pal

chrd 46993418 chrd 469934 7 1Rik
chrd, 13532462  chrd 13532462-13533126 7 AK129448
chrB 22365894  chifi22365094-22366893 7 Zmatd
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BO0O & precimal
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2160 intragemc (intron)
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cading! MPSS | MPSS | MPSS
noncoding (ES) | (EB) | (NS)

coding 125 1] 23 4DMVIDI GenelD:51889
noncoding - - - HVALUEl MNA

coding i} 0 0 #DINVIDL NA

coding a7 20 1] 485 Genell: 16468
coding a9 36 18 247 Genell56275
oding 0 0 0 #DWVIDI GenelD 17067
coding o 0 0 #DIVIOl  GenelD:11304
coding 1 (1] 93 #DIVIDI GenelD:12192
coding = . - #VALUE! NA

coding i} 0 0 #DIVIDl  GenelD. 269637
coding 25 a2 9 0.78 GenelD:50525
nencoding o (1] 0 #DIVIDI NA

coding o 0 0 4DiviDl NA

noncoding - - - HVALUEl MNA

coding i} (1] 0 #DVIDN GenelD:58198
coding 1} 0 0 #DWVIOI  GenelD:242022
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coding 14 8 20 1.75 GenelD:227835
coding [u] 21 1] 0.00 GenelD:224860
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coding o 1] 15 4DIVI0I  GenelD:217588
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coding o [ 0 #DNVIDL GenelD:GT080
coding o (1] 0 #DIVOI GenelD:331004
coding 1 0 31 4DVIDI GenelD:213550
coding i} 42 0 0.00 GenelD 16849
noncoding o 0 38 HDIVIDL NA

coding 5 21 o 0.24 GenelD: 14187
coding 9 78 195 0.32 NA

coding 145 M aF 0.85 GenelD:94232
target is repeat - - - EVALUEI  NA

coding B4 M1 247 GenelD 20482
noncoding o 0 0 H#DIVIDE NA

coding 30 20 45 1,50 GenelD:22722
coding 53 30 43 1.77 GenelD: 13480
coding o 52 32 0.00 GenelD, 228880
noncoding o o 0 #DINVIOL NA

coding 94 at o o1m 1.16 GenelD: 17444
coding o 0 13 4DIVIDl  GenelD:50523
coding o 0 0 #DVDI NA

coding o [ 0 4DVl GenelD:382770
coding o a 33 #DIVIOI GenelD: 14009
target is repeat - - - #VALUE!  NAa

coding " 12 166 092 GenelD. 28193
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coding o 4 10 0.00 GenelD: 18744
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coding 0 1 61 #DIVIOI  NA

coding 15 ] 0 #DIVOE NA

coding 0 0 0 #DIVIDI GenelD.72148
nencoding - - - HVALUE! NA

nancoding 0 0 0 HDIVIDI NA

noncoding - - - HVALUElI MNA

codding 0 0 15 #DIVI0l  GenelD:243312
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nancoding 10 0 0 #DIVIOI GenelD 320478
coding i 0 0 4DVIDI  GenelD 56376
coding 0 0 12 #DWVIDL GenelD 20744
coding [ & 8 0.75 NA

codling 270 1656 2414 0.16 GenelD: 14683
coding 0 0 0 #DIVIOI GenelD:TGEZD
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NA
A

Other transcnption factor;Nucleic acid tinding
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ATP-binding cassatte (ABC) transporter

MNuclease
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Molecular function unclassihed
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Zine finger transcription factor Nucleic acid binding

NA
A
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Phosphalipase,Select calcium binding protein

Other hydrolase

Homecbox transcription factor:Nucleic acid binding

MNA

Kinase inhibitar

NA

Molecular function unclassified
Cation transparer
Exoribonuclease Hydrolase

Oxicdase, Other extracellular matnx

WA
Oxidoreductase
NA

Other miscellansous funclion protean

NA
Other transcnption faclor
A

KRAB box transenption factor, Nucleic acid binding

Transferase
Other signaling molecule
A

Other miscellansous funclion pratein
Non-receplor serinethreoning protein kinase

NA
G-protein coupled receptor

Other transcription factor Nuclaic acid binding

NA

Malecular function unclassified
Amino acid transporter
Ubiguitin-protein ligase
Molecular function unclassified
NA

NA

Molecular funchon unclassified
NA

NA
NA,
Cell adhesion molecule

HMG box ption factor,Cl
Translation initiation factor
Molecular function unclassifisd

Non-mator actin binding protein

Other RNA-binding protesn
NA

Large G-protein
Malecular function unclassified

ninding protein
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Cluster ID Cluster Location Size |C Octd target gene | Distance |Binding site locati g (ES) | (EB) | (NS} ratioc  |Panther_ID Mol
chr2 163094813  chr2- 163094813- 163096445 T BCO3TT08 712 intragenic (ntron) coding L] o 9 2DIVIDN Genell:245886  Molecular funchon unclassified
chr17 9846066 chrl7.0846966-0847517 7 AKDDSTT 29511 nbragenic (miron) coding 0 1] 0 EDIVIDI NA MA
chri7.26080860 chr17:26080860-26090997 7 Grmd 28837 infragenic (intron) coding o o 0 EDIVIOL GenelD:268934  G-protein coupled receptor
chri7 13851666  chrl7.13851666-13853158 7 2410011022Rik 116 5 proximal coding ] a 0 #DIVIOI GenelD 78483 Molscular function unclassified
chriG. 34987756 chrl16:34987756-34088332 7 AdcyS 9664 5' proximal coding o 4 o 0.00 GenelD:224120  Adenylate cyclase
chrlB. 13866711  chrl6: | 38667 11-13867 7482 T AKOS3159 1759 intragenic (ntron) coding 9 -] 12 1.00 NA N
¢hr14,70053515  chr14:70053515-70054351 7 Trfsf11 4602 intragenic (intron) coding 18 o 0 #DIVOI GenelD:21943  Cytokine
chr1d 3017774 chr14.3017774-3019103 7 2610042L04Rik 47740 3 distal coding 0 0 0 #DIVIOL GenelDWG67055  Molecular funchion unclassified
chr13 51504650  chr13:51504850-51505651 7 Syk 21025 5 distal coding ] V] 43 #DVOL GenelD20963  Non-receptor tyrosine protein kinase
chr13 50872439  chrl3:50872439-50873003 T Gadddsg B11 5 proximal coding 0 1] 66 #DVIOI GenelD:23882  Other nuscellaneous function protein
¢hr12.93913503  chr12:93913503-93915706 7 Ches1 8B83 intragenic (intran) coding 39 2 1 19.50 GenelDT1375  Transcription factorNucleic acid binding
chr12 BB363923  chrl12:68363023-603640981 7 Sind 13779 3 drstal coding ] 1] 0 EDIVIDL GenelD:20474  Homeobox ranscrplion factor
chr12, 13065920 chr12:13065020-13067947 7 Nmycl 1676 5 proximal coding 132 20 1 6,60 GenelD 18108 Basic helix-loop-helix transcription factor, Nuckeic acid binding
chri1.95651917 chr11:95651917-95652775 7 lgfzbpl 1336 intragenic (infron) coding 48 25 0 1.92 GenelD: 140486  Other RMA-binding protein
chr11 69193787  chrl1:60193787-60195226 7 Tips3 1531 intragenic (intran) coding 518 71 127 091 GenslD: 22059 Other transeription factor Nucleic acid binding
chrl 1. 33422606  chrl1:33422606-33424197 7 Ranbp17 13919 5 distal coding 0 36 1] 0.00 GenelD:66011  Other transfer/carmer pratein
chr11,30644353  chrl1:306844353-30645911 7 AKD4G252 1500 &' projamal noncoding G 1] 0 EDIVIDI NA MA
chri1. 16240105 chr11:16240105-16241802 T BCO2T127 22918 intragenic (intron) coding 315 0 180  #DMVON GenelD:211739  Molecular function unclassified
chri0 59702815  chr10:59702815-50704061 7 Dditd 6382 5' proximal coding 190 429 162 044 GenelD 74747 Molscular function unclassified
chrl0.56415219 chrll:56415219-56416552 T Gjal 3072 & prosamal coding bl 202 40 0.95 GenelD:14609  Gap junclion
chri0 41365520 chr10:41365520-4 1366655 7 Zbtb24 1973 3 promal coding ] 1] 0 EDIVIDl GenelD268294 KRAB box transcrption faclor
chriD 116351670 chri0:116351670-116353734 7 Cnot? 13355 infragenic (intron) coding a2 ] 55 911 GenelD:72068  Other ranscription factor
chrl 181009997 chr1:181009997-181011343 7 Lefty1 1185 &' proxamal coding 194 4 1] 48,50 GenelD 13590 TGF-bela superfamily member
ehri 171141751 chrl 1714175117114 2882 7 Feord 5006 5 proximal coding ] V] 0 #DIVOL GenelD: 14131 Immunoglobulin receptor family member, Defenseimmunity protein
chrl 132096189  chrl:132006189-132097225 T AKO16010 5000 &' proximal nancoding 0 1] 0 =DIVOE NA N
¢hrl 118407974 chr1:118407974-118408936 7 Tefep2i1 4197 intragenic (intran) coding 81 4 o 2025 GenelD:81879  Other transcription factor
chrd 95389628  chrX 95380628-95391106 B Rnl12 5179 5 proxamal coding ] 7 1] 0,00 GenelD 19820  Transcnption colactor
chrX 49802117 chrX 40692117-49602066 6 Zicd 3973 3 proximal coding 1 V] 1 #DIVIOL GenelD:22773  KRAB box transcription factor, Nucleic acid binding
chra 92093254 chric92093254-92094125 B Plser] 1737 intragenic (ntron) coding 1 1] 0 2DIVIN GenelD:22038  Other transfer/carmer proten
chrd 73127988 chrd 731279858-73130308 6 BYT52628 EST intragenic: (intron) coding - - - HVALLEl NA NA
chrd 40264324  chricd0264324-40265068 B Zip202 26TTE 3 distal coding [ o 0 200VOI GenelD:80%02  KRAB box transcription factor;Nucleic acid binding
chrd, 104024458 chri 104024459-104025624 & Cerll TAT ntragenic (miron) coding 0 1] 0 EDIVIDI GenelD: 252837  Geprobem coupled receplor
chrd 81132626  chrB:81132626-81133606 G BCOG4813 2800 infragenic (infron) coding 0 [i] 0 EDROE NA A
chrd 69576916 chrf BOSTED16-605T9061 6 Ell a74 5 proximal coding 16 V] 0 #DIVOI GenelD 13716 Transcription cofactor
chri 26028823 chri:26028823- 26020538 B Adrb3 12205 &' distal coding 612 456 113 1.34 GenelD: 11556  Ge-protein coupled receplor
chrf 67820035  chr7 BT820035-67830648 B lggap! 2343 intragenic (ntron) coding a7 a9 25 0,68 GenelD. 29875  Other G-prolen modulator
chr7 28472023  chr7:26472023-26475087 G CBOD13 10027 &' distal coding 0 [i] 0 #DION GenelD:19777  Transcription cofactor;,Chaperone;Defenseimmunity protein
ehr7 127711504 chrT 127711504-127713020 & Drd1lip S8AT 3 proximal coding 1] [v] 0 #DIVOI GenelD 68566 T receplon protein
¢hr7 109576433  chr7-109576433-10957 7869 6 Prkeb1 9553 5' proximal coding 0 0 36 MDIVIOI GenelD:18751 T ier protain; P ine/th protein kinase
chrE 97773995  chrb:O7 F739095-97 774977 B Frmddb 522 intragenic (ntron) coding 18 1] 0 2DV GenelD:232288  Molecular funchon unclassified
chrfi 84130936  chrb 84130936-84132157 6 Zfml 23827 5 distal coding 18 84 50 021 Genel:18139  Other DNA-binding protein
chr 83009296 chrb B3000206-83010368 B Hk2 90 5 prowamal coding [} [ 14 1083 GenelD: 15277 Carbohydrale kinass
ciwB 67350258 chif BT350268-67351535 6 1200000K13Rik 28868 5 drstal coding 3588 1679 586 214 GenelD'G68T0  Other RNA-binding protain
chrs 67223582 chrf:6T223502-67225133 6 AKO3OE26 4500 & proxamal nancoding 1] 1] 0 20O NA A
chr 30156516 chrb:30156516-30157779 6 UBEZH 10473 intragenic (intron) coding 54 6 o 9.00 NA NA
chr, 1491308231 chrf 1491 38231-149139200 6 DOI00T1010RK 21517 3 drstal coding 0 0 0 #DIVI0I GenelD:320560  Guanyl-nuclectide exchange factor
chri 149131991 chré 149131991-1491 32006 B AKOTO183 2370 3 proximal nancoding 1] [v] 0 #DIVOI NA MNA
chris. 140717488  chrfi: 1407 17458-1407T 18334 B Plekhas 31358 3 distal coding 17 25 1] 0.68 GenelD: 109135  Molecular functon unclassified
chrfi 122972545  chrfi 12297 2545-122074405 & Phet 2561 §' proximal coding 334 18 19 283 GenelD 13619 Other ion factor, Cl i in-binding protein
chr5. 75054710 chr5:75054710- 75056227 B Pdel2 2428 intragenic (ntron) coding 0 1] 0 #0DIVIOI GenelD:79455  Other chap 1 G-prod “Other function
chrd 73780151 chr5 737R0151-73782355 6 Gsh2 7431 3 prowmal coding ] 1] 6 EDIVIDL GenelD: 14843  Homeobox ranscrplion factor,Nucleic acid binding
chr3. 31983518 chri:31983518-31084490 G AB18T25T int ic (exon) di 0 [i] 0 EDROI NA MNA
chr5 31022068 chr5 31022968-31023627 B Yasi ATOT intragenic (nfron) coding 15 V] 15 WDIVOI GenelD: 22612 Non-receptor tyrosine protein kinase
chr5 146768492  chr5 146768492-146769717 6 BCO284T1 infragenic (exon) coding 0 0 0 HDVIOI NA NA
chrS, 137582437 chr5 137562437-137583621 & Mad1i1 19551 intragenic (miron) coding 3 14 T 271 GenelD17120  Molecular funchon unclassified
chr3. 113872476 chr5:113872476-113873019 & 1500001A10Rik 66T 3' proximal coding 7 [i] 0 #DION GenelD:G8955  Molecular function unclassified
chr5. 105518414 chr5: 1055184 14-105519258 6 Mif2 3625 intragenic: (ntron) coding 103 &1 a3 1.27 GenelDAT765  Other zinc finger transeription factor Nuckeic acid binding
chr5 104582343 chr5 104562343-104583110 6 Tafbrd 235 intragenic (infron) coding 0 0 0 #DIVIOI  GenelD:21814  TGF-bela receplor
chrd 63565396  chrd BI5SE5306-63566989 6 Pappa T80 intragenie (ntron) coding 0 1] 10 2DV GenelDo18491  Metalloprotease
chrd 102713811 chrd:102713811-102714780 6 Dabl 1127 intragenic (intron) coding 7 ] 3 EDIVIDI GenelD:13131  Other signaling molecule
chri B4376064  chrd B4376964-84377884 B DA30015E06RK 19906 ntragenic (niron) coding 19 56 a9 0,34 GenelD.228473  Molecular funchion unclassified
ehr3 138590072  chr3 138509072-138600246 6 DAE30013H12 6749 3 proximal nongoding 0 0 0 #DIVIOI GenelD:329763  Molecular funclion unclassified
chr2 58557621  chr2:58557621-58558834 B Upp2 37372 intragenic (ntron) coding 0 1] 0 2DVl GenelD: 76654  Phosphorylase
chr? 3367792 «chr2:3367792-3368970 B Meigl 1222 intragenic: (intron) coding L] 1] 0 E#DMIOL GenelD:104352  Molecular function unclassified
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Cluster ID

«chr2 20264786

«<hr2 180387020
<chr2. 121051725
106643871
chr19.22348284
chr18.4365702

chr18.40751753
chr17 69256519
chr17 61523417
chr17 46788686
chr17

Cluster Location

Uver-
lap
Size

chr2:20264786-20265747
chr2:180397020-180397828
chr2:121051725-121052561
chr2: 10664387 1-106644906
chr19:22348294-22349236
chr18:4365702-4368447
chr18:40751753-40752091
chr17:68256519-69257555
chr17:61523417-61525188
chr17 467 68686-46760373
chr1T: 2653

chr17.14188472
chr17.13838536
chr16.85151642
chr16.46057018
chr16.41498402
chr16.38264286
«chr16.32504658
chr16.22238878
«chr15.84805634
«chr15,76804711
chr15.63174511
chr15.25373666
chr14.42122024
chr14.3423310

chr14.3414134

chr14.3247642

«chr14.3088778

chr13.4611466

chr13.44044311

chr13.108400650 chr13:108400650-108401478

«chr12.81824700
chr12.77485019
chr12.71084220
«chr12.36799783
chr12.12026410
chr11.9010476

chr11. 77508314
«chr11.25807924
«<chr11.10882707
<hr10.95230693
«chr10.85204764
«chr10.83202103
«chr10.83005588
chr10.77488449
chr10. 21710656
«chr10,20806206

chr10.117849232 chr10:117649232-117850838

chr1.85300679
«chr1.65134050
«chr1 59825007
chr1. 54860815
chrX 93123814
chrX 80124752
«chrfl BTE0655
chril 84785141
chril 58662174
chril 58426002
chrd 47618147
«chr 32081687
chrf 21663847
chrll, 18964307
«chrd 120685110
«chrfl. 114568007

chr17:14198472-14189351
chr17:13838536-13841782
chr16:85151642-85152236
chr16:46057018-46058614
chr16:41499402-41500268
chr16:38264286-38265302
chr16:32504656-32505739
chr16:22238878-22239621
chr15:84805634-84806715
chr15: 766047 11-T6908621
chr15:63174511-63176268
chr15:25373666-25374291
chr14:42122024-42124643
chr14:3423310-3427082

chr14:3414134-3418785

chr14:3247642-3249264

chr14:3088778-3089721

chr13:4611466-4614715

chr13:44044311-44045558

chr12:81824700-81825598
chr12:77495019-77496256
chr12:710684220-T1985170
chr12:36709783-36800614
chr12:12026410-12027098
chr11:9010476-8012696

chr11:77508314-77507170
chr11:25807024-25909766
chr11:10892707-10983813
chr10:85230693-05231552
chr10:85204764-852068468
chr10:83202103-83203458
chr10:83005588-83008237
chr10:77468448-T7489710
chr10:21710656-21713498
chr10;20806206-20807532

chr1:85300679-85400114
chr1:65134050-65135682
chr1:50825007-50826766
chr1:54860615-54872525
chrX(:83123814-93124640
chrX:69124752-69125751
chri:8780655-8782068
chroB4T85141-84T88032
chrd:58662174-58662924
chri SB426902-58432276
chri:47818147-47619751
chré:32081667-32083062
chri21663847-21664756
chri; 16964307 18965365
chrd: 1206851 10-120686449
chri:114565807-114570513

Panther_ID |Mo1o:ular.lun:‘lion

coding! MPSS | MPSS [ MPSS ESIEB
Candidate Octd target gene  |Distance [Binding site location |noncoding (ES) | (EB) | (NS) ratio

6 AKD52020 80408 intragenic (intron) coding 0 1] 0 #DWID! NA

6 AK128117 659 intragenic (intron) coding 0 o 0 #DIVIDI  NA

& Trp53bp1 0 5 proximal coding 135 63 27 214 GenelD:27223
6 AKD12553 6172 intragenic (intron) coding 12 0 28 #DIVIDI  NA

& AKD19121 58832 5 distal noncoding 0 0 0 #DIVID! NA

& Lyzl1 13022 ¥ distal coding 0 Q 0 #DIVI GenelD:67328
& AK220381 intragenic (intron) coding Q 0 0 #DVIDT NA

& BCO62120 8624 3 proximal coding -1 222 3 0.30 NA

6 BCO58120 48467 intragenic (intron) coding 19 0 0 #DIVIDI  NA

& UncSel 144300 gene desent coding 0 ] 0 #DIVIOI  GenelD: 76588
& Gabbr1 4134 3" proximal coding o 0 0  #DWID!  GenelD:54303
& DI 5128 5 proximal coding o a 789 #DIVID!  GenelD:13388
& Tcted 171 &' proximal coding 0 8 1] 0.00 GenelD:21847
& Jam2 5087 5" proximal coding o ] 71 #DIVIDI  GenelD:BT374
6 Cdog 2697 intragenic (intron) coding 48 3 28 16.33 GenelD:B4544
& Lsamp 100568 intragenic (intron) coding 0 0 18 #DIWVI GenelD: 268890
& Plata &7 intragenic (intron) coding o ] 0 #DIVIDI GenelD:85031
& Tfrc 4591 3" proximal coding 11 33 T 0.33 GenelD:22042
6 EtvS 4266 intragenic (intron) coding o 0 98  #DIVID!  GenelD:104156
& BCOB2953 3375 5 proximal coding 0 Q 0 #DIVIDL NA

& Foxhi1 42 5 proximal coding 48 145 o 0.33 GenelD:14108
6 U16672 169750 gene desert target is repeat - - - ®VALUE! NA

& AKD19612 300 intragenic (intron) noncoding 0 0 0 #DIVIDL  NA

& Skasi 78084 intragenic (intron) coding o o 0 #DIVIOl  GenelD:75288
& BCOB0SSS intragenic (intron) coding 0 0 0 #DIVIDI NA

& BCO55874 32949 3 distal coding 0 0 0 #DIVIDT NA

6 2610042L04Rik 8918 5 proximal coding 7 240 ] 0.07 GenelD:67055
& 2610042L04Rik 1087 &' proximal coding 17 240 o 0.07 GenelD:BT055
6 AKD30184 7525 intragenic (intron) noncoding 0 o 0 #DWID! NA

& Jarid2 150467 gene desen coding a7 20 [+] 4.85 GenelD: 16468
& IiGst 9098 5' proximal coding Q 2 ] 0.00 GenelD:16195
6 Esrb 7111 intragenic {intron) coding 250 24 ] 10.42 GenelD:263B0
& Sipalll 23644 intragenic (intron) coding 2 o 10 #DIWVI GenelD:217692
& 566283 14574 intragenic (intron) coding 0 1] 0 #DIVIDL NA

& Immp2l 23655 intragenic (intron) coding 1] 13 1] 0.00 GenelD:93757
& Nmyel 132343 gene desent coding 132 20 1 6.60 GenelD:18109
6 Uppl 1847 & proximal coding a1 3g8 24 2.35 GenelD:22271
& Pipox 258 §' proximal coding 10 0 96 #DVID1 GenelD:19193
6 AKDBODOD 108534 intragenic {intron) noncoding 0 1] 0 #DWID! NA

& AS30041G11RIK 16306 5' distal coding 15 0 6 #DIVID!  GenelD:319822
& Socs2 40425 5 distal coding Q 1] 0 #DIVI GenelD:216233
6 Bibd11 6738 intragenic (intron) coding 0 1] 0  #DWID!  GenelD:74007
6 AKD3B582 4261 5 proximal coding Q 0 0 #DIVID! NA

& Sled1a2 B572 5' proximal coding 0 0 0 #DIVIOI  GenelD:338385
& Sumo3 3037 5" proximal coding 173 85 123 266 GenelD:20610
& Sgk 6104 5 proximal coding 132 85 0 1.55 GenelD:20393
6 BF531804 EST 100 3" proximal noncoding - - - #VALUE! NA

& BUD3TO38 EST intragenic (intron) nancoding - - - HVALUE! NA

& Fbxo36 B8B45 intragenic (intron) coding o o 20 #DIWID!  GenelD:@6153
& Fzd5 884 3" proximal coding Q 0 0 #DIVID!  GenelD:14367
& ST1404 42789 target is repeat - - - #VALUE! NA

& CNET5669 EST 1500 3" proximal coding - - - #VALUEI NA

5 Cxord 10913 ¥ distal coding 0 o 0 #DNVID!  GenelD:12766
5 Thbitx 65300 & distal coding 20 35 28 0.57 GenelD:21372
5 Pgr 118862 gene desert coding 0 o 0 #DIVID!  GenelD:18667
5 2410080H04RK 1801 intragenic (intron) coding 5 0 83 #DVID GenelD:214058
5 AKD15483 intragenic (intron) nancoding ] 0 0 #DIVIDI NA

S5 Pmil 198 intragenic (intron) coding 13 0 0 #DIVID  GenelD:18854
5 Igsfda 15724 5 distal coding ] 0 49 #DIVID1 GenelD:54725
5 Grit 111189 gene desert coding 14 o 60 #DIV/ID!  GenelD:330014
5 Ldir 220 intragenic (intron) coding 61 0 25 #DIVID GenelD:16835
5 Oifr835 1071 intragenic (intron) coding Q 0 0 #DIVID GenelD:257872
5 Rpl14 118884 gene desert coding 3 o 24  #DIVID! GenelD:BT115
5 Cnot10 230 5 proximal coding 0 "] 0 #DIVI!  GenelD:78893

NA

MNA

Transcription cofactorNucleic acid binding
NA

MNA

Hydrolase;Defensefimmunity protein

Molecular function unclassified
G-protein coupled receptor

haund i

Malecular function unclassified

Molecular function unclassified
Defensefimmunity protein

CAM family adhesion molecule
Phospheolipase

Other receptor

Other transcription factor;Nucleic acid binding
NA

Other transcription factor;Nucleic acid binding
MNA

NA

Molecular function unclassified

NA

MNA

Molecular function unclassified

Molecular function unclassified

MNA

Cther transcription factor;Nucleic acid binding
Interleukin receptor

MNuclear hormane receptor, Transcription factor;Nucleic acid binding
Other G-protein modulator

NA

Other proteases

Basic helix-loop-helix transcription factor;Nucleic acid binding
Phosphorylase

Owidase

NA

Molecular function unclassified

Other signaling molecule

Molecular function unclassified

MNA

Molecular function unclassified

Molecular function unclassified

Non-receptor serinefthreonine protein kinase
NA

NA

Molecular function unclassified

G-protein coupled receptor

NA

NA

G-protein coupled receptor

Other miscellaneous function protein

Muclear hormone receptor, Transcription factor;Nucleic acid binding
R 1E: lludar matrix | protein
NA

RING finger transcription factor

Receptor

Other G-protein modulator

Other receptor

G-protein coupled receptor

Ribosomal protein

Molecular function unclassified
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lap coding/ MPSS | MPSS | MPSS ES/EB
Cluster ID Cluster Location Size  [Candidate Octd target gene__|Distance | Binding site location_|noncoding (ES) | (EB) | INS) ratio Panther_ID Molecular.function
«chr@. 107650140 chrB:107E50140-107651905 5 Gnai2 4291 intragenic (intron) coding 0 0 549 #DIVIO!  GenelD:14678 Large G-protein
chr@ 100818305 chr9:100818305-100818823 5 Stagl 11663 3 distal coding 0 19 8 0.00 GenelD:20842  Chromatin/chromatin-binding protein
chrB.90116075  chrB:90116075-00117374 5 AKD34446 33763 5 distal coding ] 1] 0 #DIVIDI  NA NA
chr8. 84721401 chr8:84721401-84722507 5 Mast1 intragenic (intron) coding 0 1] 0 #DMVID!  GenelD:5652T  Mon-eceptor serinefthreonine protein kinase
chrB.82000727  chr8:82099727-83005630 5 Cdo7 232 intragenic (intron) coding ] 1] 0 #DIVIOI  GenelD:26364  G-protein coupled receptor
chr8.59143252  chr8:509143252-50144307 5 U1E8T0 24649 target is repeat - - - #VALUE! NA NA
chrB8.32569532  chr8:32568532-32570771 5 Ppp2ch 4073 intragenic (intron) coding 123 191 241 0.64 GenelD:19053 Protein phosphatase, Other select calcium binding proteins
chr8.20037252  chrB:20937252-20938611 5 Ckap2 91 § proximal coding 0 1] 0 #DIVIOI  GenelD:B098E  Molecular function unclassified
chr8.112048082 chr8:112948082-112951630 5 Monib 37798 5 distal coding 3 1] 1 #DIVIDl GenelD:270096  Molecular function unclassified
chrg. 4 chrd: )Ea06E4T 5 Psmd? 6142 5 proximal coding 212 132 127 161 GenelD:17463  Other miscellaneous function protein
«chrB.103450230 chr8:103450230-103451513 5 CdhS 9146 5" proximal coding 0 0 0 #DNVD! GenelD:12562  Cadherin
chrB.103442503  chr8:103442503-103448645 5 Cdhs 11276 5 distal coding a a 0 #DIVID!  GenelD:12562  Cadherin
chr7 99961908  chr7 99061908-99962605 5 Tead1 11832 intragenic (intron) coding 0 0 24 #DIVID!  GenelD:21676  Other transcription factor;Nucleic acid binding
chr7. 77771142 cheT . 7TT71142-TTTT3061 5 1110001A23Rik 63932 5 distal coding 3 T2 43 0.04 GenelD:68472  Melecular function unclassified
chr7.20012187  chr7:20012187-20012804 5 2810426N0BRik 51086 5 distal coding 3 1] 11 #DIVIDl GenelD:87607  KRAB box transcription factor;Nucleic acid binding
che7. 23776596  che7.23776590-23777108 5 Rhpn2 2379 5 proximal ceding a 0 0 #DNVDI  GenelD:52428  Other G-protein modulator
chr7. 19440781  chr7:19440781-19442008 5 Mphs1 292 intragenic (intron) coding 20 1] 11 #DWVD! GenelD:54631 CAM family adhesion molecule
chr7 19010055 chr7:18010955-1901 1980 5 4732429109Rik 5336 3" proximal coding 0 ] 15 #DIVIDI  GenelD:243906 KRAE box transcription factor,Nucleic acid binding
chr7. 1325080, chr7:132598025-13259890° 5 Fgis T804 5 proximal coding [} 0 0 #DNVIDI  GenelD:14170  Growth factor
chr7 131811803 chr7:1312811803-121812686 5 ABDDOBOS B8585 & distal coding 0 1} 12 #DIVIDI NA NA
chr7. 126487822 chr7:126487822-126486992 5 Ppp2r2d 3586 intragenic (intron) coding 278 s 161 T7.97 GenelD:52432 Protein phosphatase
chr? 113886045 chr7:113866045-113868157 5 Nfalc2ip 1257 intragenic (intron) coding 0 0 0 #DIVIO!  GenelD:18020  Molecular function unclassified
chré. chré: 92509431 5 Trh 2867 5 proximal coding 757 428 o 1.77 GenelD:22044  Neuropeptide
chrg 51952914 chrf:51952014-51854178 5 Scap2 2366 intragenic (intron) coding 3 0 14 #DIVIDl  GenelD:54353  Molecular function unclassified
chrB, 108950355  chr: 108950355-108960284 5 ltpr1 19680 3 distal coding 0 1] 0 #DIVIOl  GenelD:16438  Other ligand-gated ion channel;lon channel
chr6. 100758684 chrd:1007568684-100759780 5 Rybp 91655 5 distal coding 44 20 0 2,20 GenelD:56353  Molecular function unclassified
chr5. 75898267  chr5:75098267-75508629 5 Rest 3171 5 proximal coding 150 42 10 3.57 GenelD:19712 Molecular function unclassified
chr5.71530024  chr5:71539024-71540452 5 5033405K12Rik 10068 3 distal coding 0 0 0 #DIVIOI  GenelD:75881  Molecular function unclassified
chr5.20042541  chr5:30042541-30043140 5 Rbks G882 intragenic (intron) coding 23 41 57 0.56 GenelD:71238  Carbohydrate kinase
chr5.25090671  chr5:25080671-25001906 5 DppB 113311 gene desert coding 0 1} 0  #DNVIDI GenelD:13483  Serine protease
chr5.20204794  chr5:20204784-20206121 5 Pres 3041 intragenic (intron) coding 245 238 a0 1.03 GenelD:B0978  Other transporter
chr5. 148484525 chr5:148454525-148495173 5 Stard13 11945 3 distal coding 0 0 5  #DIVIO!  GenelD:243362 Other G-protein modulator
chr5. 1446209069 chr5:144820069-144632228 5 Cdx2 1211 intragenic (intran) coding ] 1] 0 #DIVID!  GenelD:12581  Homeobox transcription factor;Nucleic acid binding
chr5.130552972  chr5:130552072-130553632 5 Sdk1 1910 intragenic (intron) coding 0 ] 0 #DIVID!  GenelD:330222 CAM family adhesion molecule
chr5.120110218 chr5:120110218-120111327 5 AKDBE339 38536 5 distal nonceding [} 0 0 #DIWVIOI  NA NA
chr8.124300311  chr5:124200311-124300948 5 U1eeT2 382143 gene desert target is repeat - - - #VALUE! NA NA
chr§. 122751006 chr5:122751006-122754631 5 Scarb1 B1644 3 distal coding 0 29 47 0.00 GenelD:20778  Other receptor
chr5. 119705057 chr5:119705057-119705960 5 Ppplce 16252 3 distal coding 132 350 224 0.38 GenelD:19047  Protein phosphatase;Other select calcium binding proteins
chr5. 117184821  chr5:117164821-117 188680 5 Tox3 315 intragenic (intron) coding ] L] 0 #DIVIOI  GenelD:21386  Other transcription factor;Nucleic acid binding
chr5.112212804 chr5:112212604-112213697 5 1100001D10Rik 328 intragenic (intron) coding 21 50 20 0.42 GenelD:68420 Molecular function unclassified
chr5. 108372408 chr5:108372409-108373441 S5 BBBBS591 EST intragenic (intron) coding - - - ®VALUE! NA NA
chr5.1071936680 chr5:107193680-107 185062 5 AKD19680 617 5 proximal coding ] 90 G4 0.00 NA NA
chrd 99157067 chrd:99157067-99158005 5 B430218LOTRIK 34703 intragenic (intron) coding 0 8 14 0.00 GenelD:320508 Voltage-gated calcium channel
chrd 94013851 chrd:94013851-04016129 5 2310009E04Rik 61236 intragenic (intron) coding 0 1] 0 #DIVIO!  GenelD:755T8  Carbohydrate kinase
chrd BOTOS460  chrd:80T05460-80706810 5 Nfib 47383 intragenic (intron) coding ] 0 0 #DIVIOI  GenelD:18028  Other transcription factor,Nucleic acid binding
chrd 570381685  chrd:57038165-57039321 5 Akap2 12634 intragenic (intron) coding a o 0 #DIWDl GenelD:11841 ‘Other miscellaneous function protein
chrd 45060041  chrd:45060041-45062080 5 lgfbpl1 203 intragenic (intron) coding 1] 1] 0 #DIWID!  GenelD:75426 Miscellaneous function
chrd.. chrd: 45057323 5 Igfbplt 0 intragenic (exen, 3utr) coding 0 0 0 #DIVID!  GenelD:75426  Miscellaneous function
chrd 44448330 chrd:44448330-44449007 5 AK122409 41184 5 distal coding ] 1] &7 #DIWOI NA NA
chrd 29359627  chrd:29359627-29360129 5 BY720273 EST 50000 ¥ distal nonceding - - - #VALUE! NA NA
chrd 145407867 chrd:145407867-145411217 5 BCOS5B613 B012 3 proximal coding 137 4 v} 34.25 NA NA
chrd 139084855 chrd:130094855-130096087 5 2810441COTRIK 9080 intragenic (intron) coding 0 0 36 #DIWO!  GenelD:T2754  Molecular function unclassified
chrd 138862653 chrd:1 653 3 5 AKD30056 83522 3 distal nonceding 0 1] 36 #DIVIDI NA NA
chrd 1368365702 chrd:138365702-1368368280 5 BESS0820 EST 500 5" proximal noncoding - - - ®VALUE! NA MNA
chrd 137686188 chrd:137686188-137686718 5 Capzb G263 intragenic (intron) coding &1 45 70 1.80 GenelD:12345  Non-motor actin binding protein
chrd 136235783 chrd:136235783-136236301 5 Akp2 18272 intragenic (intron) coding 10 0 0  #DNVIDI GenelD:11647  Other phosphatase
chrd 135827651 chrd:135927651-135828870 5 Hspg2 1384 intragenic (intron) coding 19 58 s 0.33 NA NA
chrd 134775656  chrd:134775656-134776245 5 Hnrpr 802 intragenic (intron) coding a7 1] 104 #DIVIDI  GenelD:74326  mRNA p ing factor:Ril
chrd 125507030 chrd:1255087030-125508442 5 Digap3 5677 intragenic (intron) coding 26 1 16 26.00 GenelD:242667 Molecular function unclassified
chrd 123915035 chrd:123915035-123916227 5 Ft1 40254 3 distal coding 5 1 12 5.00 GenelD:14325 Storage protein
chrd 114807245 chrd:114807245-114809850 5 Mast2 290 intragenic (intron) coding 56 29 44 1.93 GenelD:17776  Non-receptor serine/threonine protein kinase
chrd 106527586 chr4:106527586-106530755 5 BCO22150 426 intragenic (infron) coding 60 0 1 #DIVIDl  GenelD:230580 Molecular function unclassified
chr3 G8496161  chri:BB496161-98497230 5 Hsd3b5 45702 3 distal coding 0 0 0 #DIVID!  GenelD:15486  Dehydrogenase
chr3 88463585  chri:88483565-88464540 5 Nes 331 infragenic (intron) coding 3 20 183 0.15 GenelD:18008  Molecular function unclassified
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Cluste
«chr3 81430898

chr3 65805542

chr3 34456545

chr3 157936014
chr3. 14651855

chr3 136092666
chr3 130084020
chr3.128024071
chr3.108813089
chr3.103137363
chr2 70217033

chr2 68986317

«chr2 33540335

«chr2 30719561

«chr2 28780262

«chr2 28080982

chr2 172561282
chr2 165708580
chr2, 154490002
chr2 154435691
«chr2 153434062
chr2.150045794
chr2.120444739
chr19.6974624

chr19.37105064
chr19.37101382
chr19.29330611
chr19.27912819
<chr19.20021331
<hr19. 10071681
chr18.74587688
chr18,68024045
chr18.42711553
chr17 74585043
chr17.6328135

chr17 35602670
«chr17,33523480
chr16.97642285
chrig.

Cluster Location
chr3:81430698-81431571
chr3 B5805542-65866176
chr3:34456545-34457 130
chr3:157936014-157938438
chr3: 14651855-14656112
chr3:136082666-136093616
chr3:130084020-130085238
chr3:128024071-128027049
chr3:108213089-108814016
chr3:103137363-103138351
chr2:70217033-70217738
chr2:6B986317-668987092
chr2:33540335-33541106
chr2:30719561-30720955
chr2: 20T80262-20781081
chr2:20080092-20081888
chr2:172561282-172562574
chr2: 1857 06580-165707683
chr2:154480902-154491834
chr2:154435601-154436740
chr2:153434062-153434758
chr2:150045794-150047135
chr2:128444730-128445282
chr19:6974624-6075463
chr19:37105064-37106127
chr19:37101382-37102613
chr19:28330611-28331307
chr19:27912819-27913862
chr19:20921331-20624511
chr19:10071681-1007 3167
chr18:7458T666-T4503291
chr18:68024045-68025156
chr18:42711553-42715746
chr17:74585043-74586007
chr17:6328135-6330129
chr17:35602670-35603830
chr17:33523480-33524253
chr16:97642205-07T643412

chr15.91451185
chr15.6489148

chr15.38730407
chri4 98160614
chr14. 70504056
chri4 55488184
chri4 52051825
chr14 44749754
chr4 44390821
«chr14 3080005

chr14 3083202

chrld 22274188
chr14 21744072
chr13.91432554
chr13.86318408
chr13.636008277
chr13.62313699
chr13.61696220
chr13.44175638
chr13.43471022
chr13. 17958735

chr13.106418798 chr13:106418798-106422649

chri2 850835460
chr12 86187961
chr12 75415014

chrig: 428-00600536
chr15:81451195-81451612
chr15:6489149-6490795

chr15:38730497-38740794
chr14:08160614-08161350
chr14:70504056-70505520
chr14:55488184-55480404
chr14:52051825-52052755
chrl14:44749754-44751374
chr14:44390821-44382452
chr14:3080005-3080749

chr14:3083292-3086061

chr14:22274188-22274845
chr14:21744072-21744639
chr13:81432554-81434013
chr13:86319400-86320493
chr13:63800277-63810976
chr13:62313699-62315404
chr13:61899220-61900610
chr13:44175638-44176581
chr13:43471022-43471680
chr13:17958735-17950936

chr12:08935480-08936513
chr12:86187961-86180000
chr12:75415014-75415762

OVeT-
lap
Size

Candidate Octd target
5 Pdgfe
5 Tiparp
5 Sox2
5 Negr1
5 1200008A14Rik
5 Manba
5 Elovig
5 D3WsulGle
5 Sars1
5 AKD10586
5 A430065P19Rik
5 LassB
5 Lmx1b
5 AVD54662
5 Sle27ad
5 AKD44T30
5 AKDOES503
5 U71208
5 CASB0714
5 CdkSrap1
5 Asxl1
5 BP42B1B9 EST
5 Pdyn
5 Reor2
5 BC025649
5 BCO25649
5 Uhrf2
5 Glis3
5 1110059E24Rik
5 Ms4al10
5 Mapkd
5 Spire1
5 AKD18420
5 2810405J04Rik
5 Syti3
5 AKD20454
5 AKD19275
5 Dscam
5 Tiam1
5 Kif21a
5 Fyb
5 ApBvict
5 Spry2
5 AKD33842
5 Tdh
§ Tnfrsf19
5 Zfp219
5 BCO49649
5 2610042L04Rik
5 BCO55874
5 1110051B16Rik
5 Rail7
5 Thea
5 Cspg2
5 AKOTESTE
5 Hsd17b3
5 Pichl
5 Jarid2
5 BY74042T EST
5 Pouff2
5 Pdedd
5 Telt
5 Gtiza1
5 Zfp26i1

coding/ MPSS | MPSS | MPSS
Distance |Binding site location |nonceding ES| EB) | (NS)
1494 5' proximal coding 0 0 #DIVID!  GenelD:54635
111166 gene desert coding 56 11 50 0.50 GenelD:99929
3 proximal coding 188 50 377 376 GenelD:20674
5' proximal coding 0 0 0 #DIVIO!  GenelD:320840
1535 intragenic (intron) coding ] o 0 #DIWVIOI  GenelD:7T1710
968 intragenic (intron) coding 0 0 0 #DIVID!  GenelD:110173
18183 intragenic (intron) coding 1 28 26 0.04 GenelD: 170439
488 5 proximal coding 0 o 0 #DNVID!  GenelD:28036
300 intragenic (intron) coding 254 T 182 3.30 GenelD:20226
8210 i ic (intron} i 40 20 49 2,00 NA
10634 5' distal coding 0 o 0 #DIVIO!  GenelD:328421
2702 5' proximal coding 0 o 0 #DIVID!  GenelD:241447
11529 intragenic (intron) coding 0 o 122 #DIVIO! GenelD:16917
(intron) i 0 0 5 #DIVIOI  NA
3130 3 proximal coding 1 0 12 #DIVIOI GenelD:26569
3824 5' proximal coding 0 o 5 #DIVIDL  NA
24540 3 distal coding 17 18 34 0.94 NA
intragenic (intron) coding 0 0 0 #DIVIOI  NA
300 5' proximal coding o o 25  #DIVIOI NA
132 5' proximal coding 10 o 0 #DIV/O!  GenelD:66971
13735 intragenic (intron) coding 23 5 4 4,60 NA
intragenic (intron) coding - - - #VALUE! NA
2388 infragenic (intron) coding 1] o 2 #DWVID! GenelD:18810
B9T4 5' proximal coding 212 @ 47 233 GenelD: 104383
17551 3' distal coding 1 27 4 0.04 NA
21451 3 distal coding 1 27 4 0.04 NA
1339 5' proximal coding 3 o 29 #DIVID!  GenelD:109113
94879 S distal coding L] 1] 9 #DIVIO!  GenelD: 226075
0 &' preximal coding 1] 1] 0 #DIVID!  GenelD:€6208
1721 intragenic (intron) coding L] o 0 #DWVIOI  GenelD:69826
586 intragenic (intron) coding o ] 23 #DIVIOI  GenelD:225724
349 intragenic (intron) coding 10 27 &1 0.37 GenelD:68166
1521 &' proximal noncoding o 0 0 #DNVO! NA
565176 gene desert coding o o 0 #DWVIO!  GenelD:72722
4B4 intragenic (intron) coding 1] o 0 #DIWVID!  GenelD:B3872
5" proximal noncoding o o 0 #DIVIOI  NA
12 intragenic (intron} coding o Q 0 #DIVIDI  NA
12298 intragenic (intron) coding o 0 0 #DIVID!  GenelD:13508
204666 gene desert coding 0 ] 0 #DIVID!  GenelD:21844
B444 5' proximal coding 0 7 20 0.00 GenelD: 16564
827 3 proximal coding 0 0 0 #DIVIO!  GenelD:23880
170 §' proximal coding 3 13 B4 0.23 GenelD:66335
32871 ¥ distal coding o Q 8 #DIVIO!  GenelD:24064
117097 gene desert coding 16 0 0 #DIVIDI  NA
119 intragenic (infron} coding 44 0 0 #DIVIOl  GenelD:58865
5814 3 proximal coding 0 0 25 #®DIVIDI  GenelD:29320
516 intragenic (intron) coding 82 10 102 8.30 GenelD:69800
468 intragenic (intron) coding o ] 0 #DIVID!  NA
2317 &' proximal coding 17 240 o 0.07 GenelD:6T055
722 intragenic (intron) coding 17 240 0 0.07 NA
74978 5' proximal coding 8 0 0 #DIVID!  GenelD:278672
10548 5' distal coding [ 24 98 0.25 GenelD:328365
82249 S distal coding ] 56 o 0.00 GenelD:21371
5358 intragenic (intron) coding ] 50 21 0.00 GenelD:13003
5 5 proximal nencoding 0 0 0 #DIVIDI  NA
78814 3' distal coding 0 0 0 #DIVIO!  GenelD: 15487
885 5' proximal coding [ 0 60 #DIVID!  GenelD:19206
19645 &' distal coding a7 20 o 4,85 GenelD: 16468
5' proximal noncoding - - - #VALUE! MNA
BTTET 5 distal coding 2 o 77 #DIVID!  GenelD:218030
54587 intragenic (intron) coding 8 o 0 #DVOI  GenelD:238871
514 5' proximal coding 87 1 o 67.00 GenelD:21432
3135 intragenic (intron) coding 0 0 0 #DIVIOI  GenelD:83802
3811 5' proximal coding 1 0 893 #DIVIO!  GenelD;12182

ES/EB
ratio Panther_ID Molecular.function

Other receptor, Growth factor

Molecular function unclassified

HMG box transcription factor;Nucleic acid binding
CAM family adhesion molecule

Melecular function unclassified

Glycosidase

Transferase

Melecular function unclassified

tRNA

Ligase

Other RMA-binding protein;
NA

Actin binding motor protein
Molecular function unclassified
Orher zinc finger transcription factor
NA

Transporter,Other ligase
NA

NA
NA
NA
Melecular function unclassified
NA

NA

Neuropeptide

Malecular function unclassified

NA

NA

RING finger transcription factor

KRAB box transeription factor;Nucleic acid binding
Melecular function unclassified

Molecular function unclassified

Nen-receplor serine/threonine protein kinase
Melecular function unclassified

NA

Molecular function unclassified

Membrane traffic regulatory protein

NA

NA

CAM family adhesion molecule
Guanyl-nucleotide exchange factor

Microtubule binding motor protein

Other miscellaneous function protein

Hyd "ATP synthase, Other hydrol

Crther signaling molecule; Other factor
NA

Melecular function unclassified

Tumor necrosis factor receptor

KRAEB box transcription factor

NA

Molecular function unclassified

NA

Homeobox transcription facter:Nucleic acid binding
Oiher ligase

Molecular function unclassified

Extracellular matrix glycoprotein

MNA

Dehydrogenase

Oither receptor

Other transcription factor;Nucleic acid binding

NA

Homeobox transcription factor,Nucleic acid binding
Phosphodiesterase

Kinase activator

Melecular function unclassified

MNuclease
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Cluster ID

chri2. 75408456
chr12.56815521
chri2. 47613749

Cluster Location

chr12:75408456-75411877
chr12:56815521-56817024
chr12:47613749-47614327

chri2,106417686 chr12:106417686-106418901
chr12. 105446706 chr12:105448706-105449387
chr12 104686378 chr12:104686378-104607323

chri1.9945

chr11:9945; G947138

chr11.88136002
chr11 87686381
chri1. 78592354
chr11.77859815
chr11.77538192
chr11.71114607
chr11. 62962282
chr11.6075594

chr11.54478910
chr11.53238686
chril 48426438
chri1.26841626
chr1. 25888472

chr11:868136002-86136263
chr11:87686361-87T686823
chr11:79592354-79594028
chr11:77859815-TT860739
chr11:77538192-77538329
chr11:71114607-71117199
chr11:62862262-62963278
chr11:6075584-6076330

chr11:54478010-54479787
chr11:53238686-53230619
chr11:48426438-484 28062
chr11:28941626-26944120
chr11:25888472-25800080

chr11.119066370 chr11:119066370-119067284
chr11,116752925 chr11:116752925-116755401
chr11,112541575 chr11:112541575-112542595

chr10.79946544
chr10.75743506
chr10.67913315
chr10,6094321

chr10.37241703

chri0:79946544-79948160
chr10:75743506-75744470
chr10:67913315-67913851
chr10:8084321-6086188

chr10:37241703-37242199

chr10,120216865 chr10:120218965-120217778
chr10. 107966295 chr10:107966295-107867538
chr10.107162353 chr10:107162353-107163271

chr1 93133706
chr1 87131243
chr1.86196336
chr1 83561873
chrl 67095448
chr1 59780637
chri.

chr1:83133706-83136185
chr1:87131243-87132779
chr1:28196336-86196954
chr1:83561973-83563045
chri:67085448-67096420
chr1:58780637-58781750

chr1 47002795
chr1.37125072
chr1,36263026
chr1.182115189
chr1.181001039
chr1 178048676
chr1 167297387
chr,12935238
chr1.110788677
chrX 85385178
chrX 78708798
chrX 60565121
chrX 5689011
chrX 22286222
chrX 160104061
chrX 156808500
chrX 145177773
chrX.141011400
chrX. 11205285
chr 97871130
chr@ 88958321
chr8. 85813561
«chrd 82680561
chrd. 78765220
chrd 78411705
chr@ 75200667

chri:
chr1:47002785-47004151
chr1:37125972-37127358
chr1:36263026-36263954
chr1:182115188-182116005
chr1:181001039-181002589
chr1:178048676-178040433
chr1:167297387-167298431
chr1:12035238-12936060
chri:110798677-110780374
chrX:95385178-05386103
chrX:79708798-79709267
chrX 60565121-60566631
chrX:5688011-5661335
chrX:22286222-22287691
chrX:160104061-160104310
chrX:156808500-156800626
chrX:145177773-145178687
chrX:141011400-141011938
chrxX:11205285-11205674
chr@: 8787 1130-97873332
chr9:86958321-960959212
chr9:85913561-85018351
chr8:82680561-82682870
chr9 TETE5229-TBTETT31
chr@:T8411705-T84 12862
chr@:75200667-75201812

Panther_ID |M ular.function

g

lap g MPSS | MPSS | MPSS ESIEE

Size Candidate Oct4 ta Distance |Binding site location |noncoding (ES) | (EB) | (NS) ratio
5 Zfp3eil 868 intragenic (intron) coding 1 o 93  #DIVID!  GenelD:12192
5 Lrin5 57713 intragenic (intron) coding o v] 0  #DIVIO!  GenelD:238205
5 D930036F22Rik 84411 3 distal coding 5 & a 0.83 NA
5 Ckb 558 3 proximal coding o o 0 #DIVIOI  GenelD:12708
5 Hspca 6382 5 proximal coding 4343 3158 432 1.38 GenelD:15519
5 Ppp2rSc 46024 intragenic (intren) ceding 0 88 102 0.00 GenelD:26931
5 557425 75693 target is repeat - - - H#VALUE! NA
5 Msizh 54445 intragenic (intron) coding 96 17 102 5.65 GenelD:.TE626
5 Vezf1 240 3 proximal coding o o 15 #DIVIDI  GenelD:22344
5 Suzi12 12291 5 distal coding 120 103 4 1.17 GenelD:52615
5 Sdfz 1725 intragenic (inftron) coding 3 v o6 0.08 GenelD:20316
5 AKD36145 2787 intragenic (intron) noncoding o o 0 #DIVIDI  NA
5 U16672 119864 gene desert target is repeat - - - HVALUE! NA
5 574315 117468 gene desert target is repeat - - - HVALUE! NA
5 Muded3 12171 intragenic (intron) coding 48 90 12 0.51 GenelD:209586
5 AKDDB294 1179 intragenic (intron) coding o 0 0 #DIV/IDI NA
5 Kifaa 726 intragenic (intron) coding 7 144 23 0.05 GenelD: 16568
5 Gnb2-rs1 13230 & distal coding o o 0 #DIVIDI  GenelD: 14604
5 Prpt1 82765 5 distal coding 0 o 0 #DIVID!  GenelD:7T1701
5 AKOS0999 7516 intragenic (intron) noncoding o o 0 #DIVIOI  NA
5 AKO3T444 857 3 proximal noancoding o o 0 #DIVIO!  NA
5 AKD12687 3500 3 proximal noncoding 86 a7 74 232 NA
5 4933434M16RIK 38474 3 distal coding o o & #DIVIDI  GenelD:71203
5 Gpxd 3113 § proximal coding 2179 3108 595 0.70 GenelD:14779
5 Mif 12871 5 distal coding o o 0 #DIVID!  GenelD: 17319
5 AridSb 2481 intragenic (intron) coding 1 1] 12 #DIVID!  GenelD:T1371
5 Akapi2 11918 &' distal coding o o 0 #DIVIDI  GenelD:83387
5 AKD42044 intragenic (exon) noncoding 1] o 0 #DIVIO!  NA
5 Hmga2 49937 5 distal coding o 2 5 0.00 GenelD: 15264
5 AK025230 6952 3 proximal coding i3 26 34 0.23 NA
5 MyfS 3059 5 proximal coding 0 o 0 #DIVID!  GenelD:17877
5 AKD35048 23748 5 distal noncoding 0 o 0 #DIVIDL  NA
5 Eif4e2 353 intragenic (intron) coding 218 o 50 #DIV/ID!  GenelD:26987
5 Bignt? 3889 3 proximal coding BB 2 0 33.00 GenelD:227327
5 Slc19a3 0 intragenic (intron) coding o o 0  #DIVIOI  GenelD:B0721
5 Rpe 835 5 proximal coding 3 3 54 1.00 GenelD:66646
5 571484 2132 target is repeat - - - HVALUE! NA

190 5 Ndufb3 152 §' proximal coding 1 o 20 #DIVIDl  GenelD:66495

5 Z83810 29260 3 distal coding o 4 24 0.00 NA
5 D1Bwgl48ie 271 intragenic (intron) coding 1] V] 0 #DIVIO!  GenelD:56030
5 Hsést1 123747 gene desert coding 5 0 30 #DIV/IOI  GenelD:50785
5 Enah 10694 5 distal coding 216 10 81 21.60 GenelD:13800
5 Leftyl 10298 5 distal coding 194 4 ] 48.50 GenelD:13580
5 Adss 119404 gene desert coding o o 0  #DIV/O!  GenelD:11566
5 Uck2 13725 intragenic (intron) coding 53 49 52 1.08 GenelD:80914
5 Sulft 0 intragenic (exon) coding 7 o 0  #DIVIDI  GenelD:240725
5 Cdh7 B54455 gene desert coding V] o 0  #DIV/O!  GenelD:241201
4 Rnf12 714 & proximal coding o 7 o 0.00 GenelD:19820
4 AKDB1272 42543 5 distal coding 110 o 0 #DIVIDI  NA
4 AKD45841 23610 target is repeat - - - HVALUE! NA
4 2010204K13Rik 11101 3 distal coding 147 19 7 7.74 GenelD 68355
4 BCOG8151 148364 gene desert coding o o 11 #DIWIOI NA
4 Mid1 BO7 3 proximal coding o 272 o 0.00 GenelD:17318
4 Egfié 110874 gene desert coding 5 0 0 #DIVIDI  GenelD:54156
4 Acate2 100 §' proximal coding 15 2 a 7.50 GenelD 56360
4 2310007F12Rik 27586 5' distal coding [i] o B8 #DIVIO  GenelD:B9488
4 AKD53279 intragenic (intron) coding o 0 0 #DIVIDL NA
4 Clstn2 289 5' proximal coding 1] "] 9  #DIVID!  GenelD:B4085
4 C330005L02Rik 2797 5 proximal coding 65 7 40 9.29 GenelD:182287
4 AKDTT3ET 201605 gene desert coding 17 7 4 0.22 NA
4 4930486G11Rik 50085 3 distal coding 0 o 0 #DIVIDl  GenelD:75033
4 DppaS 1281 5' proximal coding 1444 1381 1] 1.05 GenelD:13915
4 Gemi 5193 5' proximal coding 36 3 a6 12.00 GenelD:14531
4 Onecutl 4297 intragenic (intron) coding 1] v] 0  #DIVID!  GenelD:15379

Muclease
Muclease
NA

Other kinase
Chaperone

Protein phosphatase
NA

Ribonucleoprotein

Molecular function unclassified
Storage protein
Glycosyltransferase

NA

A

Molecular function unclassified
MNA

Mierotubule binding motor protein
Other enzyme regulator

NA

NA

NA

Molecular function unclassified
Peroxidase

Other cytokine; Isomerase
Transcription cofactar

Kinase modulator

NA

Molecular function unclassified
NA

Basic helix-loop-helix transcription factor;Nucleic acid binding
NA

Translation initiation factor
Glycosyltransferase

Other transporter
Epimerase/racemase

Onidoreductase

A

Molecular function unclassified

Other transferase

MNon-motor actin binding protein
TGF-beta superfamily member
Synthetase, Other ligase

Mucleotide kinase

Esterase

Cadherin

Transcription cofactor

NA

NA

Molecular function unclassified

NA

Men-motor microtubule binding protein
Extracellular matrix structural protein
Esterase

Molecular function unclassified

NA

Cell adhesion molecule;Calmodulin related protein;Annexin
Mitochondrial carrier protein

MNA

Molecular function unclassified
Molecular function unclassified
Transcription factor:Nucleic acid binding
Homeabox transcription factor,Nucleic acid binding
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Icluater [v] Cluster Location

chra. 71813786
chrd 70178758
chrd 63383416
hrd 61593830
chrd BO639095
chrd, 50261200
chrd 47616013
chrd

Ve
lap
Size

chr@ T1813786-T1814717
chi9 T0178758-70181371
chifBI3BI416-63304164
chigi61593830-61595081
ChIgBOE39095-60640952
chr:50261200-50262564
chrd 4TE16013-47618122
chrd 3.

chr9. 45931218
chri 34535026
chri 30572838
chrd. 20626025
chrd 23204541
chrd 21741505
chrd, 21704009
chrg 21701622
chrg. 21520022
chra. 122590934
chrd 118350240
chrd 117049385
chrd, 114512279
chré 110851310
chri 10463277
chrd, 102155855
chré 95153959
chr8 03561669
chr S2678708
chrg. 83000853
chrg. 81934556
chri. 79663409
chr8 78203357
chr, 77628784
chr, 71397799
chr, 70557950
chrfi 68148527
chré 67519607
chrd 66067095
chr8 56517173
chré 53248699
chré 46880090
chré. 46774810
chré. 44007204
chrB 33682118
chr 3327183
chr, 32879323
chr, 24320346
chrd 23162322
chr8 22958831
chrd 18714331
chr8 15883517
chrii 14041342
chré 126447645
chrd. 123003626
chr8 121998684
chr 121703194
chr 119724398
chri 113823688
chrg. 111401766
chri. 109291943
chr8. 108034927
chré 107711579
chr, 105911998
chr7. 84820379
chr? 52925034

chr:45931218-45931787
«chrd: 34535026-34537504
«chrd:30572838-30574228
chrd: 20626025-20626083
chrd 23204541-23206548
chig.21741505-21742496
chi:21704099-21706060
chrg21701622-21703881
chr@:21529922-21531670
chr@:122590934-122595781
chrd:118359240-118360706
chrd 117049385- 117055094
chrd:114512279-114513529
«chr@:110851310-110953014
chrd: 10463277-10464 146
chrd:102155855-102156361
chr8 05153050-05155047
chiB 0356 1669-03562304
chrll 9267BT08-92679330
chr:83099853-84005074
chr8:81934556-81936427
chrg T9663409-T9664008
chr8: 78203357-78204258
chil TTE207T84-TT629333
Chrl 71397 799-71400656
ChIB 70S57950- 70560762
chrd:68146527-6814T918
chi B7519697-67520698
chi 66067095-66069102
chiB 56517 173-56517744
chr:532486099-53250274
chré: 46880090-46800182
chr8467T4810-46775638
chr8:44007204-44008033
chil 33692 118-33683244
chiB3327183-3320023
Chil32879323-32880551
chrB;24320346-24321952
chrd: XH162322-23162718
che: 22058831-22060021
chid 187 1433118717012
chig 15883517-15883961
chri: 140413421404 1889
chrd:126447645- 126448062
chr:123003626- 123004149
chi8 121008684-122000244
chiB121703184-121704400
chel 119724398-119725062
chel 113823688-113824474
chr8:111401766-111402513
chr8:109291943-100294732
chrB:108034927-108036199
chid 107711579-107715079
chrd 105911998-105912710
chi7.94820373-04021448
chrT92025034-02028183

4 Grnlla

4 Bnip2

4 C230094B15R1Kk
4 Thed

4 BBG3IS940 EST
4 Neamt

4 Igstda

4 2900052M01Rik
4 CF104778 EST
4 Kirral3

4 874315

4 Hnt

4 Bmper

4 Ankrd25

4 Spbe2d

4 Spbe2d

4 1810026J23Rik
4 AKD48438

4 Eomes

4 Rbms3

4 Cnot10

4 Tegf

4 BYT23902 EST
4 Ephb1

4 BCO31853

4 Nup93

4 Cesl

4 Mfix

4 BYD17886 EST
4 Gypa

4 AKOS2736

4 2410193C02RIK
4 EpsiSrs

4 2310015110R#K
4 AtpBvib2

4 4732435N03RiKk
4 U16672

4 AK038453

4 AKZ14828

4 AKD3I5426

4 Ingll

4 AJ250TEE

4 Duspd

4 Arhgel18

4 Rbpms

4 Fairl

4 CB182672 EST
4 AKO42923

4 U16670

4 Csmdi

4 2610019F03Rik
4 Pard3

4 Gasd

4 BBBE5A44 EST
4 AK196871

4 BAI05ABMOBRIK
4 Wwox

4 Terf2ip

4 Tat

4 Atbf1

4 U16672

4 Cdni

4 5y19

4 46324 19K20Rik

Candidate Octd target gene | Distance |Binding site location

coding/ MPSS | MPSS | MPSS ES/EB
nonceding (ES) | (EB) | (NS) ratio Panther_ID
8055 5 proximal coding 197 128 102 1.5 GenelD:28015
56684 5 distal coding 1" 0 44 #DIVIOI GenelD12175
60 miragenic (intron) coding 0 0 0 #DIVIOL GenelD:207667
721 5 proximal coding o o 13 #DWVIOL GenelD:21887
intragenic (intren) coding - - - #®VALUED NA
336206 gene desert coding o o 28  ADVIOI GenelD: 17967
16795 & distal coding 0 0 49 #DIVIOI GenelD:54725
21908 5 distal coding 1] o a  #DVIOL GenselD 73040
800 5 proximal coding - - - HVALLIEL NA
69082 intragenic (intron) coding i] ] 13 #DVIOI GenelD:6TT03
43708 target is repeat - . - EVALUE! NA
246107 infragenic (intron) coding 0 o 20 H#DIVIDL GenelD:235106
5386 mtragenic (intron) coding 0 0 0 #DIVIOL Genel:73230
338 5 proximal coding 0 0 0 #DIVIOL GenelD235041
1899 5 proximal coding o o 0 #DWVID GenelD.67629
437 5 proximal coding o o 0 #DOWVIDL GenelDiGTEZ0
0 intragenic (exon 1) coding o o 0 DIVl GenelD:G9T73
S000 3 proximal noncoding o o 0 HDIVIOI  NA
88332 5 distal coding 0 28 1] 0.00 GenelD:13813
21306 intragenic (intron) coding o o 9 #DIVIOL GenelD: 207181
1250 F proximal coding 121 35 58 346 GenelD 78893
2256 5 proximal coding 426 172 i} 2.48 GenelD:21667
intragenic (intron) i - . - EVALUE! NA
38760 intragenic (infron) coding 0 0 20 #DIVIOL GenelD:270190
27048 ¥ distal coding 3 0 4 #DIVIOI  GenelD: 234595
42 ntragenic (miron) coding 145 B9 100 210 GenalD: 71805
560 miragenic (miron) coding 0 0 0 #DIVIOL Genel 12623
475 intragenic (intron) coding 4] ] 0 H#DIVIDl GenelD:18032
i ic (intron) i - - - HVALUE! NA
321 §' proximal coding o o 0 HDMVIDI GenelD:14934
37894 5 distal coding 0 o 0 #DIVOI NA
GEA intragenic (intron) coding 0 0 0 #DIVIOL GenslD:TETTS
1927 intragenic (intron) coding 1} 0 0 #DIVIDI  GenelD: 13859
7763 3 proximal coding 58 264 ] 0.22 NA
8220 3 proximal coding 111 89 a9 1.25 GenelD: 11566
32389 intragenic (intron) coding o o 26 #DIVIOl GenelD:234356
131609 gens desert target is repeat = - - ®VALUEI NA
5630 {infron) 0 840 0 0.00 NA
1200 3' proximal noncoding [i] ] 0 #DIVIDL NA
13376 5 distal coding i] ] 0 EDIVIDI NA
52821 ¥ distal coding 41 3T 18 1.1 GenelD:69260
17344 intragenic (intron) coding 102 109 152 .94 NA
74437 5 dustal coding 1 1 2 0.09 GenelD:319520
12350 mitragenic (intron) coding 33 7 5 0.46 GenelD; 102008
13305 intragenic (intron) coding 28 105 12 0.27 GenelD: 19663
11157 intragenic (intron) coding 14 1T 194 0.08 GenelD: 14182
i ie: (intron) i - - - EVALUEL NA
20731 5 distal noncoding 0 o 0 4DVl NA
155862 gene desert targel is rapeat - - - HVALLEL NA
51355 3 distal coding 0 0 0 #DIVIOL GenelD94109
40373 5 distal coding i] ] 0 #DNVIOI GenelD:72148
455 5' proximal coding 2 33 108 0.06 GenelD:93742
1090 3' proximal coding 44 60 18 0.73 GenelD: 104346
mlragenic (mlron) coding s - - AVALUE!L NA
{mtron) 1] 0 0 #DIVIL NA
110037 gene desert coding 0 0 50 #DIVION  GenelD:234797
5506 miragemc (ntron) coding o o 6 #DIVIDl  GenelD.80707
41310 ' distal coding 1 o 14 #DIVIDT GenelD:57321
13462 5" distal coding o o G HDIVIOI  GenelD:234724
7730 intragenic (infron) coding o 2 3 0.00 GenelD:11906
59093 target is repeat - - - EVALUE!L NA
247 intragenic (intron) coding 264 416 1] 0.63 GenelD:12550
4704 proximal cading 0 0 0 #DVI0I  GenelD:60510
100 &' proximal coding i] ] 0 #DNVIOI GenelD:74349

Molecular function

Molecular function unclassified

Other nuscallaneous function proten

Other transcnption factor

Transcnplion cofactor,Other miscellaneous function protein
NA

CAM family adhesion molecule

Receptor

Molecular function unclassified

HA

CAM family adhesion molecule

WA

CAM family adhesion molecule

Extracellular malrx glycoproten
Transcnphion facton Nucleass

Molecular funchon unclassifed

Molecular function unclassified

Molecular function unclassified

NA

Other transeription factorNucleic acid binding
Single-stranded DNA-binding protein, Replication ongin binding protein
Molecular function unclassified

Growth factor

WA

Tyrosine protein kinase recaptor, Protein kinases
Other transporter

Molecular nebon unclassifed

Eslerase

Other transcription factor;Mucleic acid binding
MA

Molecular function unclassified

NA

Transporter;Mitochondrial carmier protein

Other membrane traffic protein

NA

Other ligand-gated ion channel:Anion channael;Hydrogen transporter
Glycosyliransferase

NA

NA
WA
WA
Acetyltransferase
MA

Kinase inhibitor, Protein phosphatase
Guanyl-nucleatide exchange factor
MNuclease

Tyrosing protein kinase receptor, Protein kinase
NA

NA

NA

Complemsant companent

Molecular function unclassified

Tight junction

Molecular function unclassified

NA

NA

Molecular funchon unclassified
Oxoreductase

Other nucleic acid binding
Synthase: Transaminase

Other zine finger transeription factor;Nucleic acid binding
NA

Cadnenn

Membrane traffic regulatory protein
Molecular function unclassified
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5te
chr? 87256258
chr? 85146479
chr? 83636864
chr? 83423873
chr7 TOBBSTET
chr? 67266900
chr? 64837434
chr7 60177562
chr7 57629809
chr7 52804552
chr7.31890283
chr7 18012853
chr7.17421119
chr7,13254128
chr7. 131597995
chr7 121646606
chr7 121571662
chr7. 119636262
chr7 116826858
chr7 115475726
chr7 115281019
chr7 102395146
chr7 100333557
«chrG 99902987
«chré 98338680
chr 98332671
chr@ 98005188
chrg. 85115634
chrg. 84175274
chr 86626880
chré 88533615
chr 85512304
chr. 84304114
chr. 83193863
chrg. 77433325
chrB. 73014602
chré. 72443064
«chr6.71990203
chr. 71852818
chr8. 70973214
chré 68884807
chr@ 67783795
chré 85148447
chr@ 63223384
chrB. 5171724
chrB 48721382
chrB 48717417
chré. 38347626
chré 38223856
chrg 3TTEET4E
chré. 35136885
«chré. 34084857
«chré. 32081606
chr 28489546
chr. 28467503
chrg. 17654114
chrf. 140742634
chr. 140305812
chr. 13503151
chr. 128208181
chr, 128115538
chr, 128100438
chrB, 128539157
chri, 128346035

lap

ster Location Size
chrT :87256259-87256763
chr7:85146479-85151867
chrT :83636864-836380654
chiT B3423873-83424049
chr7 . TO6E5TET-TOE90649
chr7 67266900-67267387
chr7 64837434 7

Candidate Octd tal
4 CD351614 EST

4 4921513004

4 Odzd

4 Odzd

4 AKODB2155

4 AKOD28896

chr7 B0177562-60178626
chr7 . 5T629809-57630720
chr7:52004552-52005113
chr7:31890283-31890875
chr7:18012053-18014140
chr7:17421119-17426238
chr7:13254128-13254554
chr7:131597995-131598470
chr7: 121646606-121647095
chr7: 121571662-121572271
chr7:119636262-119637158
chr7:116926058-116930828
chr7:115475726-115476519
chr7:115281019-115284036
chr7:102395146-102396433
chr7:100333557-100334481
«chrf:99902087-95004011
chrf:98338680-98339325
chrB:98332671-98334183
chr6:98095188-98095078
chrf:95115634-95116786
chrf:94175274-941T6663
chrf:S6626860-86627404
chrf:86533615-86537412
chrf:85512304-85517401
chr:84304114-84306561
chrf:83193863-83194864
chrB:T7433325-TT434503
«chrB:73014602-73015570
chrf: 7244 3064-T2444523
chrB:71990203-71894036
chrf:71852818-71853834
chrf:70873214-T0074683
chrB:68084807-68086144
chrB:67783795-67787852
chrB:65148447-65149665
chr6:63223384-63223048
chrB:5171724-5172364
chr:48721382-48722021
chrB:48717417-48718801
chrf:39347626-39349207
chrf:38223856-38224814
chrf:3TTEET48-37TTET1683
chrfi:35136865-35137562
chrf:34084857-34085656
chrf:32081606-32082640
chrf:20489546-20490110
chrf: 20467503-20468541
chrfi:17654114-17655644
chrfi: 140742634-140743752
chr6:140305912-140306987
chr8:13503151-135036853
chr:120209191-129215995
chrB:120115538-120116635
chrB:120100438-129101663
chri:128539157-128540580
chr;128346035-128348113

AKD45841
BBG40622 EST
Peoské
2310044H10Rik
Ryr1

Lrfn1
2410005H09RIK
BU236261 EST
Adam12
Adam12

4 Cpxm2

4 Wdr11

4 BCOBT209

4 Stx1b2

4 3830422K02Rik
4 AKOBT240

4 AKD47332

4 AKO052885

4 AKD52895

4 557425

4 Lrig

4 Baiap1

4 Tgfa

4 Tgfa

4 SfunS

4 Dysf

4 DEMmSe

4 Catna2

4 Tef3

4 Atohs

4 DEEMd253e

4 AK129204

4 Rpia

4 AF206028

4 ABD45138

4 Smarcadl

4 AKD45041

4 Asbd

4 1810009MO1Rik
Gimap3

Mirn1
B130055L09RIk
Trim24
BC045524
Sle35b4

4 Plxnad

4 Tnpo3

4 Tnpo3

4 s17

4 Aebp2

4 PlekhaS

4 BB3IDDOSN14Rik
4 BCO34132

4 AKDBBI3T

4 AKDBBO3T

4 Tspanii

4 Hrmt1l4

bbb bbb BB RES

4
4
4
4
4
4

coding/ MPSS | MPSS | MPSS
Distance |Binding sit ation |noncoding (ES) | (EB) | (NS)
50 5 proximal coding - - -
66 intragenic (intron) coding a 20 20 0.00 GenelD:233537
18126 intragenic (intron) coding ] o 0  #DIVIO!  GenelD:23966
5309 5 proximal coding 0 0 o GenelD:23966
348 ic (intron) di Q o o NA
769 5 proximal coding 0 o T NA
103389 gene desert target is repeat - - - NA
132381 gene desert target is repeat - HVALUE! NA
intragenic (intron) ding - - - HVALUE! NA
11213 intragenic (intron) coding Q 0 0 #DIVA!  GenelD:18553
82 intragenic (intron) coding ] 0 0 #DIV!  GenelD:GD683
232 intragenic (intron) coding 0 23 0 0.00 GenelD:20190
1834 5 proximal coding ] 0 0 #DIVO!  GenelD:80749
1459 3 proximal coding 78 4 82 19.50 GenelD:232969
intragenic (intron) coding - - - H®VALUEI NA
9987 intragenic (intron) coding ] 0 55  #DIVIO!  GenelD:11489
9833 intragenic {intron) coding 0 0 55 #DIVID!  GenelD:11489
27055 3 distal coding 15 o 22 #DIVID!  GenelD:55987
170529 gene desert coding [ B2 24 0.10 GenelD:207425
0 intragenic (exonic, 5' utr coding 0 o 0 #DIVID!  NA
4 intragenic (intron) coding " B5 82 0.17 GenelD:56216
262193 gene desert coding 0 o 0 #DIVAD!  GenelD:233752
16000 5 distal noncoding 0 o o NA
intragenic {exon) coding 0 o o NA
20828 intragenic (intron) coding 0 o o NA
15657 intragenic (intron) coding [} o 0 #DIVAD!  NA
64198 target is repeat - - - #VALUE! NA
50936 5 distal coding 1 19 599 0.05 GenelD:16206
59779 intragenic (intron) coding 4 0 32 #DIVID!  GenelD:14924
21032 ¥ distal coding Q 0 0 #DIVO!  GenelD:21802
9207 intragenic (intron) coding Q 0 0 #DIVID!  GenelD:21802
1701 intragenic (intron) coding 5 0 0 #DIVI!  GenelD:94282
729 intragenic {intron) coding Q 0 0 #DIVA!  GenelD:26903
188 intragenic {intron) coding T2 0 14 #DIVIOI GenelD:110958
47990 intragenic (intron) coding 7 0 53 #DIVA!  GenelD:12386
712 intragenic {intren) coding Q o 0 #DIVAD!  GenelD:21415
B483 intragenic {intren) coding T 30 o8 2.37 GenelD: 71093
4108 intragenic (intron) coding ] o 0 #DIVIO!  GenelD:52250
76 intragenic (intron) coding g 17 3z 0.53 NA
0 intragenic (exon 1) coding 3 2 23 1.50 GenelD:18885
84104 & distal coding 3 2 19 1.50 NA
intragenic (intron) coding o ) 0 #DIVID! NA
385 intragenic (intron) coding T 5 11 1.40 GenelD:13990
110469 gene desert target is repeat - - - #VALUE! NA
13777 3 distal coding 19 B 52 2.38 GenelD:65255
33312 3 distal coding 0 4 157 0.00 GenelD:65963
35515 § distal coding 0 0 0  #DIV/IO!  GenelD:B3408
518 5 proximal coding 386 348 3 1.11 GenelD:54484
247 intragenic (intron) coding a o 0 #DIVIO!  GenelD:208032
13063 5 distal coding 13 32 20 4.09 GenelD:21848
273 intragenic (intren) coding 24 23 75 1.04 NA
10683 5 distal coding 3 48 54 0.06 GenelD:56246
B83 intragenic {intren) coding ] 1] 0 #DIVIO!  GenelD: 243743
22480  distal coding 219 39 46 5.62 GenelD:320938
248 5 proximal coding 218 39 48 562 GenelD:320938
5774 intragenic {intron) coding 0 ] 0  #DIVAD!  GenelD:84213
1708 5 proximal coding 38 3 42 12,67 GenelD:11569
6389 5 proximal coding 0 0 0 #DIVA!  GenelD:109135
70000 5 distal coding Q 0 0 #DIVA! GenelD:101148
7957 5 proximal coding ] 0 0 #DIVAOI NA
11795 intragenic (intron) ding 0 0 0 #DIV/OI  NA
8154 intragenic {intron) il ] 0 0 #DIVIDl  NA
5881 intragenic (infron) coding 0 o 0 #DIVIO!  GenelD:68488
3217 intragenic {intron) coding 0 0 0 #DIVD!  GenelD:381813

Molecular function unclassified
Other receptor;Memb bound si
Other receptor;M
NA

A

MNA

NA

NA

Serine protease
Malecular function unclassified

Other ligand-gated ion channel;lon channel
Nuclease

Malecular function unclassified

NA

Metalloprotease

Metalloprotease

Metalloprotease

Molecular function unclassified

NA

SNARE protein

Malecular function unclassified

MNA

MNA

MNA

NA

MNA

Other cell adhesion molecule

Kinase

Other cytokine

Other cytokine

Receptor, Transporter;Other transfer/carrier protein
Other membrane traffic protein

Molecular function unclassified

Cell adhesion molecule;Non-motor actin binding protein
HMG box transcription factor,Nucleic acid binding
Transeription factor

Malecular function unclassified

NA

Epimerase/racemase

NA

NA

DMA helicase;Hydrolase

MNA

Other signaling malecule

Other receptor

Other miscellanecus function protein

Mucleic acid binding

Molecular function unclassified

Transcription cofactor;Nucleic acid binding

NA

Other transporter

Tyrosine protein kinase receplor, Protein kinase
Other transporter

Other transporter

Other miscellanecus function protein

KRAB box transcription factor,Nucleic acid binding
Molecular function unclassified

Malecular function unclassified

NA

NA

NA

b bound signali

bound i

Other cell
Methyltransferase
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lap
Cluster ID Cluster Location Size Candidate Octd target gene
chr6.1233443093 chri:123344303-123346326 4 Manog
chrB 123126281 chrB:123126281-123128025 4 BCO52078
chr@, 120705087 chrB:120705087-120707043 4 AKDS2280
chr6.119715920 chr6: 1197 15920-119716600 4 Al241794
chrf. 108497005 chr: 108497005-108498284 4 Sumf1
chr6. 102356760 chr6:102356760-102357560 4 U18870
chr5.99401499  chr5:92401499-25402517 4 Wafy3
chr5. chrb:! 22} 4 MkxB-1
chr5.95625391  chr5:956253081-95628889 4 BCO49770
chr5.91927883  chr5:91927863-91020273 4 DSErtd608e
chr5.91723468  chr5:91723468-91725840 4 Shrm
chr5.86564321  chr5.:86564321-86566300 4 Csng
chr5.86142178  chr5:86142178-86142022 4 AW113456 EST
chr5. 85650080  chr5:85650080-85651028 4 BCO22897
chr5.76042137  chr5:TE042137-T6044020 4 2610024G14Rik
chr5.71089522  chr5:71089522-71100205 4 Corin
chr5.62566719  chr5:62566710-62567658 4 AAS3IET43
chr5.52120203  chr5:52120203-52130373 4 C04209845 EST
chr5.49783202  chr5:40783202-45784126 4 Ppargcia
chr5.46001751  chr5:46081751-46092306 4 AKD45941
chr5.44793203  chr5:44793203-44794366 4 Mir1
chr5.42424203  chr5:42424203-42425381 4 Bst1
chr5.37260080  chr5:37260080-37260810 4 Clnk
chr5.33085153  chr5:330685153-33086513 4 2610033H07Rik
chr5.32383796  chr5:32383796-32384452 4 Whsc2
chr5.26857092  chr5:26857092-26858091 4 Shh
chr5.26200307  chr5:26200307-26200849 4 Paxip1
chrs. chrs: 23066722 4 Gmadd
chr5.17162077  chr5:17162077-17163101 4 AKD45941
chr5.15331322  chr5:15331322-15332328 4 AKD45941
chr5. 146683678 chr5:146683678-146685254 4 AloxSap
chr5.145086866 chr5:145086866-145087365 4 Fitl
chr5. 141946134 chr5:141846134-141547295 4 AKD48027
chr5.141512694 chr5:141512694-141513224 4 Ocm
chr5,137532455 chr5:137532455-137533387 4 Madiil
chr5.134736286 chr5:134736286-134737671 4 Ephb4
chr5.133102122 chr5:133102122-133102766 4 Usmg1
chr5.133074425 chr3:133074425-133076689 4 Rhbdl7
chr5.132388815 chr5:132388815-132350633 4 Cldn4
chr5.131385114  chr5:131385114-131385700 4 AKD45841
chr5.130065285 chr5:130065285-130065729 4 AKD52418
chr5. 126155472 chr5:126155472-126157985 4 Fzd10
chr5.125104638 chr5:125104638-125108339 4 AKD35053
chr5, 120689757 chr5:120689757-120891167 4 BCO35201
chr5.118323579 chr5:118323579-118326746 4 Oas3
chr5.117899621 chr5:1176899621-117901573 4 Lhx5
chr5. 115967040 chr5:115867040-115968139 4 AKDAT4D1
chr5.113374076 chr5:113374076-113375248 4 Cit
chr5.111925481 chr5:111825481-111927082 4 Mvk
chr5. 110689641 chr5:110689641-110690630 4 Rutbe2
chr5.110681250 chr5:110681250-110882080 4 AKD15101
chr5. 110583354 chr5:110583354-110584342 4 BYT24384 EST
chr5. 109561001 chr5:108561001-109564359 4 AKD28326
chr5.107765850 chr5:107765850-107768331 4 BCOSg932
chr5. 107736938 chr5:107736038-107738148 4 2410025L10Rik
chr5. 101097325 chr5:101097325-101098373 4 Milt2h
chrd 98292289  chrd:98292289.95293814 4 Pgm2
chrd 84516223  chrd:B4516223-84516819 4 CV555842
chrd 80700843  chrd:80799843.80801832 4 AW108080 EST
chrd 72533123 chrd:72533123.72534211 4 Jmjd2e
chrd 70472882  chrd: TO4T2882-70474883 4 Tie1
chrd B4B5TTT4  chrd:B4657774-64658680 4 Astn2
chrd 0317138 chrd:60317138.60317925 4 Mup3
chrd 57048978  chrd:57048978-57049549 4 Akap2

coding/ MPSS | MPSS | MPSS ESIEB
Distance |Binding site location |noncoding (ES) | (EB) | (NS) ratio Panther_ID [ function
24 5 proximal coding 112 456 o 0.25 GenelD:71950  Homecbox transcription factor;Nucleic acid binding
18640 5' distal coding 0 0 25  #DIVIDI NA MA
12012 3 distal coding 0 ] 0 #DIVODI NA NA
502 intragenic (intron) coding ar 47 25 0.79 GenelD:211187  Molecular function unclassified
0 intragenic (exon, 3'utr) coding 4 0 4  #DIVIOI GenelD:58211  Meolecular function unclassified
60188 target is repeat - - - HVALUE! NA NA
13825 intragenic (intron) coding 3 4 52 0.75 GenelD:72145  Other membrane traffic protein
117792 gene desert coding 0 4 35 0.00 GenelD: 18096  Homecbox transcription factor
21290 5 distal coding 0 0 0 #DIVODI NA NA
7463 intragenic (intron) coding 124 58 184 2.14 GenelD:52308  Other cytoskeletal proteins
21482 intragenic (intron) coding 2 Q 0 #DIVIO!  GenelD:27428  Non-motor actin kinding protein
2272 5 proximal coding a 0 0 #DIVIOI GenelD:12883  Molecular function unclassified
intragenic (intron) coding - - - HVALUE! NA NA
21208 3" distal coding 35 28 20 1.35 NA MA
219 intragenic (intron ) coding Q Q 0  #DIVIDl  GenelD:56412  Molecular function unclassified
6802 intragenic (intron) coding 1] 1] 18 #DIVIDl  GenelD:53419  Receptor,Serine protease
2391 intragenic (infron) coding 38 568 94 0.64 GenelD:100532 Molecular function unclassified
intragenic (intron) coding - - - #VALUE! NA NA
206248 gene desert coding Q 0 8 #DIVIDI  GenelD:19017  Transcription cofactor
180097 gene desert target is repeat - - - HVALUE! NA MA
315381 gene desert coding 58 17 2 341 GenelD:208707  Molecular function unclassified
4338 & proximal coding 1] 1] 0 #DMWVID! GenelD:12182  Glycesidase,Cyclase
8088 3 proximal coding 0 0 0 #DIVIO!  GenelD:27278  Other signaling molecule
T01 intragenic (intron) coding T 64 62 1.11 GenelD:75416  Molecular function unclassified
94 5 proximal coding 0 27 2 0.00 GenelD:24116  Molecular function unclassified
529 intragenic (intron) coding 0 Q 0 #DIWVID! GenelD:20423  Other signaling molecule;Protease
23009 5 distal coding 0 0 0 #DIV/O!  GenelD:55882  Molecular function unclassified
39009 3 distal coding 0 0 0 #DIWVIOI GenelD:242891 Chaperonin
188347 gene desert target is repeat - - - HVALUE! NA MA
26707 target is repeat - - - #VALUE! NA NA
61948 3 distal coding 159 8 35 19.88 GenelD:11690  Other miscellaneous function protein
36224 5 distal coding 0 0 0 #DIVIO!  GenelD:14254  Tyrosine protein kinase receplor;Protein kinase
32606 3 distal coding 1] 1] 0 #DIVIDL NA NA
2776 5 proximal coding [1} [1} 0 #DIV/O!  GenelD:18261  Calmodulin related protein
8552 intragenic (intron) coding 38 14 T 271 GenelD:17120  Molecular function unclassified
1131 intragenic (intron ) coding 3 22 3 0.14 GenelD:13848  Tyrosine protein kinase recepior; Protein kinase
12829 5 distal cading 0 0 16 #DIVID!  GenelD:83676  Molecular function unclassified
2846 5" proximal coding 3 30 1 0.10 GenelD:215160  Molecular function unclassified
0 intragenic (exon, 3'utr) coding 0 0 0 #DIV/O!  GenelD:12740  Tight junction
112367 gene desert target is repeat = - - #VALUEl NA NA
100989 intragenic (intron) coding 0 1] 0 #DIVIDE  NA NA
144 5 proximal coding 1] 1] 0 #DIVIO!  GenelD:93887  G-protein coupled receptor
1043 intragenic (intron} coding 1] 1] 0 #DIVIOP NA MNA
132 intragenic (intron} coding 23 0 6 #DIV/IDI  GenelD:208043  Zinc finger transcription factor;Nucleic acid binding
B067 intragenic (intron) coding Q 4] 0 #DIWO!  GenelD:246727 Nucleic acid binding;Synth Nucleotidyl i Defense
22604 5 distal coding 0 0 0 #DIV/O!  GenelD:16873  Other zinc finger transcription factor
12381 & distal noncoeding 0 0 0 #DIvio! NA NA
48 intragenic (intron) cading 0 0 0  #DIV/O!  GenelD:12704  Non-receptor serine/threonine protein kinase
53590 3 distal coding 2 1] 55 #DIV/0! GenelD:17855  Other kinase
22382 5 distal coding il Q 0 #DIVIOI  GenelD:52850 Other G-protein traffic reg ¥ protein
3000 5 proximal noncoeding ] 0 0 #DIVOI NA WA
i (intron) i = - - HVALUEI NA NA
i (exon) g 0 0 0 #DIVIDI  NA NA
intragenic (intron) coding 0 0 0 ®DIVIDI NA MNA
20354 5 distal coding 0 0 28  #DIVID!  GenelD:381668 Molecular function unclassified
18406 5' distal coding 0 20 0 0.00 GenelD:17355  Other transcription factor
14657 intragenic (intron) coding 24 1M 126 218 GenelD:72157  Mutase
intragenic (intron) coding 0 0 0 #DIViD NA NA
intragenic (intron) coding - - - HVALUE!I NA NA
2410 intragenic (intron) coding 28 0 2 #DIVA  GenelD:78804  Other transeription factor
872 intragenic (intron) coding 1] 4] 0 #DMVO! GenelD:21885  Transcription cofactor;Other miscellaneous function protein
64485 intragenic (intron) coding 1] 4] 20 #DIVAD! GenelD:58079  Molecular function unclassified
93331 3 distal coding 0 1] 0 #DIV/0! GenelD:17842  Other transfer/carrier protein
23398 intragenic (intron) coding Q 0 0  #DIVAO!  GenelD:11841 Other miscellaneous functicn protein
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Cluster ID

chrd 56420404
chrd 56121888
chrd. 54450767
chrd 53033766
chrd 52441407
chrd 48612656
chrd 47755767
chrd 45063950
chrd 45057327
chrd 44231959
chrd 41786501
chrd 41774135
chr4 41660585
chrd 36685813
chrd 33174704
chrd 18321870
chrd 148563633
chrd 148332448
chrd 148181302
chrd. 147555328
chrd, 147481564
chrd, 147329935
chrd, 143773264
chrd. 143606708
chrd. 142647542
chrd 140796275
chrd. 140526893
chrd, 140021399
chrd. 139324679
chrd. 13826052
chrd 137154475
chrd. 136869843
chrd, 133061303
chrd 133184701
chrd 130829320
chrd. 130519117
chrd. 128888808
chrd 128871192
chrd. 128330221
chrd 12580208
chrd 123978204
chrd 123834708
chrd 122811350
chrd 117371750
chrd, 115758745
chrd 115707525
chrd 114223207
chrd 107372144
chrd 106596271
chrd. 106564203
chrd, 106336868
chrd. 104905632
chrd. 100234682
chr3, 97160114
chr3 96390757
chr3. 95606981
chr3 9286570
chr3. 90721137
chr3.8o308540
chr3 88726185
chr3 88393287
chr3.8T023531
chr3 84384024
chr3 81498413

TOvEr-

lap coding/ MPSS | MPSS | MPSS
Cluster Location Size Candidate Cctd target gene | Distance |Binding site location |noncoding (ES) | (EB) | (NS)
chrd: 56420404-56434085 4 AKOS2790 10000 5' proximal noncoding [1] [i] 0 &DII0E NA
chrd:56121888-56122770 4 Catnall 6344 infragenic (infron) coding 2 i] 0 #DIVIOl GenelD:54366
chrd:54450767-54451480 4 Zfpd62 124613 gene desert coding 283 267 168 1.06 GenelD:242466
ched:53033766-530347530 4 Tal2 2590 3 proximal coding 0 i 0 4DV GenelD:21350
chid 52441407-52442203 4 AKD15122 8000 3 proximal noneading o 0 19 #DIVIOL NA
chrd:48612656-48613513 4 CT30036015Rik 11605 3' distal coding 0 [i] 0 #DIVO GenelD:209186
ched:4TT55767-47758539 4 5730528L13Rik 29447 5 distal coding 15 0 4B EDIVIOL  GenelDGH6B5
chrd A5063959-45064517 4 lgfplt 2680 intragenic (intran) coding [1] 0 0 #DIVIO GenelD 75426
chrd 45057 327-45058744 4 lgfoplt 5 intragenic (intron) coding o [i] 0 #DIVD GenelD: 75426
ched:44231959-44234733 4 Grhpr 101 infragenic (intron) coding 44 176 12 0.25 Genell 76238
chrd 41786501-4 1788609 4 Cnitfr 413 intragenic (intran} coding [1] 0 0 #DIVIO GenelD 12804
ched 417 7413541776617 4 Cnlfr 2757 intragenc (intron) coding L] 0 0 #DIVII GenelD. 12804
ched:41660585-41661242 4 Dnaic 186 5' proximal coding ] o 0 4DV GenelD:68922
chrd 366R5813-36688019 4 L1BBT0 14789 target is repeat - - - WVALUEL  MA
ched 33174704-33176168 4 Ankrdb 20698 ntragenic (ntron) coding 0 0 0 #DIVIDN GenelD 140577
chrd: 18321870-18323571 4 Mmp16 276937 gens dosert coding 1] o 0 #¥0DIVID GenelD:17389
chrd: 148563633- 148564243 4 Dnb5 25846 5 distal coding L] 128 12 0.00 GenelD 242773
ched 148332448-148333482 4 BOSG1509 EST intragenc (intron) coding - - - HVALUED MNA
chrd: 148181302- 148182311 4 Enol 47304 3 distal coding B423 5926 1407 1.42 GenelD: 13806
chrd: 147555328 147558271 4 Pik3cd 2504 intragenic (intron) coding o 1 2 0.00 GenelD: 18707
ched; 147481564-147483415 4 Clstnl 9293 intragenic (intron) coding 0 0 B4 HDIVIOL  GenelDB5845
©hrd; 147329035-147331644 4 Rbp? 4522 3 proximal coding L] 0 0 #OVAOI  GenelD:63954
chrd: 14377 3264143777530 4 CF164191 EST i ic {intron) di - - - #VALUE! NA
chrd: 1436067 08-143607969 4 Tnfrsfd 2244 nfragenic (intron) cading ] 0 0 #DIVA GenelD:21841
chrd; 142647542- 142649165 4 BOOS2E2T 32456 & qistal coding G 0 0 #DIVAOI  NA
chrd: 14079627 5- 140THGET3 4 AKD5Z952 0 i ic (exon, 3ufr) di o i] T #DIVIDI NA
chrd:140526693-140526449 4 BCOD3ZTT 12273 intragenic (intron} coding o o 0 #DIVAOT GenelD:214359
chrd; 140021399-140022628 4 2410043F D8RIk 11382 3 aistal coding 179 94 0 1.90 GenelD:74202
chrd:139324679-130325150 4 AKD15793 4500 5 proximal noncoding o i] 0 #DIVIDI NA
chrd:13828052-13828958 4 Cbfaztih 10751 3 distal coding 14 o 83  H#DIVA! GenelD:12395
chrd 137154475137 155788 4 Ubxd3 17118 3 distal coding [1] o 0 #DIVIOL GenelD: 212190
chrd: 13686084 3- 136870583 4 DG10009K11Rik 18138 5' distal coding o i] 14 #DIVIN GenelD:GE350
¢hrd:133961303-133962027 4 4930555121Rik 2564 intragenic (intron) coding o o 3 HDIVIOD GenelD:TSE06
chrd 133184701-133185516 4 Ldirap1 14442 3 distal coding 4 16 1] 0.25 GenelD 100017
ched: 130829320- 130830555 4 Med18 188 intragenic (intron) coding 33 2 0 1567 GenelD 67219
¢hr4:130519117-130519740 4 Taf12 3847 &' proximal coding o 27 16 0.00 GenelD:G6464
chrd 1 28A88808-126889753 4 Pumi 23141 5 distal coding a0 2 12 20,00 GenelD 80912
ched 12887 1192-128872853 4 26102006 18Rk 10882 3 distal coding a4 29 270 117 GenelD 67149
chrd:128330221-128331394 4 AKDOS651 250 &' proximal noncoding o 1] 0 DIV NA
ched: 12569206-12500245 4 LMB670 48116 target is repeat - - - EVALUE! NA
ched: 1230782094-1230980198 4 AF245444 50822 & distal coding o 0 0 DIV MA
ched 123834708-123835157 4 Fn 30485 5 distal coding 5 1 12 500 GenelD: 14325
ched: 122811350-122812844 4 CA4B4466 EST i ic (intron) ding 5 = - WVALUEL  NA
ched: 11T37T1750-117372829 4 AAB33215 EST 4000 5' proximal noncading L] 0 0 ®DVOL NA
ched 115758745-1157509528 4 4931406120R5k 37973 intragemc (intron} coding 67 102 36 0,66 GenelD.BETA3
«chrd: 115707525- 115709110 4 4931406120Rik 12259 intragenic (intron) coding 67 102 36 0.66 GenelD:56743
chrd: 114223207-114224604 4 Menk1 0 infragenic (exon, Yulr) eoding L] 14 7 0.00 GenelD 17346
ched 107372144-107372983 4 Nrd1 535 intrageme (intron} coding 6193 1} 0,03 GenelD 230508
chrd: 10659627 1- 106559825 4 AK122545 2883 5 proximal coding B0 o 1 #DIVEN NA
chrd: 106564293 106565276 4 AK122545 11170 3 distal coding 60 [i] 1 #DIVA NA
ched 106336868- 106337976 4 Sicla? 1074 intragerc (intron) coding 1 0 141 EDIVIL GenelD: 242607
chrd: 104905632- 104906175 4 Dher24 637 3 proximal coding 10 26 20 0.38 GenelD:74754
chrd:100234682- 100235434 4 C130073F10Rik 493 3' proximal coding 19 3 o 6.33 GenelD:242574
chid 97 160114-97 160673 4 Acpb 134 intragenic (ntron} coding 28 16 42 1.75 GenelD.GEE59
chr3 963090757 -96392151 4 AK195651 intragenic {intromn) coding 1] o 0 #DIVA NA
chr3:95606081-0560T8T1 4 Tsrel 14556 5' distal coding o 1] 0 ¥V GenelD:229595
che3:9286570-9287390 4 AKOB3443 34156 5 distal coding 0 0 4 WDVIDI NA
chr3:90721137-9072217 4 Gatad2b 941 & proximal cading 1] 0 0 #DVOL NA
chr3:89308540-89309734 4 AKDO5385 7 & proximal coding 4 [i] 43 HDIVIT NA
che3:88726185-88727466 4 Rhbg 5627 3 proximal coding 0 0 0 UDIVIDI GenelD:58176
chrd 88303267-68306054 4 Hdgf 427 & proximal coding 1127 1255 546 0.90 GenelD 15191
chr3:87023531-87027525 4 Lrba 2017 §' proximal coding 10 0 407 #DIVADY GenelD:B0ETT
chr3:B43684024-84388303 4 DA30015E06RIK 19906 intragenic (intron) coding 19 56 99 0.34 GenelD:229473
chr3 &1498413-81409185 4 Pdglc 39028 intragenic (intron) coding [1] o 13 #DIVIOI GenelD 54635

ESIEB
ratio Panther_|D Molecular function

NA

Call adhesion moleculs;Non-mator actin binding protein
KRAB box transcription factor

Basic helix-loop-helix transcription factor
NA

Esterase

Malecular function unclassified
Miscellansous function

Miscellaneous function

Dehydrogenase

Interaukin racaptor

Intereukn receptor

Microtubule family evtoskeletal protein
NA

Transcripbion factor Mucleic acd binding
(Other matrix

Transporter
MNA
Dehydratase
Other kinase
Call adhesion molecule, Calmodulin related probem, Annexin
Other transtercarmer protein

NA

Molecular function unclassified
Other zine finger transcnption factor
NA

Other transcription factor

Malecular function unclassified

Molecular function unclassified

Molecular function unclassified

Other signaling molecule

Malscular funchon unelassihed

Basal transcription factor;Mucleic acid binding
Other RMA-binding pratein, Translation factor
Malscular funchon unelassihed

NA

NA

NA

Storage protein

NA

NA

Molecular funclion unclassified
Malecular function unclassified
Protein kinase

Other hydrolase, Metalloprolease
MA

NA

Gther transporter

Reductase

Molecular function unclassified
Other phosphatase

MA

Metalloprotease

NA

MNA

NA

Cation transporter

Growih factor

Other membrane traffic protein
Malecular function unclassified
Other recaptor, Growih factor
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OveT-
lap ol MPSS | MPSS | MPSS ES/EB
Cluster ID Cluster Location Size |Candidate Octd target gene _|Distance |Binding site location_|noncoding (ES) | (EB) | (NS) ratio |Panther_ID
chr3 6949070 chr3:6849070-6950507 4 AKD45841 158234 gene desert target is repeat - - - #VALUE! NA MA
chr3 80466204  chr3:B0486204-80467843 4 Kpnad 154 5' proximal coding 1 4 14 0.25 GenelD:16649  Membrane traffic regulatory protein
chr3 65004323  chr3:65804323-65005005 4 AKDBEE41 §' proximal nencoding #OIVIDL  NA MA
chr3 84553609  chr3:84553609.84554968 4 4930518C23Rik 18965 intragenic (intron) coding 0 1] 11 #DIVIDl GenelD:319210  G-protein coupled receptor
chr3 58647934  chr3:58647934-58649800 4 AKOTE519 0 5" proximal coding 132 2 83 66.00 NA MA
chr3 3672657 chr3:36T2657-3673737 4 Hnfdg 9567 3" proximal coding V] a 0 #DIVIOl  GenelD:30842  Nuclear hormone receptor, Transcription factor;Nucleic acid binding
chr3 33593804  chr3:33583904-33584817 4 Ttc14 237 5 proximal coding -] 3 [ 0.24 GenelD:B7120  Glycosyltransferase
chr3 30489378  chr3:30480379-30490241 4 AK044227 21326 5 distal coding o ] 0 #DIViOI  NA MA
chr3 30485642  chr3:30485642-30487054 4 AK044227 21326 5 distal coding o /] 0 #DIViDI  NA MA
chr3 28608046  chr3:28608946-28610077 4 AKD45841 25315 target is repeat - - - #VALUE! NA MA
chr3 28419658  chr3:28419659-28420244 4 AKDBB450 751 intragenic {intron) coding o /] 5 #DIVIDI  NA MA
chr3 21260811 chr3:21260811-21262036 4 AKD21204 S00468 gene desert noncoding o 0 0 #DIVIOI  NA MA
chr3 160243417  chr3:160243417-160245293 4 RpetS 314 intragenic (intron) coding 0 ] 0 #DIVIO!  GenelD:19852  Oxygenase
chr3 158549129 chr3:158549120.158550232 4 AKDOTATS B441 3 proximal noncoding v] 0 0 #DIVIOI  NA NA
chr3 154276084 chr3:154276084-154276557 4 AKD1TET6 113227 gene desern noncoding 0 0 0 #DIviol MA
chr3 153961108 chr3:153961108-153963748 4 Stégalnac3 153610 intragenic (intron) coding ] ] 0 #DIVIO!  GenelD:20447  Glycosylransferase
chr3. 15055608  chr3:15055608-15056222 4 AKD44583 i ic {intron) di o o 0 #DIVIDI NA NA
chr3 148538054 chr3:148538054-148530281 4 AKD45941 249143 gene desert target is repeat - - - #VALUE! NA NA
chr3 144879456 chr3:144879456-144980154 4 Hs2stl 17931 3 distal coding o 0 4  #DIVID!  GenelD:23908  Other transferase
chr3 143208849 chr3:143208849-143200902 4 Gbp2 12439 3 distal coding o 10 3 0.00 GenelD:14469  Large G-protein
chr3.142407173 chr3:142407173-142408502 4 Bmprib 4022 intragenic (intron) coding 0 0 41 #DIVI0!  GenelD:12167  TGF-beta receptor;Serine/threcnine protein kinase receptor, Protein kinase
chr3 138337483 chr3:138337483.138338172 4 H2afz 84371 5 distal coding 895 243 298 368 GenelD:51788  Histone
chr3 136663940 chr3:136663040.1366684678 4 AYITETH 12100 intragenic (intron) coding 0 1] 0 #DIVIOI  NA HA
chr3 134078577 chr3:134078577-134081454 4 BBS31403 EST i ic (intron) di - - - HVALUEI NA HA
chr3 131302275 chr3:131302275-131305814 4 AKDO3177 5640 3" proximal coding 790 TEE 376 1.03 NA MA
chr3 118780893 chr3:118780093-118781883 4 AKD51312 3589 5' proximal noncoding o 0 0 H#DIVIOI  NA A
chr3. 114948338 chr3:114948338-114949115 4 Olfm3 301322 gene desert coding o 0 0 #DIVIO!  GenelD:229758  Extracellular matrix glycoprotein
chr3 113340104 chr3:113340104-113341485 4 AKD45841 113548 gene desert target is repeat - - - HVALUE! NA A
chr3 108212305 chr3:108212305-108214147 4 AK052120 genic (exon) ing o /] 0 #DIVIDI  NA MA
chr3. 107064234 chr3:107064234-107065117 4 DN1742980 EST 50 5 proximal coding - - - #VALUE! NA MA
chr3.103057254 chr3:103057254-103058334 4 AKD44380 intragenic (intron) coding o /] 0 #DIVIDI  NA MA
chr3 101941528 chr3:101941528-101943084 4 Nhih2 691 intragenic (intron) coding o 1] 0 #DIVIO!  GenelD:18072  Nuclease
chr3 101341290 chr3:101341290-101343028 4 lgsf3a 19598 intragenic (intron) coding 10 106 0 0.09 GenelD:78808  Other miscellaneous function protein
chr2 9855043 chr2:9855043-9855755 4 AKDB4574 11083 3 distal coding 4 0 & H#DIVIOl  NA NA
chr2 92609130  chr2:92689130-92700721 4 Syt13 108079 gene desert coding 5 0 0  #DIVID!  GenelD:80976  Membrane traffic regulatory protein
chr2 82663690  chr2:92663690-92666371 4 Sy113 144331 gene desert coding 5 ] 0 #DIVIO!  GenelD:80976  Membrane traffic regulatory protein
chr2.90368756  chr2:90368756-00369302 4 Pprj 45 intragenic (intron) coding 0 0 0  #DIVIOl  GenelD:19271  Other receptor:Protein phosphatase
chr2 77400361  chr2:77400361-77401382 4 Zip533 2812 intragenic (intron) coding v] 1} 3 HDIVIO!  GenelD:241494  Molecular function unclassified
chr2 75964304  chr2:75964304-75864077 4 AK042383 genic (intron) ing o /] 5 #DIVIOI  NA MA
chr2 75662328  chr2:75662328-75663049 4 Agps B63T82 5 distal coding 2 a 28 #DIVIO1  GenelD:228061 Synthase;Transferase
chr2 71598415  chr2:71598415-71599160 4 COB13457 EST i ic (intron) i - - - #VALUE! NA MA
chr2 8542104 chr2:6542104-6543018 4 Cugbp2 5218 intragenic (intron) coding 1 8 40 0.13 GenelD:14007  Ribonuclecprotein
chr2 58578584  chr2:58578564-58579881 4 Upp2 58575 intragenic (intron) coding 0 ] 0 #DIVIO!  GenelD:76654  Phosphorylase
chr2 5662565 chr2:5662565-5662988 4 Camkid 442 5 proximal coding v] 0 10 #DIVIO! GenelD:227541 Non-receplor serine/threonine protein kinase
chr2 43938832  chr2:43038832-43040207 4 Arhgap15 84459 intragenic (intron) coding 14 8 20 1.75 GenelD:76117  Molecular function unclassified
chr2 38356496  chr2:38358496-38358410 4 Lhx2 28162 3 distal coding o 0 112 #DIVIO!  GenelD:16870  Other zinc finger transcription factor
chr2. 34359533  chr2:34359533-34360023 4 Mapkap1 7221 5 proximal coding ] 1] 11 #DIVIO!  GenelD:227743  Molecular function unclassified
chr2 34208365  chr2:34208365-34209938 4 Pbx3 25108 intragenic (intron) coding 1 0 14 #DIVIO! GenelD:18516  Homeobox transcription factor
chr2 33398610  chr2:33398610-33400108 4 Zip24Tb 11413 3 distal coding o 0 122 #DIVIO!  GenelD:71834  KRAB box transcription factor
chr2 32496494  chr2:32496404-32497372 4 C230003N12Rik 4B3 intragenic (intron) coding 2 1} 26 #DIVIO!  GenelD:88952  Molecular function unclassified
chr2 31531658  chr2:31531659-31532607 4 BY251886 250 5 proximal coding o /] 0 #DIVIDI  NA MA
chr2 31505255  chr2:31505255-31505806 4 Assi 24779 3 distal coding 243 157 36 1.55 GenelD:11888  Other ligase
chr2 31123481 chr2:31123481-31124170 4 AITO0205 3275 intragenic (intron) coding 0 18 17 0.00 GenelD:277463 Molecular function unclassified
chr2 30862268  chr2:30882268-30864109 4 Prges 37 intragenic (intren) coding v] 0 11 #DIVIO! GenelD:84282  Synthase and synthetase
chr2 20591190  chr2:28591190-20592402 4 Rapgef1 12078 intragenic (intron) coding 47 1 20 47.00 GenelD:107746  G-protein modulator
chr2 27308773 chr2:27308773-27313474 4 Vav2 15806 intragenic {intron) coding 17 ] 0  #DIVIO!  GenelD:22325  Guanyl-nucleotide exchange factor
chr2 24869202  chr2:24860202-24872850 4 Ehmt1 7088 intragenic (intron) coding 1} o 0  #DWID!  GenelD:77683 Methyltransferase
chr2 22016163 chr2:22016163-22021530 4 U18670 36323 target is repeat - - - #VALUE! NA NA
chr2 20708678  chr2:20708678-20709430 4 ABOO3280 8714 intragenic (intron) coding #DIVIOL  NA NA,
chr2 20231746 chr2:20231746-20232950 4 AK052020 58685 intragenic (intron) coding ] o 0 #DIViDl  NA NA,
chr2. 19455401 chr2:18455401-19457267 4 Msrb2 5429 3 proximal coding 0 o 0  #DIVIO!  GenelD:78467  Reductase
chr2 18741573 chr2:18741573-18743225 4 Bmil 455 3 proximal coding 0 o 8 #DIVID!  GenelD:12151  RING finger transcription factor
chr2 17908344  chr2:17908344-17908107 4 COB12708 EST 4000 &' proximal noncoding - - - #VALUE! NA NA
chr2 176968462 chr2,176068462-1T6069169 4 BB18T163 EST intragenic (intron) noncoding - - #VALUE! NA MNA
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|clustor D

chr2 176867282
chr2.172929979
chr2. 167592999
chr2 166219860
chr2 163427821
chr2 160719615
chr2 15876487

chr2 157620173
chr2.157311311
chr2 156750081
chr2.156008711
chr2 154489240
chr2 154411057
chr2 146383628
chr2 148054683
chr2 136863637
chr2. 131882524
chr2 127588480
chr2 124145197
chr2 119585582
chr2.115249945
chr2.11521875

chr2 10303015

chr18.9403286

chr19.8552532

chr19.6289525

chr18 6976740

chr18.6905540

chr18.6660600

chr19.6358367

chr19.50482012
chr18.54963925
chr19.54937813
chr18.54599957
chri8 49939881
chr19.48279932
chr19.45585203
chr19.45235759
chr19.41748171
chr19.41472169
chr19.40969517
chr18.38801706
chr19.36712776
chr18.3202486

chr18.30418882
chr19.20853534
chr19.28583222
chr19.28305540
chri8. 23336597
chr19.1

Cluster Location

lap
Size

chr2:176867282-176860258
chr2:172020979-172031678
chr2:167582999-167593741
«chr2:166219860-166221130
chr2:1834275821-163431993
«chr2:1607 19615-1607 19859
chr2:15876487-15877260
chr2:157628173-157630204
chr2:157311311-157311962
chr2:156750081-156752678
«chr2:1560087 11-156010373
«chr2:154489240-154480350
chr2:154411057-154412294
chr2:146383628-146384320
chr2:146054663-148055328
«chr2:136863637-136865029
chr2:131882524-131882720
«chr2:127588480-127588861
chr2:124145197-124148015
«<chr2:119585582-119586717
chr2:115249945-115251432
chr2:11521975-11522492
«<chr2:10303015-10304172
chr18:5403286-0404418
chr19:8552532-8555308
chr19:6289525-8295227
chr18:6876740-6878529
chr18:6805540-6907864
«chr18:6660600-6663696
chri9:8358367-6350845
chr19:58482912-59486707
chr18:54963925-54964647
chr19:54037813-54930137
«chr18:54589957-54601330
chr18:49930881-48947123
chri9:48279932-48286660
«chr19:45585203-45585768
chr19:45235759-45236824
chr18:41746171-41747075
chr19:41472169-41472659
chr19:40969517-40872403
«chr18:38801706-38804621
chr19:36712776-36713450
chr18:3202486-3203865
«chr18:304 18882-30419368
«chr18:20853534-20855430
«chr19:28583222-28583705
«chr19:28305540-28306882
chr18:23336997-23337748

chr19.13953603
chri8.11408373
chriB.85445493
chr18.83260053
chriB. 76265621
chr18.76117115
chr18.75874300
chr18.74763926
chriB8.6726300

chr18.66362874
chriB8.57T166750
chr18.56190444
chriB 42748918
chriB.38402426

chrig: 1 9351
chr19:13953603-13954363
chr19:11408373-11409625
chr18:85445493-85446911
chr18:83260053-83261908
chr18:76265621-T6268662
chr18:76117115-76118887
chr18:75874300-75876663
chr18:74763926-74770396
chr18:6726300-6726785

chr18:66362874-66363369
chr18:57166750-57170738
chr18:56190444-56191747
chr18:42748918-42750078
chr18:30402426-39403351
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coding/ MPSS | MPSS [ MPSS ES/EB
Candidate Oct4 target gene  [Distance [Binding site location |noncoding (ES) | (EB) | (NS) ratio Panther_ID Molecular.function
AKOTBA46 intragenic (intron) coding 0 1] 0 #DIVIO!  NA A
Bmp7 2380 3 proximal coding 0 0 42  #DIVIO!  GenelD:12162  TGF-beta superfamily member
Snail 7960 5 proximal coding 112 86 41 1.30 GenelD:20613  KRAB box transcription factor
AKD34T12 1681 5 proximal coding 28 105 a7 0.27 NA A
Jph2 7577 intragenic (intron) coding 0 0 0  #DIVIOl  GenelD:59091  Molecular function unclassified
Topl 13846 intragenic {intron) coding 21 73 44 0.29 GenelD:21969  MNucleic acid binding;Select regulatory melecule;lsomerase
AKDASEA1 9465 target is repeat - - - #VALUE! NA A
Blcap 0 5 proximal coding 15 1] 0 #DIVID!  GenelD:53619  Molecular function unclassified
AKD29507 intragenic (intron) coding o o 0 #DIVIOI NA MNA
BY122638 EST intragenic (intron) noncoding - - - BVALUE! NA NA
Gdfs 1380 5' proximal coding 0 1] 0 #DIVID!  GenelD:14563  TGF-beta superfamily member
CAS60T14 intragenic (intron) coding #DIVIOI  NA MNA
CdkSrap1 0 intragenic (exen) coding #DIVIO!  GenelD:B69T1  Molecular function unclassified
AKD3B838 119399 gene desert coding #DIVIOl  NA A
BC053994 12528 intragenic (intron) coding o o 0 #DIVIOI  GenelD:381383 Other G-protein modulator
Jag1 303 § proximal coding Q 19 42 0.00 GenelD:16449  Receptor;| bound si g molecule; Def
Sle23a2 31881 intragenic {intron) coding [ 1] 0 #DIVIO!  GenelD:54338  Other transporter
AABBD581 EST intragenic (intron) coding 3 2 2 1.50 NA A
Semabd 99210 intragenic (intron) coding 1] 0 1768 #DIVIO!  GenelD:214968 bound si
Tyra3 351 intragenic (intron) coding 68 29 150 2.34 GenelD:22174  Tyrosine protein kinase receptor;Protein kinase
BCO52040 112151 gene desert coding #DIVID!  GenelD:399568 Molecular function unclassified
Rbm17 14217 ¥ distal coding 10 o 20 #OIVIOI  GenelD:76838  mRNA splicing factor
AKOT7BE8T intragenic (intron) nonecoeding 0 1] 0 #DIVIDI  NA NA
BY721332 intragenic (intron) coding 0 1] 0 #DIVID! NA A
Asrghl 318662 gene desert coding 8 3 a7 267 GenelD:66514  Hydrolase
Asrgll 57304 5 distal coding L] 3 &7 2.67 GenelD:B6514  Hydrolase
Reor2 4041 5 proximal coding 212 k-2l 47 2.33 GenelD:104383  Molecular function unclassified
D930010J01RIk 3368 intragenic (intron) coding 0 0 11 #DIVID!  GenelD:107227  Molecular function unclassified
Bad 2551 intragenic (intron) coding 0 1] 32 #0IVIO! GenelD:12015  Other miscellaneous function protein
AK208454 intragenic (intron) nonecoding 0 0 0 #DIVIDI  NA NA
E330013P04Rik 53829 5 distal coding 0 0 0 #DIVID!  GenelD:107376 Molecular function unclassified
Viila 35063 intragenic (intron) coding 0 1] 23 #DIVIO!  GenelD:53611  SMNARE protein
Viila G0B23 intragenic (intron) coding Q 0 23 #DIVIOl GenelD:53611  SNARE protein
AY395631 698 intragenic (intron) coding 1 0 4 #DIVIO!  NA NA
Soresi 81866 intragenic (intron) coding 0 1] 9 #DIVIO!  GenelD:58178  Other receptor
ELOEE ] 6619 target is repeat - - - #VALUE! NA MNA
Gbi 1234 intragenic {intron) coding &7 3 48 29.00 GenelD:107338 Guanyl-nucleotide exchange factor
9130011E15Rik 4528 intragenic (intron) coding 0 1] 0 #DIVID!  GenelD:716817  Molecular function unclassified
Crtacl 4167 intragenic (intron) coding 0 1] 0  #DWVIO!  GenelD:72832  Calmodulin related protein;Annexin
Avpil 7283 & proximal coding 170 14 2 12.14 GenelD:69534 Molecular function unclassified
Slit1 98 intragenic (intron) coding 0 0 41 #DIVIO!  GenelD:20562 Memb bound signali lecul
Cyp2e39 6481 intragenic (intron) coding 50 70 7 0.71 GenelD:13088  Oxygenase
Hhex 48351 3 distal coding 170 68 47 250 GenelD:15242  Homeobox transcription factor;Nucleic acid binding
Gal 212 5 proximal coding Kl 2 238 35.50 GenelD:14419  Peptide hormone
Cstf2t 21401 5 distal coding 10 13 143 0.77 GenelD:83410  Ribonucleoprotein
Dkk1 4431 § proximal coding 0 0 0 #DIVIOI  GenelD:13380  Other signaling molecule
Jak2 853 intragenic (intron) coding 0 1] 9  #DIVID!  GenelD:168452  Mon-receplor tyrosine protein kinase
Cde3Tl 587 intragenic (intron) coding 1 0 3  #DIVID!  GenelD:BT07T2  Other chaperones;Kinase activator
AKDDB22T 67 5 proximal noncoding 63 o 33 #DIVID! NA A
Gnag 52276 5 distal coding 22 4 49 5.50 GenelD:14682  Large G-protein
Tied 79122 5 distal coding 0 1] & #DIVIO!  GenelD:21888  Transcription cofactor;Other miscellaneous function protein
Oife7e 38178 5 distal coding 0 1] 54  #DIVIO!  GenelD:258677 G-protein coupled receplor
Fbxo15 GO0 5" proximal coding 128 21 o 6.14 NA NA
AKD0BSBY 22000 5 distal coding Q 0 0 #DIVIOI  NA NA
AV208T48 18000 3’ distal noncoding 1] o 0 #DIVIO!  NA A
GmBT2 20187 intragenic (intron) coding #DIVIOI  GenelD:269037 Molecular function unclassified
Smad? 22282 5 distal coding 19 0 1 #DIVID!  GenelD:17131 Other transcription factor
Cuxel 18480 3’ distal coding 3 [ 19 0.50 GenelD:74322  Other nucleic acid binding
Epel 822 5 proximal coding 30 2 39 15.00 GenelD:13831  Chromatin/chromatin-binding protein
Secl13 15780 ¥ distal coding L] 0 0 #DIVIO!  GenelD:66286  Serine protease
Lmnb1 BOT02 5 distal coding 28 25 1 1.12 GenelD:16806  Intermediate filament
AKDAS041 532350 gene desert target is repeat - - - ®VALUE! NA NA
BCO54080 2435 intragenic (intron) coding 8 1] 2 H#DIVIOl  NA NA
4933432P15Rik 33265 5 distal coding L] 1] 5 #DIVI0!  GenelD:T1302  G-protein modulator

ity protein
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chr18.39044266 chr18:39044266-39045403 4 Spryd 369 5 proximal coding 60 o & #DIviDl GenelD:24066  Other si i Other factor

chriB. 38248067 chr18:38248067-38249754 4 Pedhged 197 intragenic (intron) coding o 0 591 #DIVIDI  GenelD:93706  Cadherin

chriB. 31712021 chr18:31712921-31713309 4 Rit2 10235 intragenic (intron) coding 0 o 0 #DIVIOI  GenelD:19762  Small GTPase Hydrolase

chriB. 30857334 chr18:30857334-30658060 4 Pik3cl 160144 gene desert coding 0 0 0  #DIVID!  GenelD:225326 Other kinase

chriB.21824452 chr18:21824452-21825560 4 AKD18108 134633 gene desert coding 37 o 0 #DIVIDE NA NA

chriB8, 17652561 chr18:17652561-17653302 4 AKDASD4 G8327 target is repeat - - #VALUE! NA NA

chr18.14076911 chr18:14076911-14078419 4 Zfp521 2309 intragenic (intron) coding /] o 33 #DIVID!  GenelD:225207 KRAB box transcription factor,Nucleic acid binding

chri8. 10682235 chr18:10682235-10683305 4 BCOOS220 105498 gene desert coding 0 o 0 #DIVID! NA

chri7. 9928127  chr17:9928127-0926068 4 AKDOSTT1 61585 intragenic (intron) coding 0 ] 0 #DIVIDI  NA NA

chri7.9484502  chr17:9494502-9495372 4 Qk 126567 gene desert coding o 0 269 #DIVID!  GenelD:19317  Other RNA-binding protein

chr17.89617611 chr17:89617611-85618160 4 Nrxnt 141 intragenic (intron) coding 1] 1] 20  #DIviol GenelD:18189 Other receptor;Cell adhesion molecule

chr17.8915220  chr17:8915229-8916552 4 U18671 8470 target is repeat - - HVALUE! NA NA

chr17.86955368 chr17:86955368-86056341 4 Foxn2 98609 5 distal coding 24 [ 0.00 GenelD:14236  Transcription factor;Nucleic acid binding

chri7.86345416 chr17:86345416-86345094 4 Kenk12 28 ¥ proximal coding 1] o 0  #DIV/O!  GenelD:210741 Other ion channel

chr17.83285215 chr17:83285215-83285839 4 Lrppre 1071 intragenic (intron) coding o 0 0  #DIVIO!  GenelD:72418  Oxidase

chri7.79195860 chr17:79195860-T9197677 4 BG2B1625 EST intragenic {intron) coding - - - HVALUE! NA NA

chr17.7818862 chr17:7819862-TE20677 4 T2 1384 intragenic (intron) coding 1] o 0  #DIVIO!  GenelD:21331 Malecular function unclassified

chri7. 67115736 chr17:67115736-67118286 4 AT3003TL19RIK 89580 5 distal coding 0 o 0 #DIVID!  GenelD:320236 Molecular function unclassified

chri7 64670858 chr17:64670859-6467 1606 4 1110012J17Rik 36118 3" distal coding 28 4 a 7.00 Genell:68617  Molecular function unclassified

chri7.6404177  chr17:6404177-6405198 4 Syi3 69135 5 distal coding 480 415 719 1.16 GenelD:83672  Membrane traffic regulatory protein

chr17.6233434  chr17:6233434-6236790 4 Tetex1 26514 3 distal coding 480 415 719 1.16 GenelD:21648  Microtubule family cytoskeletal protein

chri7.61931377  chr17:61931377-61931764 4 AKDTBTE1 105588 gene desert nenceding 0 o 0 #DIVIDI  NA NA

chr17.54235494 chr17:54235494-54235085 4 Ebi3 0 intragenic (intron) coding /] o 0  #DIV/O!  GenelD:50488  Interleukin receptor

chri7. 51772081 chr1T:51772091-51774392 4 Peaf 12842 intragenic {intron) coding o 0 11 #DIVID!  GenelD:18519 T ip cofactor,A fi

chr17.45828168 chr17:45928168-45930532 4 Tcfeb 21978 intragenic (intron) coding V] 0 0  #DIVIDI  GenelD:21425  Basic helix-loop-helix transcription factor;Nucleic acid binding

chr17 45000856 chr17:45000656-45001237 4 Tefeb 1296 5 proximal coding o 1] 0  #DIVID! GenelD:21425  Basic helix-loop-helix transcription factor;Nucleic acid binding

chri7 34618969 chr17:34618969-34619470 4 H2-T10 2705 3 proximal coding 32 o 0  #DIVID!  GenelD:15024  Major histocompatibility complex antigen

chr17.33661448 chr17:33661448-33662078 4 Bat2 2372 5 proximal coding (/] 83 3 0.00 GenelD:53761  Transcription factor;Nuclease

chr17.33526740 chr17:33526740-33531152 4 MshS 10 intragenic {intron) coding 242 138 44 1.74 GenelD:17687 Damaged DNA-binding protein

chri7.32620088 chr17:32620088-32620682 4 Brd2 2783 5 proximal coding 121 19 83 6.37 GenelD:14312  Other kinase

chri7.31372818 chr17:31372818-31374737 4 9030612M13Rik 13507 3 distal coding o 42 86 0.00 GenelD:208202 KRAB box transcription factor

chr17.20220940 chr17:25220940-20228612 4 DnahcB 1318 5 proximal coding (/] o 0 #DIV/IO!  GenelD:13417  Microtubule binding motor protein;Hydrolase

chri7. 28214018 chr17:25214018-28216675 4 Glol 237 5 proximal coding 219 21 47 10.43 GenelD:109801 Other lyase

chri7.29134926 chr17:29134926-29136111 4 Btbdd 2827 intragenic (intron) coding o 1] 0  #DIV/O!  GenelD:224671 Molecular function unclassified

chr17.28001251 chr17:28001251-28001991 4 AJ242721 intragenic (intron) coding a o 0  #DIVIDI NA NA

chri7 26693064 chr17:26603084-26604625 4 Teplt 25225 5 distal coding 0 0 0  #DIVIDl  GenelD:21463  Receptor

chr17.25605068 chr17:25605068-25606655 4 Baki 987 3 proximal coding 1] o 0  #DIV/O!  GenelD:12018  Other miscellanecus function protein

chri7.14484885 chr17:14404885-14495613 4 Chd1 26972 5 distal coding 64 10 3 6.40 GenelD:12648  Transcription factorDNA helicase;Hydrolase

chri7. 14065687 chr17:14065687-14066427 4 DI 118358 gene desert coding V] 1] T8 #DIVID!  GenelD:13388 R M. bound Ded protein

chri7. 13167572 chr17:13167572-13169272 4 Smoc2 26276 intragenic (intron) coding 0 B o 0.00 GenelD:64074  Molecular function unclassified

chr17.12356461 chr17:12356461-12357139 4 Tete2 43879 ¥ distal coding o 0 0  #DIVIO!  GenelD:21648  Molecular function unclassified

chr17.10478314 chr17:10478314-10480073 4 Park2 1022 intragenic (intron) coding 0 0 0  #DIVID!  GenelD:50873  Other transfer/carrier protein;Other ligase

chri 96485618 chr16:96480618-96400843 4 BY725811 EST intragenic (intron) | - - - HVALUE! NA N&

chr1B.9627507  chr16:9627507-9628856 4 GrinZa 177625 intragenic (intron) coding o 4] 0 #DIVIO!  GenelD:14811 Glutamate receptor,lon channel

chriB.Bo71947  chr16:8971947-8973121 4 GrinZa 202911 gene desert coding o 0 0 #DIWIOI GenelD:14811  Glutamate receptor;lon channel

chr16.8465340  chr16:8465340-8466083 4 Usp? 61880 5 distal coding 400 163 133 2.45 GenelD:252870 Cysteine prolease

chr1B.81861280 chr16:81861280-81862224 4 Neam2 9044 intragenic (intron) coding o 1] 28 #DIVIO!  GenelD:17968  CAM family adhesion molecule

chriB.72184837 chr16:72184837-T2185758 4 AF303453 43137 intragenic (intron) coding 0 0 0 #DIVIDI  NA N&

chriB.48380089 chr16:48380089-48380894 4 More 14753 intragenic (intron) coding -] 1] 0  #DIV/O!  GenelD:17450  Molecular function unclassified

chr18.48340214 chr16:48340214-48340892 4 Morc 4240 intragenic (intron) coding 9 0 0 #DIViDI GenelD: 17450 Molecular function unclassified

chr18.48338028 chr16:48336028-48337499 4 More 424 intragenic (intron) coding 9 0 0 #DIV/IO!  GenelD:17450  Molecular function unclassified

chriB.35430279 chr16:35430279-35431378 4 SemaSb 34403 intragenic (intron) coding 4 0 28 #DIVID!  GenelD:20357  Other receptor;Memb bound si i lecub

chr16.31209056 chr16:31208056-31210363 4 Apod 30063 5 distal coding V] 1] 0 #DIVID!  GenelD:11815  Apalipoprotein

chr16.30510347 chr16:30510347-30511416 4 BCDO22623 43564 3 distal coding 17 ] 7 #DW/O!  GenelD:224083 Molecular function unclassified

chr18.20082068 chr16:20082068-29088570 4 Hes1 55425 3’ distal coding V] 0 0  #DIVIOI  GenelD:15205  Basic helix-loop-helix transcription factor;Nucleic acid binding

chr16.26805433 chr16:26805433-26806066 4 Irap 245088 gene desert coding 1] 4] 0 #DIVID!  GenelD:16180  Interleukin receptor

chri6.24288646 chr16:24288646-24290726 4 Lpp 601 intragenic (intron) coding 1] 1] 0 #DIVID!  GenelD:210126 Other zinc finger transcription factor

chriB.24238852 chr16:24238852-24240611 4 Lpp 3 5 proximal coding 1] 4] 0  #DIVIO!  GenelD:210126 Other zinc finger transcription factor

chr16.23752685 chr16:23752685-23753600 4 GmB05 16760 3 distal coding o L1} 0 #DIV/IO!  GenelD:224055 Molecular function unclassified

chr16.22235134 chr16:22235134-22235844 4 Etv 801 intragenic (intron) coding 0 1] 98 #DIVIDl  GenelD:104156 Other transcription factor;Nucleic acid binding

<chr16.21910538 chr16:21910539-21911228 4 C330012HO3Rik 36 intragenic (infron) coding 73 257 40 0.28 GenelD:319765 Other RNA-binding protein

chrig.. chri6: 2046584 466495 4 Eifdg1 546 3' proximal coding 548 344 336 1.59 GenelD:208643 Translation initiation factor

chr1B6.18366516 chr16:18366516-18368889 4 Thx1 3816 5' proximal coding 1 4 ar 0.25 GenelD:21380  Other transcription factor;Nucleic acid binding

chr16.18176953 chr16:18176953-18178951 4 Arvcf 43 intragenic (infron) coding 1 25 25 0.04 GenelD:11877  Cell adhesion molecule;Cther cell junction protein
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chr16.18025268 chri6:18025268-18026433 4 Ranbp1 0 intragenic (intron} coding 0 o 0 #DIVIO!  GenelD:19385  Other G-protein modulator

chr16,17054658 chri16:17054658-17060031 4 Pikdca 817 ¥ proximal coding 15 Q 69 #DIVIO!  GenelD:224020 Other kinase

chr16.17009915  chri6:17009915-17010732 4 Hic2 77 5 proximal coding 10 o 0  #DIVIO!  GenelD:58180  KRAB box transcription factor;Nucleic acid binding
chr16.16986895 chr16:16986895-16987699 4 mKIAATEEE intragenic (exon) coding 0 1] 0 #DIVIDL NA NA

chr16.13720255 chr16:13720255-13720726 4 Ifitm7 5837 3' proximal coding ] 1] &  #DIVID!  GenelD:74482  Other miscellanecus function protein
chr15.99685538 chr15:99685538-99686429 4 Kenh3 231 5 proximal coding 0 o 0 #DIVID!  GenelD:18512  Voliage-gated potassium channel
chr15.96910904 chr15:96910904-96915547 4 Sfrs2ip 23153 5 distal coding 39 14 79 2.79 GenelD:72193  Molecular function unclassified

chr15.96608877 chr15:96608877-96609649 4 Tmem16f 204894 gene desert coding 1] 0 0  #DIVID!  GenelD:105722 Molecular function unclassified

chr15.93946250 chr15:93946250-93946775 4 Zfp106 12598 intragenic (excen) coding 0 ] 0  #DIVIO!  GenelD:20402  KRAB box transcription factor;Nucleic acid binding
chr15.89728841 chr15:89728841-89729654 4 Aldris 46 intragenic (intron) coding 12 2 106 6.00 GenelD:56727  Oxygenase

chr15.88285115 chr15:88285115-86286183 4 AWD49604 139593 gene desert coding 0 0 9 #DIVID!  GenelD:106014  Molecular function unclassified

chr15.84977378 chr15:84977378-8497T967 4 Arhgap8 41128 5 distal coding 1 39 a 0.03 GenelD:109270 Other G-protein modulator

chr15.80547473 chr15:80547473-80547736 4 Mgat3 4186 3' proximal coding T 4 140 1.75 GenelD:17309  Glycosylransferase

chr15.79932381 chr15:79932381-79933811 4 Dmelh 240 5' proximal coding [ o 4  #DIVIO!  GenelD:13404  DMA strand-pairing protein;Hydrolase
chr15.77665680 chr15:TT665680-7T666228 4 AKD50776 4800 5' proximal nonceding 39 2 7 19.50 NA NA

chr15.76685055 chr15:76685055-T6685T85 4 BEB2198T EST 2500 5' proximal nancoding - - - HVALUE! NA NA&

chr15.76316046 chr15:76316046-76318454 4 Mapk15 800 5 proximal coding 0 0 0 #DIVID!  GenelD:332110 Non-receptor serinefthreonine protein kinase
chr15.762T2872 chr15:76272872-T6274585 4 ZfpB23 0 intragenic (exen) coding 3 3 47 1.00 GenelD:78834  KRAB box transcription factor,Nucleic acid binding
chr15.75954480 chr15:75954480-75956538 4 Zipa1 8BTS 3' proximal coding 11 0 0 #DIVIO!  GenelD:22701  KRAB box transcription factor;Nucleic acid binding
chr15. 74879656 chri15:74879656-T4880405 4 Bail 26 intragenic (intron) coding 7 ] 14 #DIVIO!  GenelD:107831  G-protein coupled receptor;Cell adhesion molecule
chr15.6944014  chr15:6944014-6944914 4 Lifr 23619 5'di coding 24 a 10 #DIVIO!  GenelD:16880  Cytokine receptor

chr15.6943059  chr15:6943059-6943704 4 Lifr 24490 5 coding 24 a 10 #DIV/O!  GenelD:16880  Cytokine receptor

chr15.67340290 chri5:67340290-67341407 4 Stigal 31728 ¥ distal coding Q Q 0 #DIVIQ!  GenelD:20442  Glycosyltransferase

chr15,53383788 chr15:53383788-53384434 4 BExtl BBT intragenic (intran) coding 138 13 7 10,69 GenelD:14042  Glycosyltransferase

chr15.48831852 chr15:48831852-48833163 4 AK122567 600000  gene desert coding 0 o 0 #DIVIO!  NA NA

chr15.41951398 chri5:41951398-41954229 4 Oxrl 117000 gene desert coding ] 0 0 #DIVID!  GenelD:170719  Molecular function unclassified

chr15.40878910 chr15:40878910-40889917 4 Zfpm2 42131 intragenic (intron) coding 0 o 11 #DIVID!  GenelD:22762  Other zinc finger transcription factor; Nucleic acid binding
chr15,25810866 chr15:25810866-25812113 4 Myo10 5926 intragenic (intran) coding 1 180 117 0,01 GenelD:17909  Actin binding motor protein

chr15.102720707 chr15:102720707-102722832 4 Rarg 1383 intragenic (intron) coding 275 57 32 4.82 GenelD:12411  Nuclear hormone receptor; Transcription factor:Mucleic acid binding
chr15.101090162 chr15:101090163-10109208% 4 BCOO4T28 5758 intragenic (intron) coding 3 o 0 #DIVIO!  GenelD:207818 Molecular function unclassified

chr14.70548713 chr14:70548713-70551513 4 AKD33642 T3076 5 distal coding 16 o 0 #DIVIDI  NA NA

chr14 62011776  chr14:69011776-69012621 4 D230005002Rik 17699 intragenic (intron) coding 18 o 0 #DIVID!  GenelD:239188 Molecular function unclassified

chr14.65009205 chr14:65009205-65009561 4 P2ys 0 5' proximal coding 2 0 59  #DIVID!  GenelD:6T168  G-protein coupled receptor

chr14.61259962 chr14:61259962-61260970 4 Mscp 17549 intragenic (intron) coding 0 o 0 #DIVIO!  GenelD:B7712  Mitochendrial carrier protein

chr14.59062441 chr14:59062441-59063125 4 BCO65100 144 intragenic {intron) coding 9 71 50 0.13 NA NA

chr14.58107560 chr14:58107560-58108760 4 Ephx2 1603 intragenic (intron) coding 16 0 0 #DIVIO!  GenelD:13850  Other hydrolase

chr14.52629868 chr14:52629868-52630506 4 BY216334 EST intragenic (intron) di - - - HVALUE! NA MNA

chr14.51702962 chr14:51702962-51703975 4 AtpBa2 19530 intragenic (intron) coding i) 0 0  #DIVIO!  GenelD:50768  Other transporter,Other hydrolase
chr14.49795730 chr14:49795730-49797305 4 Sap18 14 3 proximal coding /] 0 0  #DIVID!  GenelD:20220  Chromatin‘chromatin-binding protein

chr14 49518595 chr14:49518595-49519134 4 117d 4690 intragenic (intron) coding 4 o 4 #DIVIO!  GenelD:239114  Interleukin

chr14.47525015 chr14:47525015-47525612 4 Pck2 1574 3' proximal coding 8 7 108 1.14 GenelD:74551  Decarboxylase

chr14 45018559 chr14:45018559-45019533 4 RabZb 32 5' proximal coding 0 a 41 #DIVI0!  GenelD:76338  Small GTPase

chr14.41949649 chr14:41949649-41950751 4 Sle3si 22864 3 distal coding V] 0 0  #DIVID!  GenelD:75288  Molecular function unclassified

chrid 41427564 chr14:41427564-41428062 4 Ow2 BE516 5' distal coding 106 66 0 1.61 GenelD:18424  Homeobox transcription factor;Nucleic acid binding
chr14. 41374148 chr14:41374148-41374861 4 Owm2 33280 5 distal coding 106 66 a 1.61 GenelD:18424  Homeobox transcription factor;Nucleic acid binding
chr14.37056215 chr14:37056215-37058186 4 5730469M10Rik 483 intragenic (intron) coding 0 o 11 #DIVIO!  GenelD:70564  Molecular function unclassified

chr14.3419195  chr14:3419195-3422975 4 BCOS58T4 35746 3 distal coding i) o 0 #DIVID!  NA NA

chr14.3236083  chr14:3236083-3237008 4 2610042L04Rik 13264 5 distal coding 17 240 a 0.07 GenelD:67055  Molecular function unclassified

chr14 30738229 chri4:30738229-30740309 4 AK129105 867 intragenic (intran) coding 78 12 9 6.50 NA A

chr14.3045189  chr14:3045188-3046901 4 CN537856 EST intragenic (intron) nancoding - - - #VALUE! NA NA

chri4 26954362 chr14:26954362-26956254 4 Ith3 9 intragenic (intron) coding 24 4 24 600 GenelD:16426  Serine protease inhibitor

chr14.26611310 chr14:26611310-26613060 4 Tkt 1020 3' proximal coding 274 296 Tz 093 GenelD:21881  Transketolase

chr14. 26500668 chr14:26500669-26501568 4 Mite1 15745 5 distal coding o a 0 #DIVID!  GenelD:75801  Transcnption cofactor

chr14.22914213  chr14:22914213-22917107 4 Asbid 14852 &' distal coding ] 0 0 #DIVIO!  GenelD:142687 Transcription factor;Nucleic acid binding;Other miscellaneous function
chr14.10519724  chr14:10519724-10523330 4 1500006009Rik 41202 3 distal coding 0 1] 22 #DIVID!  GenelD:E6231  Molecular function unclassified

chr13.98532261 chr13:98532261-98534714 4 Pik3r1 113701 gene desert coding Q Q 37 #DIVID!  GenelD:18708  Kinase modulator

chr13.95224533 chr13:95224533-95225561 4 Foxd1 134681 gene desert coding 0 a 0 #DIVID!  GenelD:15229  Other transcription factor;Nucleic acid binding
chr13.94012760 chr13:94012760-84013978 4 AKD21247 200 5' proximal nonceding a 0 0 #DIVIDI  NA NA

chr13.93936031 chr13:93936031-93936832 4 Hexb 7091 5 proximal coding B4 18 82 3.56 GenelD:15212  Glycosidase

chr13.81775202 chr13:B1775202-81776395 4 Cenh 39949 5 distal coding (=53 a 138 #DIVID!  GenelD:BBET1 Kinase activator

chr13.74030561 chr13:74030561-74034094 4 AK045841 103247 gene desert target is repeat - - - HVALUE! NA MNA

chr13.69278581 chr13:69278581-69279124 4 Imx2 202767 gene desert ceding 0 o 0 #DIVID!  GenelD:16372  Homeobox transcription factor; Nucleic acid binding
chr13.668788301 chr13:68788301-68790949 4 In2 282459 gene desert coding 0 0 0 #DIVIQ!  GenelD:16372  Homeobox transcription factor; Nucleic acid binding
chr13.64090844 chr13:64090844-64091741 4 MGC102251 532 intragenic (intron) coding 0 0 0 #DIVID!  GenelD:43276% KRAB box transcription factor;Nucleic acid binding



vec

|(‘.'|usmr 1D Cluster Location

lap
Size

chr13, 63864815 chr13:63864815-63865820
chr13.63822851 chr13:63822851-63824073
chr13.62052900 chr13:62052900-62053938
chr13,61801805 chr13:61801805-61902532
chri3.5688406  chri13:5688406-5680347
chri3. chrid: 1-56469101
chri3.542681171 chr13:54281171-54282263
chr13.5337095  chr13:5337095-5340283
chr13.52272165 chr13:52272165-52273271
chri3.51883577 chr13:518083577-51804461
chr13.37518936 chr13:37518936-37520695
chr13.35289861 chr13:35289861-35200950
chr13.35175013 chr13:35175013-35175505
chr13.34765507 chr13:347685507-34767008
chr13.34173700 chr13:34173700-34174753
chr13,33678363 chr13:33678363-33670153
chr13.31107976 chr13:31107976-31110430
chr13.111220642 chr13:111220642-111230406
<hr13. 109926632 chr13:100026632-100020412
chr12.94026503  chr12:94026503-040268712
chri2. 62896480 chr12:52806480-62808614
chri2.62130430 chr12:62130430-82131645
chri2. 81982716 chr12:81882716-81884387
chri2. 81830643 chr12:81830643-81831413
chri2. 79961005 chr12:79861005-79965414
chri2. 79938540 chr12:79838540-79840087
chri2 76140063 chr12:T6140983-T6142405
chr12, 68023271 chr12:68023271-68023928
chri2,68011804 chr12:68011604-68012948
chri2.67924800 chr12:67924800-67925307
chri2 66727206 chri2:66727206-66727781
chri2. 51638976  chr12:51638976-51640221
chri2. 51003137 chr12:51093137-51004530
chr12.50263436 chr12:50263436-50265437
chri2 49415668 chr12:49415669-49417378
chr12 49387746 chr12:49387746-49280150
chr12 47074447 chr12:47074447-47078774
chri2 4168011 chr12:4168011-4168633
chr12.36802400 chr12:36802400-36803034
chr12, 3651837  chr12:3651937-3653421
chr12 30674787 chr12:30874787-30675981
chri2,28577354 chr12:28577354-28578504
chr12, 22235267 chr12:22235267-22240484
«chri2.113557686 chr12:113557686-113558784
chr12. 106566765 chr12:106566765-106570546
chr12.105583734 chr12:105583734-105584416
<hr12.105220674 chr12:105229674-105232010
«chr12.100895580 chr12:100895580-100897680
«chri1 98630851 chr11:98630851-08633648
chri1 98168423 chr11:98168423-08170467
«chri1 98130027 chr11:98130027-08130834
chri1 87145676 chr11:97145676-0T14T876
chri1.96451262 chri1:98451262-08451871
chri1 96362062 chr11:96362062-06364475
chri1.95972792 chr11:95972792-05974458
chri1.95810312 chr11:95810312-85811029
chr11.84862470 chr11:94882470-94582986
chr11.94192456 chr11:94192456-94192079
chr11.93880864 chr11:93880864.93882381
chr11.93834126 chr11:93834126-93834878
chr11.8649164  chr11:8649164-8640855
chr11.80747158 chr11:80747158-80748173
chr11.8041569  chr11:8041569-8043431
chr11.79783231 chr11:79793231-79794387

4 AKD21218

4 C320014B18Rik
4 AKO0B304

4 Ptch1

4 Kifg

4 AKD32058

4 AKD19465

4 Kifg

4 Ror2

4 Auh

4 Riok1

4 Cdyl

4 Cdyl

4 Cdyl

4 AKDOT7247

4 BCO53705

4 Foxcl

4 Neufsd

4 AKDSE507

4 Ches1

4 Adcki

4 1110030H02Rik
4 G630009D10Rik
4 Esrrb

4 CNG87T7T6 EST
4 Abedd

4 4933426M11Rik
4 Ppmia

4 Ppmia

4 Dhrs7

4 AKOS0197

4 Titf

4 Brms1l

4 Srps4

4 Egin3

4 Egin3

4 DO20036F22Rik
4 Neoal

4 Immp2l

4 Dinb

4 Ahr

4 Twistnb

4 Sox11

4 AKDB4355

4 Zyve21

4 Rage

4 Ppp2r5c

4 Vrk1

4 Rara

4 AF001283

4 Grb7

4 Arhgap23

4 Snx11

4 BBE35S135 EST
4 Hoxb6

4 4932418K24Rik
4 Myst2

4 Mycbpap

4 Teb1

4 CF196268 EST
4 AKDBOT1T

4 Accnl

4 AKD45841

4 Centa2

Candidate Octd target gene | Distance |BI g site location

coding/ MPSS | MPSS | MPSS ESIEB
noncoding (ES) | (EB) | (NS)
2368 intragenic (intron) coding 0 o 0 #DIVIDI  NA
0 intragenic (intron) coding 0 1] 0 #DIVID!  GenelD:382770
intragenic (intron) nonceding Q 0 0 #DIVIDI  NA
3616 5' proximal coding [ 0 B0 #DIVI!  GenelD:19208
31963 ¥ distal coding 16 T2 30 0.22 GenelD:23848
60314 3 distal coding Q 0 0 #DIVID!  NA
3500 3 proximal nenceding 0 i] 0 #DIVII  NA
311849 gene desert coding 18 72 39 0.22 GenelD:23849
52387 intragenic (intron) coding 0 1] 0 #DIVID!  GenelD:26564
38468 intragenic (intron) coding 4] o 0 #DIVIO!  GenelD:11982
17633 3 distal cading 1 o 10 #DIVID!  GenelD:71340
3385 intragenic (intron) coding 10 1 11 10.00 GenelD:12583
2949 intragenic (intron) coding 10 1 1 10.00 GenelD:12593
330053 gene desert coding 10 1 1 10,00 GenelD:12503
2247 intragenic (intron) coding 0 0 0 #DIVIDI  NA
22290 intragenic (intron) coding 0 21 1 0.00 NA
77507 5 distal coding Q 0 15 #DIVIOI  GenelD:17300
8311 3 proximal coding 1] 0 62  #DIVIOl  GenelD: 17993
5' proximal coding 0 0 0 #DIVI NA
23426 intragenic (intron) coding 39 2 10 18.50 GenelD:T1375
30000 5' distal coding 2 o 7 #DIVID!  GenelD:72113
75501 5' distal coding Q 4 o 0.00 GenelD:68T37
23766 5' distal coding Q o 18 #DIVIO!  GenelD:238328
1090 intragenic (intron) coding 250 24 o 10.42 GenelD:26380
200 5' proximal coding - - - #VALUE! NA
1823 §' proximal coding 353 854 1850 0.41 GenelD:19300
10845 intragenic (intron) coding 1 ] 7 0.11 GenelD:217684
15875 5' distal coding 10 108 21 0.08 GenelD:18042
27180 5 distal coding 10 108 121 0.09 GenelD:19042
403 ¥ proximal coding Q 3 29 0.00 GenelD:B8375
intragenic (intron) ding 0 0 0 #DIVIO! NA
85006 3 distal coding Q 8 0 0.00 GenelD:21869
37568 3 distal coding 21 35 25 0.60 GenelD:52592
908 intragenic (intron) coding 18 17 35 0.94 GenelD:24067
7627 intragenic (intran) coding 4 20 Eal 0.20 GenelD:112407
13834 ¥ distal coding 4 20 T 0.20 GenelD:112407
17661 ¥ distal coding 5 ] 0 0.83 GenelD:320487
0 intragenic (exon) coding a3 ] 25 #DIVID!  GenelD:ATETT
26239 intragenic (intron) coding 4] 13 o 0.00 GenelD:93757
5597 ¥ proximal coding 3 o 25 #DIVID!  GenelD:13528
108312 gene desert coding Q o 0 #DIWID!  GenelD:116822
117046 gene desert coding 18 o 0 #DIVAD  GenelD:28071
50580 ¥ distal coding 0 73 324 0.00 GenelD:20866
intragenic (intron) i 0 0 0 #DIVID! NA
728 intragenic (intron) coding 4] o 0 #DIV!  GenelD:68520
3241 intragenic (intron) coding 5 o &  #DIVID!  GenelD:26448
1562 5' proximal coding 0 B8 102 0.00 GenelD:26631
G9878 3' distal coding 4] o 0  #DIVI!  GenelD:22387
5876 intragenic (intron) coding 28 4 4 7.00 GenelD:18401
8521 intragenic (intron) coding 4] o 0 #DIVI! NA
4102 ¥ proximal cading 0 o 0 #DIVI!  GenelD:14786
14282 5' distal coding 5 8 o 0.63 GenelD:58986
2935 5' proximal coding a o 0  #DIVIOl  GenelD:74478
intragenic (intron) coding - - - ®VALUE! NA
926 3' proximal coding 0 ] 0 #DIVID!  GenelD:15414
T7 intragenic (intron) coding 0 o 0  #DIVI!  GenelD:237930
1369 5 proximal coding 132 L 1] 5.25 GenelD247127
114 5 proximal coding 0 L] 0 #DIWVID! GenelD:104601
1272 §' proximal coding 0 0 2 #OIVIDl  GenelD:22057
2500 5' proximal noncoding - - - HVALUE! NA
90307 5 distal coding Q L] 9 #DIVIOL  NA
15894 intragenic (intron) coding 21 274 56 0.77 GenelD:11418
2569 target is repeat E - - HVALUE! NA
2425 ¥ proximal coding 0 0 0 #DIVID!  GenelD:216891

ratio Panther_ID |M cular function

NA

G-protein coupled receptor

NA

Other receptor

KRAB box transcription factor:Nucleic acid binding
NA

NA

KRAB box transcription factor,Nucleic acid binding
Tyresine protein kinase receptor,Protein kinase
Molecular function unclassified

Protein kinase

Molecular function unclassified

Molecular function unclassified

Melecular function unclassified

NA

NA

Other transcription factor;Nucleic acid binding
Dehydrogenase:Reductase

NA

Transcription factor,Nucleic acid binding
ATP-binding cassette (ABC) transporterKinase, Transferase
Other transcription factor

Molecular function unclassified

Muclear harmone receptor, Transcription factor;Nucleic acid binding

Transporter

Molecular function unclassified

Protein phosphatase

Protein phosphatase

Oidoreductase

NA

Homecbox transcription factor;Nucleic acid binding

Molecular function unclassified

Other receptor, Other RNA-binding protein;G-protein

Molecular function unclassified

Molecular function unclassified

Melecular function unclassified

Transcription cofactor:Nucleic acid binding

Other proteases

Nen-motor actin binding protein

Other receptor;Basic helix-loop-helix transcription factor

Melecular function unclassified

HMG box transcription factor;Nucleic acid binding

NA

Molecular function unclassified

Mon-receptor serine/threcnine protein kinase

Protein phosphatase

Protein kinase

Muclear hormone receptor, Transcription factor;Nucleic acid binding
N

T receptor
Molecular function unclassified
Molecular function unclassified
NA

Homecbox transcription factor;Nucleic acid binding

Microtubule family cytoskeletal protein;Other ligase

Zine finger iption factor,Ch /e in-Einding protein
Molecular function unclassified

Transeription cofactor;Other miscellaneous function protein

HA

protein

HA
Other ion channel

M bound sianali "

i) le:Other G-protein modulator
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chri1.77560189 chr11:77560189-77561113
chri1.77377456 chri1:77377456-77379046
chr11.7428008  chr11:7428008-7420081
chr11.60315025 chr11:69315025-69316002
chr11.68012145 chr11:68012145-68013972
chri1.86631717  chri1:66631717-66633721
chr11.66180785 chr11:66180785-66183057
chr11.63067140 chr11:63067140-63069089
chr11.6283601  chr11:6283601-6284227
chr11.62123415 chr11:62123415-62123685
chr11.55566971 chr11:55596671-55596153
chr11.51925806 chr11:51925806-51827542
chr11.5164650  chr11:5164650-5165381
chr11.51343022 chr11:51343022-51343545
chr11.50262276 chr11:50262276-50264703
chr11.50131654  chr11:50131654-50132047
chr11.50086615  chr11:50096615-50008493
chr11.45710567 chr11:45710567-45712711
chr11.44503508 chr11:44503508-44504381
chr11.44481064 chr11:44481064-44482385
chr11.42260064 chr11:42290064-42291382
chr11.4140743  chr11:4140743-4142422
chr11.36234073  chr11:36234073-36234504
chr11.35007030 chr11:35007030-35007876
chr1.3232694  chr11:3232804-3234398
chr11.30077927 chr11:30077927-30082794
chr11 20462416 chr11:29492416-29493435
chr11.22503339 chr11:22503330-22504106
chr11.20372443 chr11:20372443-20373817
chr11.20295974 chr11:20295974-20206614
chr11.18486768 chr11:164B6769-18487671
chr11.120487445 chr11:120497445-120498227
¢hr11.118315970 chr11:118315870-118316651
chr11.116256556 chr11:116256556-116257938
chr11.115851203 chr11:115951203-115953585
chr11.115682618 chr11:115682618-115683450
chr11.115104857 chr11:115104897-115105744
chr1 1114841280 chr11:114841260-114842421
chr11.107601082 chr11:107601062-107602741
chr11.107104154 chr11:107104154-107 107304
<hr11.107088342 chr11:107098342-107090888
chr11.106154558 chr11:106154559-106158756
chr11.104164534 chr11:104164534-104 166961
chr11.101826452 chr11:101826452-101827698
chr10.95128288 chr10:95129289-95130087
chr10.84995317  chr10:94995317-04506185
chr10.90475040 chr10:90475040-090476818
chr10.84421887 chr10:84421867-84423636
chr10.81637738 chri0:B1637738-61636644
chr10.81066428 chr10:61066428-61071722
chr10.77979883 chri0:77979803-77080619
chr10.77081744  chri0:77081744-77084829
chr10.75873070 chri0:75873070-75874776
chr10.71088211 chr10:71088211-71088762
chr10.70132437 chr10:70132437-70134874
<hr10.68568388 chr10:68568380-68569261
chr10.66943875  chr10:66943875-66945520
chr10.63130091  chr10:63130091-63130895
chr10.61361447  chr10:61361447-61362295
chr10.61142891 chr10:61142891-61144437
chr10.6056920  chr10:6058920-6060410
chr10.59918076 chr10:58918076-50920184
chr10.59334836  chr10:59334636-50335606
chr10.58280557 chr10:56280557-56281333

4 Sezf

4 Myo18a

4 1gfbp3

4 Tnisf12

4 BYT29287 EST
4 AT30055CO5RIK
4 AS30088HDERIK
4 574315

4 D11Bwg0280e
4 Pigl

4 Nmur2

4 TefT

4 Kremeni

4 Sec2da

4 Adamts2

4 Rufyt

4 Rufy1

4 Adam19

4 Ebf1

4 Ebf1

4 CO30002017Rik
4 Osm

4 Odz2

4 AF144629

4 1500004A08Rik
4 Spnb2

4 AKD06581

4 Tmem17

4 Sertad2

4 AADBE03T EST
4 SecBig

4 4833434G05Rik
4 493241THOZRiK
4 AK128431

4 Galr2

4 Galk1

4 Ked2

4 Fdxr

4 Prkca

4 1110020B03Rik
4 1110020B03Rik
4 Em1

4 BCO23187

4 2810511E22Rik
4 Socs2

4 Cradd

4 AKD49809

4 Rixd or AK034131
4 AKD41588

4 Pias4

4 lcosl

4 Col18al

4 LOC333669

4 D10EMd214e

4 Slc18ad

4 Tmem2B

4 AKDB5500

4 BE985149 EST
4 AKD15804

4 Pald

4 Akapi2

4 Chst3

4 AKDBO263

4 BCO42726

Candidate Oct4 target gene |Dlslam:e |Blndinﬂ site location

ES/EB
ratio Panther_ID Maolecular.function

coding/ MPSS | MPSS | MPSS
noncoding (ES) | (EB) | (NS)
5188 intragenic (intron) coding /] 0 T #DIVIO!  GenelD:20370
11236 5 distal coding 0 10 20 0.00 GenelD:360013
319754 gene desert coding o 0 0 #DIVIO!  GenelD:16009
8173 5 proximal coding 1] o 3 #DIVIO!  GenelD:21944
10 5 proximal coding - - - ®VALUE! NA
4282 5 proximal coding 1] 0 0  #DIVIOI  GenelD:338389
343393 gene desert coding 0 0 0 #DIVIOI  GenelD:193003
12470 target is repeat - - - H#VALUE! NA
63 5' proximal coding 69 1 15 627 GenelD:52915
1123 intragenic (intron) coding o [+] 0 #DIV/ID!  GenelD:327942
BTS67 3 distal coding o6 103 &  #REF!  GenelD:216749
4227 5 proximal coding 54 4 o 13.50 GenelD:21414
8525 5 proximal coding 4 8 7 0.50 GenelD:84035
806 intragenic (intron) coding 1] 48 o 0.00 GenelD: 77371
20417 intragenic (intron) coding 0 18 28 0.00 GenelD:216725
61621 5' distal coding ] 18 28 0.00 GenelD:216724
26715 5' distal coding 0 18 28 0.00 GenelD:216724
8842 intragenic (intron) coding 5 3 34 1.67 GenelD:11482
4828 intragenic (intron) coding o 0 0 #DNVD!  GenelD:13591
27180 intragenic {intron) coding o 0 0 #DIVID!  GenelD:13581
18235 3 distal coding o o 0 #DIVID!  GenelD:78533
5402 3 proximal coding 51 9 0 567 GenelD:18413
168181 intragenic (intron) coding 58 a9 14 0.58 GenelD:23964
91457 intragenic (intron) coding 1] 30 o 0.00 NA
2879 intragenic (intron) coding 1] 27 58 0.00 GenelD:216505
23808 intragenic (intron) coding 21 258 47 0.10 GenelD:20742
18817 3 distal coding o "] 0 #DIVIOI NA
28744 3 distal coding o 10 0 0.00 GenelD:103765
B5672 5 distal coding 34 o 14 #DIVIO! GenelD:58172
i ic (intron) i 0 0 0 #DIVIOI  NA
83304 &' distal coding 375 0 180 #DIVID!  GenelD:20335
0 intragenic (exon, 3utr) coding 12 o 0 #DIWVID!  GenelD:T1276
12422 intragenic (intron) coding 49 o 0  #DIVID!  GenelD:T4370
5174 5 proximal coding 1 17 12 0.06 NA
242 intragenic (intron) coding o o 0 #DIVIOD!  GenelD:14428
537 intragenic (intron) coding 545 880 3Ta 062 GenelD: 14635
2801 3 proximal coding 2 1 40 2.00 GenelD:70382
182 intragenic (intron) coding 0 1] 13 #DIVIO!  GenelD:14149
8839 3 proximal coding o 0 0 #DIVIO!  GenelD:18750
98133 intragenic (intron) coding 52 4 187 13.00 mCG3203
41758 intragenic (intron) coding 52 4 1687 13.00 mCG3203
3514 intragenic (intron) coding 28 70 22 0.37 GenelD:78243
24885 §' distal coding 5 o8 33 0.05 NA
TG 5" proximal coding 12 17 &3 0.71 GenelD: 76547
31206 3 distal coding o 0 0 #DNVD!  GenelD:218233
44848 intragenic (intran) coding 18 0 0 #DIVIOI  GenelD:12905
28496 intragenic (intron) coding ] 0 0 #DIV/OI  NA
T62 5 proximal coding /] 4] 72 #DIVIO!  GenelD:T1137
i ic (exon) di 0 o 0 #DIVIOI  NA
2083 intragenic (intron) coding 42 10 83 4.20 GenelD:59004
17726 3 distal coding 0 5 o 0.00 NA
30667 5 distal coding 164 112 o 1.46 GenelD:12822
4479 3 proximal coding 57 1] 0 #DIVAOI  GenelD:333669
19670 3' distal coding o o 0 #DIVIO!  GenelD:52837
73754 3 distal cading o o 0 #DIVIOI  GenelD:G6858
15138 3' distal coding o o 0 #DW! GenelD:327766
1848 intragenic (infron) coding o o 0 #DIVIOl  NA
{intron) ing - - - #VALUE! NA
7000 3 proximal noncoding o o 0 #DIVIO!  NA
314 intragenic (infron) coding 52 29 10 1.7 mCG122084
23572 infragenic (intron) coding 4] o 0 #DIVIO!  GenelD:833897
15250 3 distal coding 0 o &  #DIVIO!  GenelD:53374
33651 5 distal noncoding 0 5 69 0.00 NA
5811 5 proximal coding 0 o 0 #DIVIOl NA

Crher receptor

Actin binding motor protein

Other miscellaneous function protein

Tumor necrosis factor family member

MNA

Molecular function unclassified

Meolecular function unclassified

NA

Orher ligase

Glycosyltransferase Esterase

G-protein coupled receptor

HMG box transcription factor;Nucleie acid binding
Serine protease

Molecular function unclassified
Metalleprotease

Molecular function unclassified

Molecular function unclassified
Metalloprotease

Other transcription factor;Nucleic acid binding
Other transcription factor;Nucleic acid binding
Molecular function unclassified

Interleukin

Orther receptor; M baund

Molecular function unclassified
Nen-maeter actin binding protein
NA

Molecular function unclassified
Molecular function unclassified
NA

‘Other membrane traffic protein
Melecular function unclassified
Melecular function unclassified
NA

G-protein coupled receptar
Carbohydrate kinase
Voltage-gated potassium channel

Reductase

T ier protein; Pl ineith protein kinase
Crher transporter;Other transfer/carrier protein

Other transporter;Other transfer/carrier protein

Protein kinase

NA

Molecular function unclassified

‘Other signaling molecule

Other miscellaneous function protein

NA

Crher transcription factor

NA

Transcription cofacter,Other ligase

NA

Cell adhesi I i llular matrix | protein
Cation {

Meolecular function unclassified
Molecular function unclassified
Malecuiar function unclassified
NA

MNA

MNA

Malecular function unclassified
Kinase modulator

Other transferase

MNA

NA
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OVer-
lap coding/ MPSS | MPSS | MPSS| ES/EB

Cluster ID Cluster Location Size  |Candidate Oct4 target gene  |Di Binding site | i ing {ES) | (EB) | (NS) ratio Panther_ID Molecular.fi i

chr10.52314387 chri0:52314387-52315178 4 Debldi G960 intragenic (intron) coding 3 Q 0 #DIVAO!  GenelD:@BBBE  Other receptor

chr10.4401028  chr10:4401028-4402407 4 Rgsi17 31746 5 distal coding 21 1] 0  #DIVA!  GenelD:56533  Other G-protein modulator

chri0.43459853 chr10:43450853-43460990 4 1700021F05Rik 10717 & distal coding 4 4 v 0.10 GenelD:67851 Melecular function unclassified

¢chr10.30418102 chr10:30418102-30419581 4 U58494 target is repeat - - - #VALUE! NA NA

chr10.29383770 chr10:29383770-29384488 4 Thsd2 70000 & distal coding 0 0 0 #DIVID!  GenelD:72780 E llular matrix glycop

chr10.26110502 chri10:26110502-26112267 4 L3mbti3 0 intragenic (intron) coding 2 5 L] 0.40 GenelD:237339  Other I factor.C binding protein

chr10.21565789 chr10:21565788-21567143 4 AKD48156 1500 5 proximal noncoding V] 1] 0 #DIVID!  NA NA

chr10. 19853735 chri0:189853735-19854546 4 Mtap? 4573 intragenic (intron) coding 18 4] 11 #DIVID!  GenelD:17761 Mon-mator micretubule binding protein

chr10.129037067 chr10:128037067-129037697 4 Cdé3 183 5 proximal coding 121 471 1631 0.26 GenelD:12512  Other signaling molecule

chr10, 128688361 chr10:128688361-128691623 4 Pa2gd 336 intragenic (intron) coding o 1] 0 #DIVI!  GenelD:18813  Other transcription factor,Other nucleic acid binding

chri0.12622726 chr10:12622726-12623703 4 AKD45534 4500 3 proximal nencoding 0 V] 0 #DIVID!  NA NA

chr10,125728333 chr10:125728333-125729304 4 Lrg3 25838 5'distal coding 0 0 0 #DIVIOl  GenelD:320398 Other cell adhesion molecule

chr10.119859217 chr10:119859217-119861145 4 Irak3 1071 intragenic (intron) coding o [ 2 0.00 GenelD:73914  Serine/threonine protein kinase receptor;Protein kinase

chr10.106192262 chriD:106192262-106193841 4 Ppfia2 38751 intragenic (intron) coding 0 0 0 #DIVIOl  GenelD:327814 Receptor,Nuclease

chr1 97976722  chr1:97976T22-97977747 4 Pam BH20 intragenic (intron) coding V] 1] 0 #DIVIO!l  GenelD:18484  Oxygenase

chr1.92832839  chr1:92832830-92835465 4 Ankmy1 769 intragenic (intron) coding [v] 0 0 #DIVID!  GenelD:241158 Melecular function unclassified

chr1 89848268  chr1:89B48268-89851930 4 Asb18 9915 3 proximal coding 30 1] 0 #DIVIOl  GenelD:208372 Other signaling molecule

chr1 89396571  chri-89396571-80397468 4 Centg2 32667 intragenic (intron) coding V] 1] 0 #DIVIOl  GenelD:347722 G-protein;Other G-protein modulator;Other enzyme activator

chr1 88524544  chr1:88524544-88525270 4 AB3D0BAMZ2RIK 85475 3 distal coding V] 1] 0 #DIVAD!  mCG48726 Small GTPase

chr1.88513900  chr1:88513000-88514779 4 AKD30268 40000 3 distal nencoding 0 0 0 #DIVIDI  NA MA

chr1. 86234394  chri:86234394-86236317 4 Nel 82 3 proximal coding 116 B5 74 1.78 GenelD:17975  Ribonucleoprotein

chr1.86193435  chr1:86192435.-86185761 4 Bagnt? 1925 3 proximal coding BB 2 0 33.00 GenelD:227327 Glycosyltransferase

chr1.85380430  chr1:85380430-85380776 4 Fbxo36 12085 intragenic (intron) coding V] 1] 20 #DIVID!  GenelD:66153  Molecular function unclassified

chr1.77915587  chr1:77915587-T7T918725 4 Ephad 168873 infragenic (intron) coding [v] 0 89 #DIVID! GenelD:13838  Tyrosine protein kinase receptorProtein kinase

chr1.65284295  chr1:65284205-65285562 4 B43006TK14Rik 1883 intragenic (intron) coding o 0 0 #DIVID!  GenelD:241075  Molecular function unclassified

chr1. 57757670  chr1:57757670-57758769 4 AKDDES0G 8509 5 proximal coding V] 1] 0 #DIVID!  NA NA

chr1.54139382  chr1:54139283-54140107 4 Stk17b 4200 3 proximal coding 0 0 0 #DIVID!  GenelD:88267  Mon-receptor serine/threonine protein kinase

chr1.51662616 chr1:51862618-51685272 4 Sdpr 1034 intragenic (intron) coding [v] 0 0 #DIVID!  GenelD:20324  Other transcription factor

chr1.40246490  chr1:40246490-40247991 4 Mapdkd 21738 intragenic (intron) coding 23 8 1M 2,88 GenelD:26021  Protein kinase

chr1.39752609  chr1:39752600-39757849 4 Theld8 4281 intragenic (intron) coding [v] 1 9 0.00 GenelD:54610  Other G-protein modulator

chr1.34847586  chr1:34847506-34848063 4 Tesp2 568 5 proximal coding 0 4 0 0.00 GenelD:21756  Serine protease

chr1.194508514 chr1:194509514-194510828 4 Plxna2 3867 5 proximal coding o 4] 23 #DIVIO!  GenelD:18845  Tyrosine protein kinase receptor,Protein kinase

chr. 180374532 chr1:180374532-180377112 4 MGCE8323 26111 3 distal coding 0 0 0 #DIVID!  GenelD:277333 Dehydrogenase

chr1. 178869653 chr1:1788609653-178870786 4 BCO68141 intragenic (intron) coding V] 1] 0 #DIVIOI  NA MA

chri 177851609 chr1:177851608-177852974 4 AKDODED14 10982 5 distal coding 0 1] 0 #DIVID!  NA NA

chr1.170971580 chr1:170971580-170972638 4 Duspi12 9197 5 proximal coding 7 7 16 1.00 GenelD:80815  Protein phosphatase

chr1 167306094 chr1:167306084-167307085 4 Uck2 5083 intragenic (intron) coding 53 49 52 1.08 GenelD:80%14  Nucleotide kinase

chr1. 166149913 chri:166149913-1866151341 4 Gpa33 2239 intragenic (intron) coding 28 4] 0 #DIVID!  GenelD:58280 Receptor

chr1.164019990 chr1:184019990-164024272 4 2810422020Rik 7500 3 proximal coding 12 0 0 #DIVID!  GenelD:89962  Molecular function unclassified

chr1. 16294859  chr1:16294850-16295736 4 Rdh10 856 intragenic (intron) coding V] 1] 0 #DIVAO!  GenelD:98711  Dehydrogenase

chri 159821278 chr1:159821278-159822242 4 Tnr 36952 intragenic (intron) coding 0 0 0 #DIVAD!  GenelD:21960 E llular matrix glycopi

chr1.156979483 chr1:156979483-156080273 4 Ralgps2 40956 5' proximal coding 5 0 0 #DIVIO!  GenelD:78255  Guanyl-nuclectide exchange factor

chr1.153088030 chr1:153069030-153069857 4 Nmnat2 1379 intragenic (intron) coding ] 1 68 9.00 GenelD:226518 Nucleotidyltransferase

chr1. 14610916 chr1:14610916-14614442 4 Eyal 149065 gene desert coding 15091 4424 2889 0.36 GenelD:14048  Hydrolase

chr1. 140368041 chr1:140368041-140368930 4 AKD54538 12500 5 distal coding V] 1] 0 #DIVID!  NA NA

chr1. 140186303 chr1:140186303-140188164 4 Cfh 118167 gene desert coding 0 0 0 #DIVID!  GenelD:12628  Complement component

chr1. 134422735  chr1:134422735-134425012 4 4931440L10Rik 56862 3" proximal coding o 1} 0 #DIVI0l  GenelD:T1001  Glycosyltransferase

chr1.133555268 chrl:133555268-133556435 4 AKD35705 6806 5 proximal coding 3 1 3 3.00 NA NA

chri 132731985 chr1:132731885-132733475 4 L2 28374 5 distal coding V] 1] 28 #DIVIO!  GenelD:16980  Other receptor

chr1.132069458 chr1:132069458-132070148 4 BCOG6109 intragenic (intron) coding o A 1] 0.00 NA NA

chri 131761571 chri:131761571-131762428 4 RabT1 18296 3 distal coding V] 1] 0 #DIVAD!  GenelD:226422 Small GTPase

chr1.125364189 chr1:125364188-125365452 4 Slc35f5 27309 5 distal coding 5 o 3 #DIVID!  GenelD:74150  Melecular function unclassified

chri.122401112 chr1:122401112-122401615 4 AK045641 526553 gene desert target is repeat - - - #VALUEI NA NA

chr1.120415349  chr1:120415349-120418076 4 AKD11565 19118 intragenic (intron) noncoding (1] a 16 #DIVID!  NA NA

chr1.120127402 chr1:120127402-120127888 4 Cigl2 11520 3 distal coding 1} a 16 #DIVIDI  GenelD:226358 Complement component

chr1.119262249 chr1:119262249-119264160 4 Ralb G864 intragenic (intron) coding 37 20 &1 1.85 GenelD:64143  Small GTPase

chr1. 119153875 chr1:119153875-119155033 4 BC048845 26182 3 distal coding (1] o 0 #DIVIDI  NA NA

chr1.11356527  chr1:11356527-11357886 4 BYT19998 EST intragenic (intron) coding - - - #VALUE! NA NA

chr1,108551207 chr1:108551207-108552165 4 AKD45941 25579 target is repeat - £ - #VALUE! NA NA




Lic

Appendix B: Coordinates of 1133 Sox2 binding loci and their associated genes.

This table shows a list of 1133 Sox2 bound loci, sorted by the numbers of overlapping PETs at each locus. Cluster ID is a unique ID that was
generated for each Oct4 binding locus. MPSS (ES) column indicates the number of unique MPSS tag associated with each candidate Oct4 bound
gene in ESCs. MPSS (EB) and MPSS (NS) columns show the quantification of MPSS tags in embryoid bodies and neurospheres respectively. The
Molecular Function based on Panther classification is shown.
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Cluster ID
chr5. 26608950
chr17.35230245
ch3. 122526608
chrl2 30674723
chi2 62031545
chr3.103137726
chr2. 44485050
chi7. 128648627
ch2. 25140065
chr14.52951673
chr3. 77187079
chr5.75997963
chrl4. 78241487
chr2. 106644030
chri0.21467771
chr19.25305316
chrl2.93914650
chrd 34055057
chrlfG. 16510497
chr3.58317221
chrl2. 76414852
chr3. 108813280
chrld 16503021
chrl7. 46788660
chr7 41564851
chr5.15331286
chrl. 133374262
chrl2.81827074
chrl 37308324
chr13.91432975
chr10.116352560
chr17.6217770
chrd 121924344
chr19.6973672
chr17.36537083
chr14.3088563
chr5. 105518255
chi8.120134520
chr3. 115771859
chi3.97 152886
chr13.75032085
chrl6. 26604745
chr17.648990039
chr13.63831171
chr1f.13719357
chrl5 77682383
chr3.47912045
ch3.92909305
chi8.85677496
chB.92597400
chr17.34013042
chr19.22367211
chi3.102012767
chrd 83777698
chrl 66193362
chr11.26999058
chrl3. 103400431
chr17.12346404
chrl1. 20126573
chr11.55586046
chi7 G0442615
ch5.37269772

Overlap Location

chr5: 26609314-26609347
chr17:33292632-35292634
chrd: 122527 192-122527 1968
chr12:30675763-30675780
chr2:52032208-52032242
chr3:103135295-103138328
chr2:44438507-44485516
chr7 123649291-128645321
chr2: 25140684-25140735
chr14:52852232-52952246
chr8:77187515-77 187531
chr5:.75938501-75935574
chrl4:78241911-75241818
chr2: 106644297- 106644314
chr10:21468375-21463400
chr19:23305308-25305879
chr12:939156331-93915340
chrd 34055385-34055443
chr1B:16510711-165107 43
chr8:88317515-88317331
chr12:76415631-75415657
chr3:108813662-108513716
chr14:16504153- 16504195
chr17:46789017-46759046
chr? 41569621-41569551
chr5:156331866-15331880
chrl:133374562-13337 4608
chr12:81827936-81827843
chrl:37308676-37 300732
chr13:91433499-91433499
chr10: 116352993 116353009
chr17:6218320-6218330
chrd: 121924247-121995017
chr19:6975037-6975052
chr17:36537608-36537664
chr14:3082037-3083080
chr5:105518955-105518955
chrd:120134875-120134875
chr8:115772152- 115772211
chr3:57160415-57 160453
chr13:75032389-75032471
chr16: 268067 16-260057 22
chr17:648299579-64899912
chr13:63531584-63831658
chr1B:137203158-13720432
chr15:77B82680-77652757
chr3:47912451-47912518
chr3:82909668-929097 16
chr8:B5677709-8567 7877
chrB:82598254-92595288
chr17:34013517-34013562
chr19:22367571- 22367646
chr3:102013755-102013783
chrd:89778341-89778487
chr1:86124735-86124750
chr11:26999446- 26099462
chr13:102400990-102401039
chr17:12346395- 12346544
chr11:20126800-201 26877
chr11:55586566-55586566
chr7 60442912-60442986
chr5:37260122-37 260207

Overl
ap Candidate Sox2
Size |Target Gene
26 9830008K15Rik
22 Pigt
21 Abhcad
17 038417
16 Rifl
16 AKD10586
15 Gtdel
15 lfitm2
15 Nrarp
14 Tnfrsf1S
14 1700031F 13RIk
14 Rest
14 Diap3
14 AKD12553
13 LOC432436
13 Cdc371
13 Chest
13/Cnr1
13 Spagb
13 Sallt
13 Zip36
13| Sars!
13 kenkd
13 AKD3I9824
12 Mrps33
12 Hyf
12 Soxl3
12|Esnb
12 D1Bwy0491e
12|Thea
12 Cnot2
12 Tulpd
12 AF150755
11/ Rcor2
11 lap
11 2610042L04Rik
11 Mtf2
11 Mobp
11 Dnci2b
11 AKDB9736
11 ARD77067
10 1 rap
10 Rabl12
10 CI30014B19Rik
10 lfitm?
10 9130022K13Rik
10 Odz3
10 1110031B11Rik
10 Ahcel2
10 Trh
10 Pousfi
10 Bteh!
10 Casg2
10 Elavi2
10 B3gnt?
10 AKDE0S29
9 IG5t
9 Tcte2
9 BCO27174
9 Nrur2
9 Rgma
9 Clnk

Binding Site
Distance Location
45| Intragenic (intron)
0/ Intragenic (exon)
1605 Intragenic (intron)
105261 Gene desert
582/58" end
9113 Intragenic (intron)
38821 3" end
3643 5" end
B9 5" end
53153 end
138320 Gene desert
31215 end
259080 Gene desert
5163 Intragenic (intron)
522333 end
527 |Intragenic (intron)
8720 Intragenic (intron)
119556 Gene desert
1760803 end
24834 3" end
4051 /5" end
393 |Intragenic (intron)
391135 end
762953 end
306305 Gene desert
351575 Gene desert (3" end)
BE727 5" end
4189 Intragenic (intron)
46647 5" end
82181 /5" end
13269 Intragenic (intron)
27065 3" end
559301 | Intragenic (intron)
7025 5" end
29776 | Intragenic (intron)
1011 /5" end
3589 Intragenic (intron)
209 5" end
117250 Gene desert
0/ Intragenic (exon)
108727 | Gene desert
244988 Gene desert (3 end)
14556 3" end
2738 Intragenic (intron)
4951 5" end
327153 end
77260/5" end
11044 Intragenic (intron)
110913 Gene desert
1926/5" end
1935 /5" end
46859 5" end
2431 5" end
43932/5" end
20903 end
106602 Intragenic (intron)
10044 5" end
53916 3" end
22123 end
781653 end
18832 Intragenic (intron)
82813 end

MPSS MPSS MPSS MPSS Gene ID
(mEB) {mNS} {Panther)

{mES}) |(mEp)
El El

244
]

0
142
]
14
a0

212

103

ooooo~woooo

a7
368
336

17
107

ooo—-oo

256
]

0
22

21
]

14

187

76
209

m
ooooormoooo

154
246
520
]
337
20

22

0
37

0 mCGE6335
945 GenelD: 78925
0 mCGI528
0 MA
25 GenelD:51589
0 MA
20 GenelDn 227835
0 mCE22554
54 mi:GaEE31
25 GenelD: 29520
0 GenelD:73301
24 mCG15860
B mCEa502
18 MNA
0 Genell: 432436
3 GenelD:E7072
86 GenelD: 71375
0 mCG12565
0 mCE131165
11 mCG13637
0 mCE19200
192 mCG4072
0 mCEAE36
0 MA
218 GenelD: 14545
0 GenelD:15234
4 GenelD: 20665
0 GenelD: 26380
0 GenelD:56030
0 mCE122050
56 mCG17335
0 mCGE21746
10 MA
47 GenelD: 104353
0 GenelD: 15598
0 mCG112781
43 mCG13604
0 mCGE14123
0 mCG4360
0 MA
0 NA
80 GenelD: 16180
193 GenelD: 19328
0 Genel: 362770
4 GenelD:74452
0 GenelD: 75761
16 mCG114540
0 mCE118410
0 mCG123087
0 mCG127886
0 mCE19693
B7 mCG5314
0 mCGEE476
9 mCG70E9
0 mCEE506
0 MA
0 GenelD: 16195
0 GenelD:21646
8 Genelln216543
0 GenelD: 216749
193 GenelD: 244058
0 GenelD:27278

Panther Molecular Function

Molecular function unclagsified

Malecular function unclassified

ATP-binding cassette (ABC) transporter

A

Molecular function unclagsified

A

Molecular function unclagsified

Other miscellaneous function protein

Cytoskeletal protein

Tumor necrosis factor receptor

Molecular function unclagsified

Malecular function unclassified
Endoribonuclease;Mon-mator actin binding protein; Esterase
A

Molecular function unclagsified

Other chaperones;Kinase activator

Transcription factor;Nucleic acid binding

G-protein coupled receptor

Molecular function unclagsified

Zinc finger transcription factor;Mucleic acid binding
Nuclease

COther RMA:binding protein; AminoacyHRMNA synthetase;Ligase
Other ion channel

A

Molecular function unclagsified

Growith factor,Serine protease; Other select calcium binding proteins; Annexin
HMG box transcription factor;Mucleic acid binding

Muclear hormone receptor, Transcription factor;Mucleic acid binding
Molecular function unclagsified

Malecular function unclassified

Cther transcription factor

Qther transcription factor

A

Malecular function unclassified

Mucleic acid binding; Protease; Other viral protein

Malecular function unclassified

Cther zinc finger transcription factor; Nucleic acid binding

Actin binding motor protein; Mon-motor actin binding protein; Other G-protein modulator

Other microtubule family cytoskeletal protein
A

A

Interleukin receptor

Malecular function unclassified

G-protein coupled receptar

Other miscellaneous function protein
TransporterApolipoprotein

Other receptor,Membrane-bound signaling maolecule
Malecular function unclazsified

ATP-binding cassette (ABC) transporter
Meuropeptide

Homeohox transcription factor;Mucleic acid binding
KRAB box transcription factor

Other select calcium binding proteins
Ribonucleoprotein

Glycosyltransferase

A

Interleukin receptor

Malecular function unclassified

Molecular function unclagsified

G-protein coupled receptor

Malecular function unclazsified

Other signaling malecule
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chrl 72648937
chrl 42382372
chr11.77806307
chr16.17705704
chr11.76962001
chr12.62652648
chrl 128227822
chi? 116935250
chr17.14022474
chr19.4593365
chr15.85096542
chr3. 136663510
chr3.40545399
chrd. 145302951
chr17.50005853
chr15.84976653
chr15.39620461
chr1 181001034
chib. 122971708
chr18.393467 46
chi2 58456567
chr15.75385334
chrd 80705447
chib.G4131245
chr13.56467978
chr18.14077235
chr2 165872765
chi? 19010583
chr11.33422842
chrl 1344242758
chr10.6015465
chr2 153231123
chrl 73227003
chi 47054548
chr10. 48426164
chr1.13185209
chrs. 116518111
chib. 52847444
chib. 71156794
chi. 100757356
chis 95115217
chr5. 71532577
chr1B6.90599867
chis. 101811981
chr11.119608617
chr11.117646332
chr17.35601650
chrl 131761485
chi2 147045157
chr3.30852381
chr11.33432242
chr3.143305998
chr10. 107 966290
chiB. 44105383
chr1B.226444580
chr17.82928272
chr5. 124321398
chrl7. 79196685
chi2 20724635
chrs 129147573
chr2 165276963
chr1f.34329714
chr15.63333781

chil:72652467-72652660
chrl: 423583067 -42333061
chrl 1:776808606-77506657
chr1B:17705983-17706046
chrl 1:76963948-75563875
chil2:82652005-02652913
chrl:128228168-128228180
chi7:116935689-116935791
chr17:14023059-14023136
chi9:4550855-4590962
chrl5:85096729-820965817
chr3:136664255-136664338
chr3:40848587-408487 25
chrd: 145303443-145303457
chir7:5000760-6000765
chr5:84977824-84577850
chrl5:396207 1739620725
chrl:181001542-131001577
chif: 12297 208112297 2148
chr13:39347025-39347058
chi2 68457 251-65487 286
chr15:75338830-75385835
chrd:80705917-80705997
chib:G4131589-04131656
chr3:56460408-06460523
chr18:1407 752714077555
chr2: 16587 3157-165873173
chi7:19011263-19011312
chrl1:33423044-33423108
chrl:134424520-134424557
chrl0:6015594-6016027
chr2:153231589-153231620
chil:73227292-73227 400
chid:470585091-47085111
chr0: 4842667 1-494267 15
chrl:13185862-13185972
chr5:116515294-118518413
chib:G2647074-02047915
chib:71157515-71157567
chif: 100758171-100758174
chiE:95115673-85115650
chr5:71540033-71540163
chr1b:90600454-90600492
chio: 101812361-101812453
chr11:119609115-119609164
chrl 1:117646753-117646784
chr17:35602050-35602131
chrl:131762109-131762125
chi2: 147045526-147 045562
chr3:30852709-30852719
chrl1:33433040-33433102
chr3:143808993-143307 065
chr10: 107967 050-107967100
chi3:44105702-441057 33
chrlB: 22644665 22844727
chi7:82928665-52826707
chrS:124831851-124891953
chrl7: 7819715079197 262
chi2: 20725151-20726259
chrs:128145265-129148309
chi2: 166277324-188277411
chr13: 34329967 34330063
chr15:53304033-53384131

9 WWdt2

9 2610017 109Rik
9 Fipox

9 Slc25a1

9 Mxn

9 Sptlc2
9|Dars

9 Wdrl1

9 2410011 022Rik
9 Rbm14

9 BCO492E7
9 AY178734
9 BCO44759
9 BCOSABE13
9 AKI29314
8 Arhgapd

8 Rims2

8 Leftyl

8 Phct

8 Fafl

8 Loxl

B Lybc

8 Mfib

8 Zfml

8 Spock!

8| 7fpa21

8 Prkchpi

8 4732429109Rik
8 Ranbpl?

8 4931440L10RIk
8 Akapl2

8 Tm3sf4

8 lyfhp2

8 DEEAda2de
8 Grik2

8 Mcoa2

8 Thrap2

8 Poled

8 EilZak3

8 Rybp

8 Lrigl

8 5033405K12Rik
8 Tiam1

8 Spp1

8 Baiap2

8 Socs3

8 Gabbrl

8 0430423A01 Rik
8 Paxl

8 Skil

8 Gabrp

8 AKD29523
8 AKD35Z30
8 AJ2507EE
8 AKO325905
8 BCOS25885
8 AKD23289
8 BCO057a1
8 ABD93289
8 BCO21509
7 Dprl

7 Epbd. 1142
7 Ext1

166826 5" end
990896 Gene desert (3" end)
2425 end
9295 end
47293 Intragenic (intron)
3967 |Intragenic (intron)
1156 | Intragenic (intron)
162149 Gene desert
118347 Gene degert
7325 end
BE62 5" end
12089 Intragenic {intron)
16847 5" end
93223 Intragenic (intron)
292605 Gene desert
41013 5" end
27768 Intragenic {intron)
10307 5" end
9055 end
14454 Intragenic (intron)
3562 3" end
41749 5" end
47451 Intragenic (intron)
23636 5" end
BE465 3" end
2354 |Intragenic (intran)
2123 |Intragenic (intron)
5268 3" end
136785 end
5701 3" end
14281 |Intragenic {intron)
BE84 Intragenic (intron)
31543 5" end
2687 |Intragenic (intron)
2332 |Intragenic {intron)
54104 3" end
301892 Gene desert
34023 3" end
50892 3" end
91624 5" end
50794 &' end
10104 /5" end
21875 5" end
20203 end
5077 5' end
B477 5" end
4083 3" end
20722 15" end
B3940 5" end
13890 5' end
132793 end
1676 3 end
73603 end
9411 |Intragenic (intron)
11670/3" end
13370 Intragenic (intron)
20013 Intragenic (intron)
20902 5" end
39949 Intragenic (intron)
88671 5" end
1221 |Intragenic (intron)
72| Intragenic (intron)
7295 end

49

10

a6
120

194
1}
2
0
JSi5]
46

19

167
170

7B

67
65
0
125
209

241

0 GenelD:381269
4 GenelD:BE257
96 mCG10817
0/ mCG131850
36 mCE140720
35 mCE17474
0 mCG20044
24 mCG22163
0 mCG4507
19/ mCGE3E2
10/ MA
0 WA
82 A
0 MA
31 NA
0 GenelD: 109270
0 GenelD: 1165338
0 GenelD: 13590
19/ GenelD: 13619
8 GenelD: 14164
0 GenelD: 16249
0 GenelD: 17067
166 GenelD: 18023
0 GenelD: 18139
0 GenelD: 20745
0 GenelD: 225207
13| GenelD: 2285330
15| GenelD: 243908
0 GenelD:66011
0 GenelD:71001
0 GenelD:83357
183 GenelD:99237
0/mCG112978
0/ mCGE116434
10/ mCG120852
11/ mCG122320
0/ mCG124528
0 mCG126250
2\mCG127277
0 mCG127676
599 mCG127715
11/ mCG128242
0 mCG129085
0 mCG14508
38 mCG15032
G mCG19293
18 mCGZ26E14
12/ mCG2625
0/ mCG4599
0/ mCGA728
0 mCGEE7E
0 MA
34 NA
39 NA
49 WA
0 MA
0 MA
21 NA
g MA
17 WA
55 GenelD:13480
0 GenelD: 13624
71/ GenelD: 14042

Malecular function unclagsified

Malecular function unclassified

Oxidase

Mitochondrial carrier protein

Other oxidoreductase

Other transferase

Cther RNA-hinding protein;AminoacyHRMNA synthetase
Malecular function unclassified

Malecular function unclagsified
Ribonucleoprotein

MNA

A

A

A

A

Cther G-protein modulator

Other G-protein modulator

TGF-beta superfamily mernber

Other transcription factor, Chromatin/chromatin-binding protein
Growth factar

Oxidage; Other extracellular matrix

Malecular function unclassified

Other transcription factor Mucleic acid binding
Other DNA-binding protein

Cysteine protease inhibitor

KRAE box transcription factor;Mucleic acid binding
Other signaling molecule

KRAB box transcription factar,Mucleic acid binding
Other transfer/carriar protein
Glycosyltransferase

Kinase modulator

Malecular function unclassified

Other riscellaneous function protein
Malecular function unclagssified

Glutamate receptor;lon channel

Transcription cofactor

Transctription cofactor

Other transcription factor Mucleic acid binding
Mon-receptor serine/threoning protein kinase
Malecular function unclassified

Other cell adhesion malecule

Malecular function unclagsified
Guanyl-nucleotide exchange factor

Cther cytoking; Cell adhesion molecule;Defensedimmunity protein Other extracellular matrix
Receptor,Kinase

Other miscellaneous function protein
G-protein coupled receptor

Malecular function unclagssified

Homeabox transcription factor, Nucleic acid binding
Cther transcription factor

GABA receptor;lon channgl

A

A

MNA

A

A

A

A

MNA

A

Transferase

Frotein phosphatase

Glycosyltransferase



(0]

chr13.44169744
chriB. 42656371
chr12.13065824
chr13.54336445
chr11.71114085
chrl7.80878515
chr14.29174001
chrd 56258633
chr15.75926189
chi7 24503255
chrl1.78592951
chr10. 20806202
chr11.101352529
chr10.95230405
chi2 72083378
chr15.98044042
chr10.85204821
chr10.851 16766
chrid 42123187
chr1.30386921
chr13.38591013
chi8 86182116
chr3. 89082720
chi5. 120689927
chi2 33540663
chr9.98993107
chr13.87540550
chr2 152431603
chix 162801576
chi8. 71709326
chr158.6485080
chi? 20012245
chr2. 20551972
chr1.66469725
chr16.30510459
chr16.45325283
chr16.85151669
chrl1.61827342
chib. 116269056
chrl 86410657
chr11.102000553
chrl 101855513
chr7. 29662864
chi2 78765133
chr12.51489716
chi7 995651199
chr3 96073982
chi2, 108734941
chr10.44441010
chr12.75307740
chr18.5181777
chrd 140524102
chrd 54720452
chr17.54231274
chr11.10992924
chrd G825772
ch3. 17731507
chr5 569533655
chr10. 18306635
chr2 93452030
chr10.24731709
chib. 35136893
chr15.12334446

chr13:44170220-44170276
chrlB: 4265617 3-42656176
chr12:13086750-13066753
chr13:54336760-54336870
chrl 1:71114913-71114844
chr7:80878739-80876825
chrl4:29177784-29178027
chrd:56359155-56959221
chr8:75936856-7 5396866
chi7 9450367 5-24503701
chrl1.79593236-79593375
chr10:20808559-20806577
chr1:101353268-101353290
chr10:95231117-95231164
chi2:72084104-72084125
chr15:98044699-93044805
chr10:85204989-55205017
chr10:85117183-85117185
chirld:42123718-42123757
chrl1:30337631-30387652
chr13:38592046-33592050
chi8:86152339-66182455
chr3:89063352-89063331
chr5:120690148-120600197
chi2:33640795-33540832
chi9:98993364-95953383
chr13:87541841-57541876
chr2: 152481967-153452048
chi: 152602080-152802166
chiB:7 17095847717 10021
chrl8:6455295-6485347
chi7:29012468-29012431
chr2:20552195- 20552217
chir13:66470063-66470153
chr1B6:30510699-305107 45
chrB:458328909-433285922
chr1B6:85152005-55152034
chrl 1:67827769-61827790
chib: 116270504-118270532
chrl:86410739-664 10566
chrl 1:102000811-102000203
chrl:101656577-1016567 16
chr17:28663145-29663155
chi2:78765425-78765473
chr12:51490149-51490159
chi7:999652021-85962051
chr3:96079375-95079385
chr2: 1087357 10-1087 35724
chr10:44441354-44441412
chr12:75308083-75309181
chr18:5182696-5182805
chrd: 140524870-1405942310
chrd: 547 20656-547207 21
chr7.54231546-54231586
chrl1:10993350-10993392
chrd:G895034-68965197
chi3:17731856-17731885
chi5:69534091-69534224
chr10:18207410-13507510
chr2:99452279-09452395
chr10:24732026-24792072
chifb:35137208-35137 217
chrl5:12334834-12334824

7 Jarid2

7 Mdufsh

7 Nmyci

7 Msdl

7 Malp1

7 Sret

7 Arhgap22

7 Palm2

7 GmB72

7 LOC434225
7|Suz12

7 Ahit

7 Arfld

7 D10End322e

7 Cynl

7 D15ErndEG2e

7 Bthd11

7 Bthd11

7 Slc35f

7 Acyp2

7 20M10005A06RikK
7 BCO04022

7 Ubglnd

7 BCO35291

7 Lmx1b

7 Pik3ch

7 Rps23

7 Dhx35
74932441118

7 AZ300683L24Rik
7 Kisb

7 2810426M06RikK
72430077 COSRik
7|Rax

7 BCO22623

7 Morc

7 Jam?

T AdoraZb

7 Ifp239

7 Ptma

7 Uhtf

7 CZ30078M14

7 Abcgl

7 Dppad

7 Mbip

7 Tead!

7 Vpsds

7 0610027 BO3Rik
7 Prdm1

7 Zfp3EN

7 Swil

7 9030403G11Rik
7 K4

7 Ebi3

7 AZ30041G11Rik
7 Tox

7 Chorde1

7 GGpd2

7 Dlig3

7 B430556C10Rik
7 Argl

7 BCO45524

7 AKD20883

251565 end
175095 Gene desert
1964 5' end
0/ Intragenic (exon)
360006 Gene desert (5" end)
499666 Gene desert (3" end)
85627 5'end
1545 | Intragenic (intron)
B85S Intragenic (intron)
59405 end
12355 5" end
215413 end
143243 end
247433 end
8040 | Intragenic (intron)
80761 /3" end
B814 Intragenic {intron)
53334 Intragenic (intron)
78171 Intragenic (intron)
139163 end
47802 /3" end
27323/5' end
23833 end
343 Intragenic (intron)
11544 Intragenic (intron)
13785 5'end
53727 5" end
560444 Gene desert (3 end)
28705 end
2064 |Intragenic {intron)
34194 5" end
50894 5" end
13590 Intragenic (intron)
22005 end
43600 /3" end
71915 end
50645 end
33826/5' end
20993 end
1055 end
10772 5" end
1277044 Gene degert (3 end)
3685 end
1304 5' end
30076 3' end
11581 |Intragenic (intron)
26142/5' end
240104 Gene desert
B1732/5" end
97623 3'end
24766 Intragenic (intron)
20308 Intragenic (intron)
51498 /3" end
496/5' end
16164 5' end
21390 Intragenic (intron)
408739 Gene degert (5 end)
925092 Gene desert (5" end)
148485 Gene desert
1926689 Gene desert (3 end)
101468 Gene degert
363/5' end
4960 | Intragenic (intron)

156

144

~

(4]
ofooooWdoooon—~00o0o0coo0kooooooon~omwood

B GenelD: 16468
130 GenelD: 170853
2 GenelD: 18109
27 GenelD:18193

0 GenelD: 195046

0 GenelD:20819

0 GenelD: 2323027

0 GenelD: 242431
127 GenelD: 2658037

0 GenelD: 434225

4 GenelD:52615

0 GenelD:52908

0 GenelD:BE152

0 GenelD:67270

0 GenelD:6E175

0 GenelD:71919

0 GenelD:74007

0 GenelD:74007

0 GenelD: 752583

0 GenelD: 756572

0 GenelD: 756559
15| GenelD:80750
41 GenelD:94232

6 mCGE11130

0/ mCG11256

9'mCG113823

0 mCG113987
30 mMCG114772

0 mCGE116087

0 mCG118317

8 mCG118617
11 mCG119772

8 mCG120835

0/ mCG12626

7 mCG126621

0 mCG127772
84 mCG129050
11/mCG1298718
24/ mCGE133008

0 mCG133545

0 mCG140722

0 mCG142065

0/ mCG14574

0 mCG15237

0 mCG15696

0 mCG15837

8 mCG16753

0 mCG16660

0 mCG17867

0 mCG19208
10/ mCG19929

0/ mCG19993

0 mCG20055

0 mCGZ2978

0'mCG3991

11/ mCGAF73
22\mCG4776

0 mCGE0373

0 mCG54581

0 mCGEI7Y

0 mCG3003

74 MNA

0/ MA

Cther transcription factor Mucleic acid binding
Oxidoreductase

Basic helix-loop-helix transcription factor;Mucleic acid binding

Other enzyme activator
Malecular function unclagsified
Molecular function unclassified
Other riscellaneous function protein
Malecular function unclagsified
Ribonucleoprotein

Storage protein

Molecular function unclassified
Small GTPase

Malecular function unclagsified
Malecular function unclagssified
Malecular function unclassified
Molecular function unclassified
Malecular function unclagsified
Malecular function unclassified
Cther phosphatase

Cadherin

Other riscellaneous function protein

Malecular function unclassified

Cther zinc finger transcription factor

Cther kinase

Ribosaoral protein

RMNA helicase;Hydrolase

Malecular function unclagssified

Malecular function unclagsified

Micratubule hinding motor protein

KRAB box transcription factor,Mucleic acid binding
Malecular function unclagsified

Homeaobox transcription factor;MNucleic acid binding
Malecular function unclagsified

Molecular function unclassified

Malecular function unclagsified

Malecular function unclassified

KRAB box transcription factor,Mucleic acid binding
Malecular function unclassified

HMG box transcription factor;Mucleic acid binding
Other cell adhesion molecule

Transporter

Malecular function unclagsified

Kinase inhibitor

Other transcription factor, Mucleic acid binding
Merbrane trafiic requlatory protein
Methyltransferase

KRAE box transcription factor,Mucleic acid binding
Muclease

MNon-rmotar actin binding protein

Malecular function unclagsified

KRAB box transcription factar,Mucleic acid binding
Interleukin receptar

Molecular function unclassified

HMG box transcription factor; Chromatin/chromatin-binding pratein

Other signaling molecule
Dehydrogenase

Basic helix-loop-helix transcription factar
Other cell adhesion malecule

Other hydrolase

A

MNA



T€¢

chi2. 180445653
chi2 93520922
chrl 57859198
chr17. 79362462
chr11.30644536
chr10.61524366
chif 122973017
chr13.44192850
chi3. 112035448
chr1.18969452
chr5. 101086310
chr17.51742331
chr3 27802646
chiib. 144605196
chrl. 108551289
chi. 73013984
chr3.45451040
chr15.22109036
chr19.13953365
chr14.30739248
chiB. 110934406
chrl 1757 46063
chrd 1353458206
chrd 146624249
chib. 85199770
chi5. 59396996
chi? 13254161
chi3. 21711346
chi. 3267 1391
chif. 4724516
chr8.62138992
chi? 72241484
chr3. 102025458
chib. 145277771
chr12.61849557
chr14 45727334
chr17 11372227
chib. 149063859
chi2 43799297
chrl1.60052024
chr10.130524542
chr16.8771674
chr10.79942135
chrb. 31983872
chr3.30489381
chr14 41427405
chr16.16458506
chrd 57187704
chr10.86071927
chrl 545714858
chr10.62854712
chr15.91450919
chr13.92400185
chrl7 27788373
chr17.39332152
chr12.108354502
chrd 18322308
chrl. 12843746
chr? 118392130
chiis. 100770760
chiis. 100303584
chr16.78617624
chr16.81861270

chi2:18045044-18045097
chi2:93621862-93321945
chrl:57859614-57359640
chrl7:79362852-79362014
chrl1:30645210-30646275
chr10:61524578-61594638
chi: 12297 3691-122973750
chr13:44193186-44193225
chr3:112038663-112038759
chrl 1:189659626-18260924
chr5:101036799-101086523
chrl7:51742996-51743065
chr3: 2780357 3-27803608
chi: 144605935-144605355
chrl:108551668-108551575
chif:7301459458-73014889
chi3:45451459-45451569
chr15:22109399-22100465
chr19:13953964-13354025
chr14:307394560-307 39635
chiB:110934306-1 10984347
chil: 1757 464601797 46535
chrd: 138458513-133458568
chrd: 14662457 3-146624637
chr5:85200073-65200082
chif:89397637-89357822
chi7:13254336-13254485
chi3:21711793-21711502
chi:3267 1692-3267 1790
chiff: 4724319-4724343
chr8:89139391-89139434
chi7 72242209-72242280
chr3: 102028565-102099604
chib: 148278132-149278231
chr12:61549903-61848903
chrld: 4572457 1-497 24571
chr17:11372949-11373014
chif: 148064152-149064191
chi2:43799540-437 99636
chrl1.6005267 3-60062631
chr10:130526264-130526287
chr1B:8771805-8771935
chrl0:79942433-79342407
chr5:31984151-31984186
chr3:304525932-30489990
chrl4:41427570-41427607
chr1B:16455738-16458915
ched: 67 153315-67 188321
chr10.86072147-8607 2156
chrl:54572400-5457 2422
chr10:62855392-62855395
chr15:91451326-91451392
chr3:92400442-99400465
chr7.27738729- 27736916
chr17:39333492-39333632
chr12:106355387-106355453
chrd: 18322570- 183225095
chil:12844623-12044733
chi? :118392648-1 18392753
chiis: 100771295-100771359
chii: 100304316-100304396
chrlb:78618743-70616514
chr1B:81861635-81861798

7 BCOGB1062

7 AKD14837

7 AKD48123

7 AKDE2127

6 Psmed

6 Call3al

6 Phct

6 Jarid2

6 Cntnapd

6 Meis1

6 Miltzh

6 Pcaf

6 Pld1

6 Soxs

6 Serpinbg

6 Tcfd

6 Trnprss13

6 Cdh12

6 Tled

6 BCO37E74

6 Zfp1

6 Elys

6 BCOSS511

6 Tardbp

6 Trnprss11d

6 4933427 DOBRik
6 2410005H09RikK
6 Ankrd25

6 Ets1

6 Ppplr&a

6 TnrcH

6 OIfr290

6 Ephb1

6 4833442119Rik
6 Mamdc1

6 Lats?

6 Parkz

6 Tera

6 Pl

6 4933439F 18RIk
6 5830405M20Rik
6 AKDO7485

6 63304061 22Rik
6 2410018C17Rik
6 Samd?

6 AZ30006J02Rik
6 OIfr19

6 DB30032A03Rik
6 Timp3

6 D230012E17Rik
6 Atoh?

6 Kif21a

6 Ly78

6 Cpned

6 Mut

6 Mark3

6 Mrnp16

6 Sulf

6 Atel

6 Rybp

6 Rybp

6 Cxadr

6 Mcam2

71033 end
52118/3" end
52693 /3" end
719853 end
22385/5' end
91393 end
2531 5 end
21995 end
31386 Intragenic (intron)
55382 /5" end
25659 5" end
5491 5' end
1467 | Intragenic (intron)
245651 Gene desert
937641 Gene desert (3 end)
595/5' end
1809 3' end
433705 Gene desert
79035 /5" end
867 | Intragenic (intron)
9328 Intragenic (intron)
21648/3' end
246143 end
111667 Gene desert
34054 5" end
36827 5'end
1531 3'end
0/ Intragenic (exon)
10072 /5" end
268425 Intragenic (intron)
423927 Gene desert (3 end)
187831 Gene desert
10285 Intragenic (intron)
10381 5" end
24909 Intragenic (intron)
1038 | Intragenic (intron)
40111 Intragenic (intron)
2054 3 end
46400/5' end
1513 3" end
58711/3 end
229809 Gene desert
145413 end
646313 end
21327 5'end
23673/5' end
10729 /5" end
3957 5' end
162 Intragenic (intron)
B9438 3'end
10503 5" end
B3615 end
38218/5' end
956 | Intragenic (intron)
223667 Gene desert (3 end)
3561 Intragenic (intron)
278851 Gene degert (3 end)
16439 Intragenic (intron)
37070 Intragenic (intron)
103679 Gene desert
136708 Gene degert
380285 end
9009 | Intragenic (intron)

m

2]

0 MA

0 MA

4 MA

0 MA

468 GenelD: 103554
0 GenelD: 12817
19/ GenelD: 13614
B GenelD: 16468
0 GenelD: 170571
11/ GenelD: 17263
0 GenelD: 17355
0 GenelD: 18519
22| GenelD: 18805
90| GenelD: 20673
0 GenelD: 20725
0 GenelD:21415
0 GenelD: 214531
0 GenelD: 215654
6 GenelD: 216583
9 GenelD:216914
0 GenelD:22640
12| GenelD: 226747
0 GenelD: 230563
18| GenelD: 230908
0 GenelD:231382
0 GenelD: 232217
82 GenelD:232969
0 GenelD: 235041
21| GenelD: 23571
0 GenelD: 243725
30| GenelD: 244579
0 GenelD: 258411
29 GenelD: 270150
0 GenelD:320204
0 GenelD:320772
13| GenelD:50523
0 GenelD:50873
0 GenelD: 56306
24| GenelD:60235
51 GenelD:66771
0 GenelD:67556
0 GenelD:63053
0 GenelD:70719
0 GenelD:74504
0 GenelD: 76953
0 GenelD: 77750
0 mCG1038100
0 mCGE1041274
7AmCGE11195

0 'mCG113061
0mcG11319
20/mCG1142319

0/ mCGE116540

0 mCG117104
47 \mCG11778

895 mCG119299

8 mCG121174

0 mCGE123544

3 mCG126337

0 mCG127678

0 mCG127678

0 mCG126445
0/mCG130138

A

MNA

A

A

Malecular function unclagssified

Extracellular matrix structural protein

Cther transcription factor, Chraomatin/chramatin-binding protein
Other transcription factor,Mucleic acid binding
Other cell adhesion molecule

Homeaobox transcription factor;MNucleic acid binding
Cther transcription factor

Transcription cofactor;,Acetyltransferase
Phospholipase

HMG box transcription factor;Mucleic acid binding
Serine protease inhibitor

HMG box transcription factor;Mucleic acid binding
Serine protease

Cadherin

Transcription cofactor; Other miscellaneous function pratein
Malecular function unclassified

KRAE box transcription factor,Mucleic acid binding
Malecular function unclassified

Other receptor; Other defense and immunity protein
Other transcription factor Mucleic acid binding
Serine protease

Molecular function unclassified

Malecular function unclassified

Transcription factor,Muclease

Other transcription factor Mucleic acid binding
Mon-motar actin binding protein

HMG box transcription factor, Chromatin/chromatin-hinding protein
G-protein coupled receptor

Tyrosine protein kinase receptor,Protein kinase
Malecular function unclagssified

CaAM family adhesion molecule

Mon-receptor serinefthreonine protein kinase

Other transfer/cartier protein; Other ligase
Malecular function unclassified

Other receptor; Cell adhesion molecule; Other defense and immunity protein
Malecular function unclassified

Malecular function unclassified

Malecular function unclagsified

Other G-protein modulator

Malecular function unclagsified

Molecular function unclassified

Malecular function unclassified

G-protein coupled receptor

Malecular function unclagssified

Ietalloprotease inhibitor

Molecular function unclassified

Transcription factor,Muclease

Microtubule binding motor pratein

Other receptor

Cther miscellaneous function protein; Other membrane traffic protein
Mutase

MNon-receptor serinefthreonine protein kinase
Metalloprotease; Other extracellular matrix
Esterase

Malecular function unclassified

Malecular function unclassified

Malecular function unclagsified

Other receptor

CAM farnily adhesion molecule



¢ee

chrl 137268569
chrl 135396415
chr11.96451059
chr2 70217006
chi2 78556102
chi 60504065
chr10.99134641
chr2 116900858
chr2. 38628316
chr12.60848431
chr12.112245175
chi3.72192476
chr10. 44635327
chi3. 106154713
chi7 5044295
chi2 165022386
chrl 50215009
chr13.111356367
chi9 9603967
chi2. 11122182
chrd 57037941
chrs 42471754
chr1 182115200
chr13.12776563
chix 86215268
chr3. 102122113
chr19.30430372
chr3.84255209
chib. 34242054
chr3.18290781
chr11.34320360
chr15.9348560
chr12.72120657
chib. 134015120
chi3 6248758
chrl 135294333
chi3. 106183214
chrl 164033723
chi2 7610144
chr5. 107186577
chi? B0577912
chr11.8483357
chi5. 108429045
chr1B.13492702
chr19.37101564
chr15.6242624
chr19.3757 2566
chi2. 30297511
chr. 129109877
chr18.50202412
chr17 61523477
chr5 52131475
chr10. 27732957
chif G3984735
chr3 6796366
chi? 121384639
chr15.4955528
chr16.36556641
chrs. 118917172
chr15.28109772
chr3. 136022808
chr13.773368663
chr15. 11370193

chil:137268994-137 260907 4
chrl: 13539667 6-135396719
chrl1:96451532-96451589
chi2:70217467-70217659
chi2:78656490-78556573
chif:G0504317-60504354
chr10:99134772-99134932
chr2:116901548-116901552
chr2:386285958-35629007
chi2:60540805-60845524
chrl2:112245603-112245623
chi:72200299-72200363
chr0: 4453564 3-44635646
chr3:106155128-106155154
chi7 :G045434-5045552
chi2: 16802267 2-189022752
chrl:80216277-80916332
chr13:111356706-111356563
chi9:9604255-9604297
chi2: 11122418-11122481
chrd:67033419-67038517
chrS:42472432-4247 2525
chrl:182115699-132115743
chrl3:12776796-127 76032
chi:B56215557-05215567
chi3: 102122747 102122774
chr19:30430818-30430836
chi3:84255552-84255611
chifb:34242240-34242282
chi3:18291479- 18281504
chrl1:34330558-34390565
chr15:9348547-0348967
chr12:72131105-72191178
chif: 134015376-134015454
chi3:6949737-6249761
chrl:135294885-139205013
chr3:106183619-108183669
chil: 16403427 4-164034336
chi2:7610545-7610617
chr5: 1071857 12-107 185356
chi7 :B05735813-6057 9867
chrl 1:8454325-8484335
chr5: 108499347-108499413
chr16:13492940-13493003
chr19:37102105-37 102139
chr15:62342793-6242500
chr19:37573094-37573109
chi2:30293411-3099547 4
chr5:128110710-129110743
chr18:502027 19-50202740
chr17:61523678-61523761
chr5:52132005-52132125
chrl0:27733462-27 783619
chif GE955427-65936551
chi3:6797053-6757 169
chi7:121384855-121384969
chr15:4355703-4955752
chrb:36556018-36556166
chro: 11817291-11917336
chr15:28110334-28110410
chr3:136023140-136093253
chrl3:77339138-77330245
chr15:11370434-11370670

6 Mr5az

6 Mavl

6 Snull

6 A430065P 13RIk
6 Gstad

6 AS300563GZ2RIk
6 B530045E10Rik
6 Spradi

6 Mr5al

6 W20

6 Ptpm2

6 Tcfl2

6 Prdm?1

6 Ptkal

6 Ublela

6 Zfpb4

6 Cul3

6 Mdufsd

6 Fgr

6 Fgr

6 Akap2

6 Cd38

6 Enah

6 Mid1

6 FPcytlh

6 “angll

6 Cstf2t

6 Junb

6 AkrihG

6 Cyp?bl

6 Dock2

6 1700028M11 Rik
6 Frith

6 Enb

6 Pkia

6 9830132G07Rik
6 Has3

6 2810422020Rik
6 Mrnp20

6 AKD19690
6 BCOBZ2Z75
6 AKDS2680
6 AKDETOG9
6 BCO0BE5Y
6 BCOZ25E49
6 Lift

6 BCOS7932
6 AKDAB02G
6 AKDEE339
6 AKDOD4450
6 BCOS8120
6 AYE12934
6 AKO7TEE14
6 AF206023
6 AKDO5786
5 Dhx32

5 Prkaal

5 lldr1

5 Sema3d
5 Dnahch

5 Manba

5 Massl

5 Tars

417642 Gene desert (5" end)
2177 |Intragenic {intron)
2906 5" end

10413/5" end
1077 15" end
54866 5" end

43187 Intragenic {intran)
1453 5" end

23664 3" end

361837 Gene desert (3 end)
9570 Intragenic {intron)
3078 Intragenic {intron)

258993 Gene desert

2743 end
1402 | Intragenic (intron)
4325 5" end
80028 &' end
18611/5" end
B30979 Gene desert (3 end)
2157151 | Gene desert (3' end)
12686 Intragenic (intron)
8024 5" end
10787 5" end
12625 Intragenic (intron)
8818 Intragenic (intron)
1367 |Intragenic (intron)
32953 3'end
13385 end
9666 5" end

396242 Gene degert (5 end)
B176 Intragenic {intron)
5029 Intragenic (intron)
4338 Intragenic (intron)

726335 end

440459 Gene degert (5 end)
98135 end
1266 5 end

21293 3'end
1030 | Intragenic
4691 |Intragenic
5516 Intragenic
9544 Intragenic
9698 3" end

18478 Intragenic (intron)

21254 3'end

24000 5" end

27361 5" end

32144 Intragenic (intron)

38618 5" end

42248 5' end

48424 Intragenic (intron)

49656 5' end

79860 5" end

34087 5" end

147696 Gene desert

268 | Intragenic (intron)
3426 5' end
310|Intragenic (intron)

284231 Gene desert

131913 Gene desert
1002 | Intragenic (intron)

369008 Gene desert (3 end)

B1783 5" end

intran
intron
intran
intran
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0 mCG130962
43 mCGE131153
0/mCG13233
0 mCG142003
45/ mCGE14306
0 mCG144863
0 mCG145343
45/ mCG14558
0/ mCG1494
0 mCGE15070
0 mCG15282
0 mCG16396
0 mCG17867
59/ mCG19506
227 mCG2058
47 \mCGE20647
56 mCG21668
0/ mCG21737
0 mCG21840
0/ mCG21848
0 mCGZ708
0 mCGA157
81/ mCG4719
0 mCG5304
2/ mCGE463
34/ mCGa474
1589 mCG55983
B3 mCG5902
0 mCGE0ES
0 mCGE2E
0 mCGEE70
0 mCG7831
B7 mCG7924
4 mCGTI64
40/ mCGE3935
24 mCGEI171
0 mCGE338
45/ mCEI370
0 mCGEEE3
0 MA
0 WA
4 MA
0 MA
0 MA
4 MA
0 WA
0 MA
0 MA
0 MA
0/ MA
0 MA
0 MA
0 MA
0 MA
0 WA
0 GenelD: 101437
0 GenelD: 105787
0 GenelD: 106347
0 GenelD: 108151
0 GenelD: 110082
0 GenelD: 110173
0 GenelD: 1107839
0 GenelD: 110960

Muclear hormone receptor, Transcription factor;Mucleic acid binding
Malecular function unclassified

Malecular function unclassified

Actin binding motor protein

Other transferase

Malecular function unclagsified

Molecular function unclassified

MNon-rmotar actin binding protein

Muclear hormone receptor, Transcription factor;Nucleic acid binding
Malecular function unclagssified

Cther receptor; Protein phosphatase

Basic helix-loop-helix transcription factor;Mucleic acid binding
KRAB box transcription factor,Mucleic acid binding
MNon-rmotar actin binding protein

Other ligase

KRAE box transcription factor,Mucleic acid binding
Other miscellaneous function protein
Dehydrogenase; Reductase

Muclear hormone receptor, Transcription factor;MNucleic acid binding
Muclear hormone receptor, Transcription factor;Mucleic acid binding
Cther miscellaneous function protein

Glycosidase; Cyclase

MNon-rmotar actin binding protein

Extracellular matrix linker protein
Mucleatidyltransferase

Molecular function unclassified

Ribonucleoprotein

Other transcription factor Mucleic acid binding
Ozidoreductase

Oxygenase

Other G-protein modulator

Malecular function unclassified

Acyltransferase

Other transcription factor Mucleic acid binding
Kinase inhibitor

Molecular function unclassified

Synthase, Glycosyltransferase

Malecular function unclassified
Metalloprotease; Other extracellular matrix

MNA

A

A

A

A

MA

A

A

A

MNA

MA

A

A

A

MNA

A

RNA helicase

MNon-receptor seringfthreonine protein kinase
Other receptor

IMembrane-bound signaling molecule

Microtubule binding motor protein;Hydrolase
Glycosidase

Other transporter

Cther RNA-binding protein;AminoacyHREMNA synthetase; Ligase
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chiS 65293280
chrd 525335974
chr4. 17377186
chr2 127588121
chiS. 117941707
chr1.12900085
chr11.14076552
chr12 46740431
chr3.18364591
chrd 1027 14306
chr13.204764582
chrl 181010244
chi3 26028778
chi3. 118375976
chi2. 118359570
chr13.3447 1046
chi8 24232760
chr13.67947850
chr13.69309424
chr10.38486853
chr3.5642031
chrl 9770816
chr15.25725099
chr3.58403586
chr1.4700964
chrd 80675997
chr3. 113474054
chr2 920375832
chi3 6011287
chr11.118326807
chii5. 38373680
chr15.21402381
chr2 24571856
chrl 1. 20667947
chi2 . B955 1861
chr17 44851866
chiis. 37696724
chrl1.69316467
chr1f. 11088040
chr7. 22196646
chr2 145514245
chr15.92280364
chi2. 21443054
chrd 97491352
chr8.19086700
chrd 117056915
chr12.81824263
chi2 29780652
chr10. 25076447
chr11.59124039
chr12. 104696350
chrl 7143286
chr12.113002352
chr15.66017587
chr10.109705206
chrl1.62123228
chr3.73212474
chi7? 57630042
chrx 6456113
chiis. 136533980
chr5. 90933065
chr13.6702825
chif.B4721562

chif:G5293783-65293000
chrd 62654859-62684088
chrl 41737757 4173776592
chr2:127588668-127585691
chiS: 1179424571 17942560
chrl1:12900395-12800486
chrl1:14076970-14077089
chrl2: 467 40854-467 40581
chr3:18364646- 18364572
ched: 1027 14506-1027 14525
chr13. 20475837 20476813
chrl:181010597-181010763
chid:26023144-26029149
chi3:118376354-118376417
chi:118360200-1 18360216
chr13:3447 1645-3447 1820
chi8:2423259858-24233166
chr13:67945278-67348366
chr13:68330091-69390187
chr10:38407408-30487532
chi3:9642266-96423560
chrl:9770874-9770939
chr15:25735323-25795480
chr3:60464036-05464213
chirl 1:4701200-4701227
chrd:80575378-80676558
chi9: 11347 4786-11347 4852
chr2:92033030-32033051
chr3:6012504-6012586
chrl1:118827378-1186827540
chif:393735814-39373099
chir15: 21402597 21402812
chr2: 2487 2500- 2487 2541
chrl1:20668316-20660433
chi2:B9962233-89962348
chrl7:44852187-44852250
chiiS: 3769709737657 192
chrl1:69316853-69316902
chr1:11088283-1 1086451
chrl7. 22196212 22196335
chr2:145514665-145814676
chr15:92280823-92280951
chi2:21448752-21448023
ched:974910837-97 481840
chig:19086525-19087 108
chrd: 11705757 3-117057650
chr12:81824836-51524931
chr2:29750693-257807 42
chr10:26076761-260765833
chrl1:68124287 59124359
chir12: 1046567 02-104656511
chrl:7144501-7 144557
chirl2:113002691-113602821
chr15:66017813-66017863
chr10:109705518-109705551
chrl 1:62123554-62123667
chr3:73212641-73212689
chi7 :67630417-67630420
chix G496350-64596546
chi:136534170-136534255
chr5:90935797-30938544
chirl3:6703290-6703397
chif:B4721702-04721726

5 Marl

5 Abcal

5 Adk

5 Bub1

5 Cdh13

5 Cabl

5 Cobl

5 Coch

5 Cyp7hi

5 Dab1

5 Dscl

5 Lefty1

5 Eitdebp1
5 Eomes

5 Eomes

5 Epb4.114a
5 Fyfr1
51

52

5 Lamnad

5 Gigl

5 Mybl1

5 Myold

5 Mes

5 N2

5 Mfib

5 Pdcdbip
5 Phi21a

5 Pumpd

5 The1d1B
5 BY30096L08Rik
5 Cdh12

5 Arrdct

5 9130023F12Rik
5 Maorfdll

5 Ppp2rsd
5 Trirr24

5 Tnfsf12

5 Mkl

5 Ifp13

5 BCO247E0
5 Muct3

5 Gpriag

5 Apgdc

5 Mcphl

5 OIfr1341

5 Esrb

5 Sl ad
5 Akap?

5 7fp496

5 Ppp2i5c
5 AD30012M09Rik
5 5pd

5 DO300683F01RIk
5 9E30020C08RIkK
5 Pigl

5 Slitrk3

5 LOC434798
5 Parcn

5 Atf7ip

5 Vidp

5 Pikp

5 Sast

AB436 Intragenic (intron)
179986 Gene desert (5" end)
3430 Intragenic (intron)

78035 end
18445 Intragenic (intron)
240847 Gene desert (5" end)
1717436 Gene desert (5" end)
71451 5" end
469510 Gene desert (5 end)
11587 15" end
3607 3" end
1184 5' end
19897 5" end
72109 5" end
00286 5' end
25448 5" end
53043 &' end
449857 Gene desert (5 end)
F13972 Gene desert
345615 Gene desert (5" end)
17309 Intragenic (intron)
2037 5" end
812/ Intragenic (intron)
3325 end
89 Intragenic (intron)
17962 Intragenic {intran)
194735 Gene desert
40227 5" end
402177 Gene desert (5" end)
162 Intragenic (intron)
16375/3" end
7491 Intragenic (intron)
12768 /3" end
3131005  end
139871 5" end
5118 |Intragenic {intron)
102927 Gene degert
9567 5" end
54176 3" end
1913 5" end
14568 Intragenic (intron)
B054 Intragenic (intron)
B283 Intragenic (intron)
32368 5" end
115241 Gene desert
1651 3 end
7155 Intragenic (intron)
31803 end
152656|5" end
5575 5' end
45191 Intragenic (intron)
22315 5" end
80958 5" end
37268 5" end
121187 Intragenic {intron)
10743 end
177927 Gene degert
179756 Gene desert
988 5' end
48358 &' end
25043 5" end
244995 Gene degert (5" end)
77364 Intragenic (intron)
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0 GenelD: 111383
24 GenelD:11303
0 GenelD: 11534
0 GenelD: 12235
0 GenelD: 12554
0 GenelD: 12608
0 GenelD: 12808
0 GenelD: 12810
0 GenelD: 13123
3 GenelD: 13131
0 GenelD: 13505
0 GenelD: 13550
113 GenelD: 13685
0 GenelD: 13813
0 GenelD: 13813
0 GenelD: 13524
0 GenelD: 14152
0 GenelD: 16371
0 GenelD: 16372
0 GenelD: 16775
0 GenelD: 170753
0 GenelD: 17864
126 GenelD:17903
490 GenelD: 16003
12| GenelD: 18018
0 GenelD: 18028
B3| GenelD:18571
42 GenelD:192235
0 GenelD: 18302
0 GenelD: 207592
38| GenelD:209773
0 GenelD: 215654
0 GenelD: 215705
21 GenelD: 216549
71/ GenelD:21761
111 GenelD:21770
20/ GenelD:21843
13| GenelD: 21544
70| GenelD: 225164
14| GenelD: 22654
0 GenelD: 2287268
0 GenelD: 2396511
0 GenelD: 241263
9 GenelD: 242657
0 GenelD: 2443249
0 GenelD: 268552
0 GenelD: 26350
12| GenelD: 26662
7 GenelD: 268287
101 GenelD: 268417
0 GenelD: 26931
41 GenelD:319263
0 GenelD:320145
0 GenelD: 320269
0 GenelD:3275149
0 GenelD:327942
0 GenelD: 386750
0 GenelD: 434193
59 GenelD:63627
47 | GenelD:54343
46| GenelD:56041
47 | GenelD:56421
0 GenelD:56527

ATP-binding cassette (ABC) transporter
Nucleatide kinase

MNon-receptor serinefthreonine protein kinase
Cadherin

Malecular function unclagsified

Molecular function unclassified

Defensefimrmunity protein

Ouygenase

Other signaling maolecule

Cadherin

TGF-beta superfamily member

Translation factor

Other transcription factor Mucleic acid binding
Other transcription factor Mucleic acid binding
Frotein phosphatase

Tyrosine protein kinase receptor, Protein kinase
Homeobox transcription factor,MNucleic acid binding
Homeobox transcription factor;MNucleic acid binding
Extracellular matrix linker protein

Transcription cofactor

Other transcription factor, Mucleic acid binding
Actin binding motor protein

Malecular function unclassified

Cther cytoskeletal proteins

Cther transcription factor,Mucleic acid binding
Transtermbrane receptor regulatory/adaptor pratein
Malecular function unclagsified

Other miscellaneous function protein

Malecular function unclagsified

Molecular function unclassified

Cadherin

Malecular function unclagsified

Malecular function unclagssified

Cther transcription factor, Chromatin/chromatin-binding protein
Protein phosphatase

Transcription cofactor;Mucleic acid binding

Turnor necrosis factor family member

Malecular function unclagssified

KRAE box transcription factor,Mucleic acid binding

Extracellular matrix glycopratein
Other transporter

Malecular function unclagsified
Molecular function unclassified
G-protein coupled receptor

Muclear hormone receptor, Transcription factor;MNucleic acid binding

Transporter; Other ligase
Kinase activator

KRAE box transcription factor
Protein phosphatase
Malecular function unclagsified
KRAB box transcription factar
Malecular function unclagsified

Glycosyltransferase; Esterase

Antibacterial response protein

Malecular function unclagssified

Iembrane traffic regulatory protein
Transcription cofactor;Hydrolase

Other membrane traffic protein
Carbohydrate kinase

Mon-receptor serine/threoning protein kinase
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chif. 34084705
chr10.756935403
chr2 181605750
chr15.4017642
chr1.52412506
chrl4. 67266283
chr1B6.8465471
chr2 805327 46
chi? 31872405
chr12.18357220
chr10.8566107
chrl 44562315
chid.74090677
chrl 8629653
chr10.845256655
chr5. 107557 459
chr11.107023189
chr10.33021829
chi3. 27508730
chif 63921747
chriB.457 12350
chr17.21233085
chr3. 11262153
chrd 153555813
chi2 68579141
chr11.120334792
chi3. 114512367
chr3. 40264932
chi3.21355698
chi3 602655933
chr3 52066472
chrl 54135042
chr19.39180176
chr13.62544172
chi3.131634806
chis 53752076
chrl 34752058
chr10.56415670
chrd 126629307
chrd 20837861
chrd 20838925
chr13.40311337
chr12.4431448
chiS. 22365888
chr2 26463599
chr14.91735778
chr14.8696057 4
chrl 176773933
chr13.93795210
chr10.84577 764
chrl 53325798
chr13.86904131
chi 34621716
chrl4.23336507
chr19.201957587
chr3.93582914
chr2, 20265008
chr14.1107 36623
chi3. 155152286
chr2 170834059
chr14.17762936
chi3. 19697736
chi? 60242475

chifi:340845991-34006071
chr0.756938650-7 5536674
chr2:181606390-181606425
chr13:40153185-4015224
chir13:52412925-52412802
chil4:67265443-67 266590
chr1B:8465636-8465799
chr2:80533266-80533363
chi7:31830013-31880133
chrl2:18337595-18387642
chrl0.8566624-G566581
chrl:44863316-44963378
chid:74092607-7 4092685
chrl:8630451-8630612
chr10:84527016-84527151
chr5: 1075577 13-1075573580
chrl 1:107023931-1070241 11
chr0:39092245-30092271
chr3:27509306- 27509472
chif:G3822369-63922394
chrlB: 457 13196-497 13207
chr17:21233409-21233481
chr3:11262535- 11289542
chrd: 15355627 4-153556350
chi2:68579065-6857 9806
chrl1:120334884-120335030
chi9:114512504-114512618
chi3:402652358-40285387
chr3:21356573-21356700
chi3:60267328-60267 372
chr3:89066793-89086502
chrl:54138570-541386592
chr19:38180371-39180472
chil3:68544610-62544755
chi3:131634985-131685059
chif:63752389-63752454
chil:34752324-34752437
chr10:56415866-56415947
chrd: 126629557 -125609557
chrd: 2089337 7-20858416
chrd:20893632-20859813
chr13:40312331-40312524
chil2: 443264 2-4432605
chiS:22366183- 22366227
chr2: 2646417 2- 26464289
chr14:91736547 91736584
chrl4:86960816-86860937
chil: 176774199-17677 4206
chr13:93798496-937 98602
chr10:84577922-84578053
chr1:53326054-53326105
chr13:86904357 56504336
chix: 34692023-34652099
chrl4.233357 7323386827
chr19:20196053-20196286
chr3:935930658-33553175
chi2:20265193- 20265292
chrl4: 110737 130-1107 37255
chi3: 1551527 40-155152967
chr2:170835241-170835377
chr14:17763418-17763530
chr3: 196931 27- 19688273
chi?:60842973-60243069

5 Slc35bd

9 Elchadh

5 Palr3k

5 Lyzl

5 Ftrnt

5 Murit

5 AKDO7 485

5 Mup3s

5 2310044H10Rik
5 2410018L13Rik
5 Sashl

5 Gulp1

5 Hrngh2I1

5 Sntgl

5 Rixd

5 D5ErdaBae

5 Pitpnci

5 Tubet

5 Fndc3b

5 3110005G23Rik
5 Esrblt

5 1300003813Rik
5 Snx16

5 Zzankl

5 Upp2

5 57305893M15Rik
5 Cnot10

5 Ffp202

5 Thltxr

5 Sucnr

5 Ubglnd

5 5tk17h

5 Cyp2cdd

5 Ircd

5 Left

51200009 022Rik
5 Ptpnlg

5 Gjal

5 Gjb3

5 E130310K16Rik
5 E130310K16Rik
5 Gent2

5 Sh3d1B

5 Imatd

5 Motch1

5 K&
5492153021 Rik
5 49334261 22Rik
5 1700029F 12Rik
5 MGCSES70

5 1700019003Rik
5 0&10041E0SRik
5 Stag2

5 Arhgefd

5 Tmcl

5 Rptn

5 2430077 COSRik
5 Sox21

5 5230400.05Rik
5 Doka

5 Mlystd

5 Hps3

5 KIf13

10535 5" end
3762 |Intragenic (intron)
48127 3" end
318121 Gene degert (5 end)
399047 Gene desert (5" end)
774723 end
50244 5' end
3235 end
45773 end
176006 Gene desert
358755 end
B8553 Intragenic
1795 | Intragenic
1193 Intragenic
785 | Intragenic
342015 end
15336 Intragenic {intron)
74502/3' end
33666 5" end
4084 5" end
35053 3" end
B3415/3' end
770485 Gene degert (5 end)
1560 5" end
98979 Intragenic (intron)
5638 5' end
1239 3'end
267383 end
406634 Gene desert
19210/3" end
58483 end
52883 end
776035 end
160995 Gene desert
8346 5" end
13951 3" end
383 Intragenic (intron)
2927 5" end
1239 5' end
193613 Gene desert (5" end)
194939 Gene desert (5" end)
8107 |Intragenic (intron)
55066 5" end
1075082 Gene desert
571 5" end
198417 Gene desert
1083702 Gene degert (5 end)
85245 /3" end
268615 end
7325 5 end
838/5' end
138693 Gene degert
67588 /3" end
11225 Intragenic (intron)
10451 |Intragenic {intron)
15451 5" end
80401 Intragenic (intron)
178477 Gene desert
259112/3 end
28657 Intragenic (intron)
25043 /5" end
1138 | Intragenic (intron)
18100/5" end
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intran
intran
intran
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54| GenelD:60246
0 GenelD:G4454
42| GenelD:67005
0 GenelD:67328
0 GenelD:67634
0 GenelD:67926
0 GenelD:B3053
0 GenelD:B3452
229 GenelD:69653
0 GenelD:6B732
98 GenelD:70097
21 GenelD:70678
0 GenelD: 70823
0 GenelD: 71096
0 GenelD:71137
40| GenelD:71752
167 GenelD: 71795
0 GenelD: 71924
27 | GenelD:72007
0 GenelD: 73067
0 GenelD: 73916
0 GenelD:74149
0 GenelD:74713
6 GenelD: 765580
0 GenelD: 76654
0 GenelD: 77553
0 GenelD: 78853
0 GenelD:50202
20| GenelD:G1004
0 GenelD:84112
51 GenelD:94232
0 GenelD: 98267
0/ mCG10001
0 mCGE10022
0 mCG10208
99/ mCG1036418
0 mCG10409
56 mCE10836
0 mCGE10207
16 mCG10954
16/ mCG10984
0/ mCG10994
0/ mCGE11010
0 mCG1135660
461 mCG11364
0/ mCG113841
0/ mCG1135800
0/ mCGE114397
0 mCG114608
12/mCG115157
0 mCG115472
7 mCG116561
0/ mCG116201
22/mCG117573
0 mCG1199538
0/ mCG120170
8 mCG120835
43 mCG120855
0 mCG120807
0 mCG120918
34 mCG123147
0 mCGE123402
0/ mCG1235656

Cther transporter

Cation transporter, Carbohydrate transporter
DiA-directed RNA polymerase; Nucleotidyltransferase
Hydrolase; Defense/imrmunity protein

Storage protein

Malecular function unclagsified

Molecular function unclassified

Malecular function unclassified

Malecular function unclagsified

KRAB box transcription factar

Malecular function unclagsified

Other signaling molecule

HMG box transcription factor; Chromatin/chromatin-binding protein
Other cytoskeletal proteins

Other transcription factor

Malecular function unclassified

Other transporter, Other transfer/carrier protein
Tubulin

Other actin family cytoskeletal protein

Malecular function unclassified

Malecular function unclassified

KRAB box transcription factor,Mucleic acid binding
Malecular function unclagsified

Malecular function unclassified

Fhosphorylase

Molecular function unclassified

Malecular function unclassified

KRAB box transcription factar,Mucleic acid binding
Other miscellaneous function protein

G-protein coupled receptor

Other miscellaneous function protein

MNon-receptor seringfthreonine protein kinase
Ouygenase

Homeaobox transcription factor;MNucleic acid binding
HMG box transcription factor;Mucleic acid binding
Receptor

Protein phosphatase

Gap junction

Gap junction

Malecular function unclassified

Malecular function unclassified
Glycosyltransferase

Other membrane traffic protein

Malecular function unclagsified
Receptor,Membrane-bound signaling malecule; Defensefimmunity protein
KRAB box transcription factor,Mucleic acid binding
Malecular function unclagsified

Malecular function unclagssified

Malecular function unclagsified

Molecular function unclassified

Malecular function unclassified

Malecular function unclagsified
Chramatind/chromatin-binding protein
Guanyl-nucleotide exchange factor

Molecular function unclassified

Calmodulin related protein;Annexin

Malecular function unclagsified

Malecular function unclagssified

Malecular function unclassified

Malecular function unclassified

Other zinc finger transcription factor, Chrormatin/chramatin-binding protein Acetyltransferase
Malecular function unclassified

KRAB box transcription factar



GeC

chr1B.127 06646
chi3. 134071216
chiis 58592579
chr3. 46636504
chi2. 40423463
chr16.86560920
chi. 1260453801
chis. 123402644
chiib. 123261883
chr10.51257 441
chr3.89650377
chr10.79947 436
chrd 128871782
chr3.537400039
chi7 55044552
chr13.115235768
chr2 180397021
chi3. 90921676
chid. 106273787
chi2. 122000216
chrd 45060265
chrlB. 22477672
chrl 15252957
chi2 40870646
chr16.41888032
chr12.36798919
chr17 45878321
chr5. 146385712
chib 60505186
chif 67224097
chr? 36891394
chi? 76517378
chr17.83527963
chrl4. 55406847
chrl.1056412478
chr13.829958012
chr15.102830302
chrl.36379851
chrl4.65201006
chr5 73780463
chrs. 112880736
chr2.71136952
chr13.43470907
chib. 14785623
chr3.55084374
chis 37617777
chrd 54703194
chrl 92360827
chr3.35514348
chr13.46139557
chrl1.B2176716
chr2, 35832995
chi7 24606052
chrd 15170057
chrd 57045724
chi? 82702008
chr 80853903
chi 20960244
chiB. 115649450
chi3. 116064440
chr17.14425175
chr10.78331732
chi2 163526633

chrlB:12705939-127 05935
chi3: 13407 1485-13407 1536
chii:58600835-65600520
chi3:466586914-46686089
chi2:40423022-40423637
chrb:86561697 06561724
chi: 1260459153-1260459204
chi: 123402918-123402952
chi: 123262305-123262308
chr10:51257955-51256010
chi3:89650616-896507 05
chrl0:78947529-79847650
chrd: 12887 2620-128587 2650
chr3:53740263-53740310
chi7 :55045175-65045202
chr13:115236083-115236193
chr2: 180397 400-180397547
chr3:90922013-90922213
chi: 10627 4395-10627 4395
chi2: 12200037 7-122000460
chrd: 460607 20-45060803
chrlB:22478395-22478418
chrl:158535358-15953503
chr2: 4087 1054-4087 1121
chr1B:41838242-41886347
chr12:36800150-36800249
chr17:45578538-45878559
chrS:146335952-146386120
chib:G05057039-605057 32
chif 6722447 2-67224510
chi7:36891546-36851633
chi7 :7B517706-76517812
chr17:83528537 83528650
chrl4:55439116-55489107
chrl:105412808-105412985
chrl3:829357 14-52998915
chr15:102851303-102681305
chil:36350333-36380416
chrl4:68201201-692612829
chr5:7 3780807 -73730821
chr5: 1128817 14-112851849
chr2:71137432-71137550
chirl3:43471212-4347 1330
chid: 14786217-14786264
chr3:550584693-55084539
chis:37618776-37618631
chrd:54703465-54709499
chil:92361261-82361332
chi3:35515317-355146321
chr13:46139962-46140085
chrl 1:6917697 369177157
chr2:35883535-35083568
chi7 3460634 2-24606390
chrd: 181707 49-1517 1026
chrd:57043122-57049184
chi7:82704939-82705057
chi:90859240-30359403
chi:90860554-90260626
chiB: 11564596 19-1 156458720
chid:1160645814-118064867
chr17:14435269-14495333
chr10:78932541-78932636
chi2: 163526960-163527014

5 Erced

5 E130014.J05Rik
5 Abcg2

5 DO30060M11Rik
5 AZ30008A22Rik
5 Adamtsh

5 Cd9

5 Slc2a3

5 Dppa3

5 Sim1

5 Thhs3

5 Gpxd

5 2610200G18Rik
5 Stoml3

5 lyfr

5 Mrps30

5 Dido1

5 Fta

5 Snth2

5 085492

5 Igfbpl1

5 Dgky

5 Terfl

5 Lplb

5 Lesamp

5 ImmpZ2|

5 Frs3

5 Hmgh1

5 AS300563GZ2Rik
5 A430010110Rik
5 5330421 FO7Rik
5 2810439K08RIk
5 Pprmlb

5 Tdh

5 Pign

5 Coxrc

55p

5 Hsbst1

5 DZ30005002Rik
5 GshZ

5 Pla2glh

5 Dncic2

5 CdB3

5 Cacnazdl

5 Ccnal

5 Akridi

5 Klid

5 Mdufall

5 Atpllh

5 Cap2

5 BCO21790

5 Mdufad

5 Syt9

5 9630015015Rik
5 Akap2

5 0dz4

5 Pjal

5 Pjat

5 DnclZb

5 Cdyl2

5 Chd1

5 Olfea7

5 09300071 122Rik

152126 Gene desert
49876 5" end
59915 &' end
2858634 Gene desert
9660 | Intragenic (intron)
206923 Gene desert
26865 3' end
22859 5' end
1697 5" end
248554 Gene desert (3 end)
2013 end
3094 5" end
11186/3" end
143055 Gene desert (3 end)
10338 Intragenic (intron)
115654 Gene desert
7166 5" end
BBEET Intragenic (intron)
17735 Intragenic (intron)
9992 Intragenic (intron)
83 Intragenic (intron)
15076 | Intragenic (intron)
13862 /5" end
7617 Intragenic (intron)
B7431 Intragenic (intron)
23788 Intragenic {intran)
9137 3" end
14/5" end
B936 5" end
53205 5" end
3519 Intragenic {intron)
34185 end
893 5" end
257 |Intragenic (intron)
29709 3" end
310965 Gene desert (5" end)
BE43 5" end
6994 5' end
11654 Intragenic (intron)
7486 3' end
1285 5" end
3362 |Intragenic (intron)
215776 Gene desert
595632 3" end
55305 3' end
120963 Gene desert
B2704 3" end
B624 3" end
30603 5" end
1010 3'end
5623 end
12767 3" end
31026 5" end
22042 15" end
23371 Intragenic {intron)
500000 Gene desert (5 end)
9983 3" end
96365 5" end
239762 Gene desert
49436 Intragenic (intron)
26393 5' end
69723 end
2960 3" end
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0 mCG123837
11/ mCG123956
0 mCG124607
5 mCG126323
0 mCGE127192
15/mCG129418
33/ mCG129426
5 mCG132202
0/ mCG132218
0mCG13325
18/ mCG133395
0/ mCG13421
7 mCG13543
0/mCG13685
114 mCGE13642
17 /mCG1400
20/ mCG140052
30/ mCG141364
0 mCGE141366
1 mCG141435
0 mCG14155
0 mCG141782
0/ mCG14187
0 mCGE141878
0/ mCG141840
0/ mCG142422
0 mCG144020
0 mCG144566
0 mCG144863
0 mCG144876
0 mCG145358
0mCG15145
13/ mCG15599
0 mCG15867
0 mCG1E111
1129 mCG1735
0/ mCG17604
33 mCE17738
0 mCG17760
0 mCG15262
0 mCG19247
53/ mCG19345
0/ mCG19429
10/ mCG19433
0/ mCG19561
0 mCG196597
0 mCG20085
320 mCG20119
122 mCG20276
0 mCG20458
0 mCG20905
45 mCG22271
0 mCG2602
4 mCGZE70
0 mCGZ708
0 mCG2837
26/ mCG3733
0 mCEITI3
0 mCG4360
0 mCG4362
3 mCG4508
0 mCG53077
4/ mCG5451

Endodeoxyribonuclease;Hydrolase

Malecular function unclassified

Transpoter

Malecular function unclagsified

Malecular function unclagssified

Signaling moleculs; Metalloprotease

Cther cell adhesion molecule

Catbohydrate transporter

Malecular function unclagsified

Basic helix-loop-helix transcription factarMucleic acid binding
Cell adhesion molecule; Extracellular matrix glycoprotein
Peroxidase

Malecular function unclassified

Other cytoskeletal proteins

Tyrosine protein kinase receptor,Protein kinase
Malecular function unclassified

Other zinc finger transcription factor;Mucleic acid binding
Malecular function unclagsified

Other cytoskeletal proteins

Malecular function unclassified

Miscellaneous function

Transfer/cartier protein; Other kinase; Calmodulin related protein; Annexin

Other nucleic acid binding

Other receptor

CAM farnily adhesion molecule

Cther proteases

Malecular function unclassified

HMG box transcription factor; Chromatin/chromatin-binding pratein
Malecular function unclagssified

Malecular function unclagsified

MNor-motor actin binding protein

Malecular function unclassified

Protein phosphatase

Malecular function unclagssified

Malecular function unclagsified

Oxidase

KRAB box transcription factar

Other transferase

Malecular function unclagssified

Malecular function unclassified
Phospholipase

Microtubule family cytoskeletal protein
Irnrmunaglobulin

“Waoltage-gated calciurm channel

Kinase activator

Oxidoreductase

KRAB box transcription factar,Mucleic acid binding
Ozidoreductase

Cther transporter; Other hydrolase

Molecular function unclassified

Malecular function unclassified

Hydrogen transporter; Mitochandrial carrier protein; Oxidoreductase
Mermbrane trafiic regulatory protein
Malecular function unclagsified

Other miscellaneous function protein

Other receptor;Merbrane-bound signaling moleculs
Ubiguitir-protein ligase

Ubiguitir-protein ligase

Cther microtubule family cytoskeletal protein
Malecular function unclassified

Transcription factor, DNA helicase;Hydrolase
G-protein coupled receptor

Malecular function unclagsified



9¢€¢

chib. 137583019
chi2. 116172146
chr11.72032665
chrl. 133222061
chi2 456955650
chib. 30156541
chrl 86233831
chr2 150045758
chr15.14021331
chr15. 16039865
chif. 38659132
chrl 164035662
chrl5. 27170252
chr2. 103920509
chrd 38462291
chrd 134604276
chr5. 42450499
chr14.3085358
chrl7. 44970745
chr18.64385150
chi3.284195825
chrl 127835445
chrl 106524459
chr17. 34357093
chif. 81132358
chr18.66116581
chr13.13541094
chr3. 157935841
chib 67283922
chi? 77193435
chr11.77292350
chi? 77192414
chrd 142539953
chr15.6704423
chrl 31512817
chr19.11445227
chr19.11320095
chi5. 107766826
chi3. 17430697
chr11.77286925
chr12.13105258
chr2 119538063
chr1f.76111135
chrd 84457697
chr11.29491940
chr11.6662535
chr16.907 44108
chrl7.83713774
chr10.14965704
chr13.94310376
chr2 31028354
chr5. 31906719
chrl1.58600819
chi8. 12520111
chr15.40751764
chr17.61880373
chrs. 115827049
chi7 B0B47235
chr13. 10632576
chr18.30570425
chr13.47350069
chr17. 46552969
chrd 31603914

chrb: 137503206-137603321
chi2: 116172448-116172501
chrl 1:72033141-72033205
chrl: 133222347 133222453
chr2:45696394-45650500
chif:30156733-30156777
chrl:86234251-86234289
chr2:15004B8526-150046618
chr15:14021774-14021860
chr5:16040296-16040330
chif: 386596 14-386597 27
chrl:164035891-1640359652
chr15:27170535-27 170695
chr2:103921055-103991061
chrd:30462514-354627 42
chrd: 134604913-134605019
chr5:42450836-42480951
chr4:3085574-3035985
chirl7: 4497 1069-4437 1228
chr18:64306054-643861 16
chi3:28420035-25420043
chrl:127535845-127835944
chrl:106625188-108695234
chrl7: 34357 462-343567511
chif:B1132763-01132782
chr18:66117063-66117117
chr13:13641356-13641430
chr3:157936424-157936467
chib:G7254106-07284177
chi? 77 1991838-77199241
chrl1:77292786-77292830
chi7 77197424-77157529
chi: 142540302-142540366
chir5:8705396-8705435
chr1:315613130-31513200
chr19:11448954-11445094
chr19:11320299-11320372
chi5: 107767 262-107767 366
chr3:17439069-17 439148
chrl1.77286227 77286285
chr12:13106220-13106362
chr2:119638133-119639311
chr13:76111813-76111870
chrd:B445027 1-04458377
chrl1:28492870-29492924
chrl 1:6673409-667 3708
chr1B:907 44620907 44745
chrl7:83714212-837 14351
chr0:149685245-1 4569333
chr13:94310722-94310855
chr2:31028710-31028903
chr5:31907042-31907119
chrl1:58681 19350651312
chiB: 12620526- 12620654
chr18:40751859-40751965
chr17:61831020-51881035
chrs:115837637-115897654
chi7 :B0647542-60647 560
chr13:10633020-10633213
chr18:30570575-3057 0640
chr13:47350414-47350518
chir7:46853340-46853365
chrd:B31604264-01604420

5 Mad1ll

5 Tgfbr2

5 0130058121 Rik
5 Ren2

5 Zhxlh

5 UbeZh

5 Mel

5 ffp120

5 Cdhe

5 CdhE

5 HipkZ
5/2810422020Rik
5 ank
5/Cd59a

5 Acol

5 AKO31499
5 AKD43442
5 BCOS5874
5 AB093219
5 AKI2Z304
5 AkDE3459
5 AKDS0039
5 BCO23820

5 AKIZ29074 § Mdet

5 BCOG4813
5 BCOB7032
5 ABOS3710
5 AKI22576
5 AKI29272
5 AKD3E705
5 AK122494
5 AKO3E708
5 AKD43850
5557425

5 AKD15858
5/Mh_145414
5 M_145681
5 AKD38433
5 BCO30462
5 AKI122494
5 AKIMT77E1
5 AKIE123
5 BCOS3104
5 BCOBZ814
5 AKDOES91
5 BCOS7932
5 BCOS530%6
5 AKDO7130
5 AKDAZE6EE
5 AKD77132
5 AK122308
5 BCOG1483
5 BCO44882
5 AKDB5316
5 AKD13700
5 AKDTE7E1
5 AKD47401
5 BCOBZ275
5 BCO03220
5 M73818

5 AKD1E430
5 ARKI33924
4 Psip1

19607 |Intragenic (intron)
38104 &' end
8917 5" end
10075 /5" end
b23236 Gene desert (5" end)
10320 Intragenic (intron)
712 3" end
132956 Gene desert
1025327 Gene degert (5 end)
3043646 | Gene desert (5' end)
312|Intragenic {intron)
22914 3" end
335141 Gene desert (5 end)
3167 |Intragenic (intron)
1772296 Gene desert (5" end)

0/ Intragenic (exon)

0 Intragenic {exon)
4425 end
557 | Intragenic
840 | Intragenic
933 | Intragenic
1439 Intragenic
16333 end

2156 Intragenic
2573 Intragenic
4358 Intragenic
4550 | Intragenic
4786 3" end
5244 5" end
547258 end
5901 5" end
72105 end
3404 5" end
9492 5" end
9618 3" end
10030/5" end
10231/5" end
10240/5" end
11128 /5" end
12447 58" end
14010/5" end
14324 /3" end
14495 Intragenic (intron)
19400 Intragenic (intron)
18980 3'end

21305 &' end

25681 5" end

20958 3" end

36877 5" end

37085 5' end

37144 Intragenic (intron)
39046 3" end

39216 /5" end

50010/3" end

50489 3" end

55086 5' end

55805 3" end

B1714 5" end

105477 Gene desert

105896 Gene desert

105899 Gene degert

138615 Gene desert

127887 Gene desert

intran
intron
intron
intran
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intran
intran
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7 mCGEE3E
0 mCGB4E7
0 mCGEEE4
0 mCGEI33
IF mCGER1a1
54/ mCGEE299
74/mCG3509
B mCGE721
0 mCGa950
0 mCGEI50
0 mCGE2EG
45 mCG9378
4/ mCGE599
0 mCG3E49
B7 mCEI710

2007 MA,

0 WA
0 MA
0 MA
0 MA
0 MA
0 WA
9 MA
36 MNA
0 MA
24 WA
0 MA
0 MA
0 MA
0 MA
4 MA
0 MA
0 MA
0 MA
0 MA
0 WA
0 MA
0 MA
0 MA
4 MA
0 WA
0 MA

136 NA

0 MA
0/ MA
0 WA
2 MA
21 NA
0 MA
0/ MA
15/ MA
7 MA
0 MA
0 MA
0 WA
4 MA
0 MA
0 MA
0 MA
0 WA
0 MA
0 MA

Malecular function unclagsified
TGF-beta receptor; Serinefthreonine protein kinase receptor,Protein kinase
Other cytoskeletal proteins
Aspartic protease

Homeobox transcription factor,Zinc finger transcription factorNucleic acid binding
Cther ligase

Ribonucleoprotein

KRAB box transcription factor,Mucleic acid binding
Cadherin

Cadherin

Mon-receptor serine/threonine protein kinase
Molecular function unclassified
Transporer;Mitochondrial carrier protein
Merbrane-bound sighaling molecule
Dehydratase;Hydratase

MNA

A

A

A

MNA

MNA

A

A

A

A

MA

A

A

A

MNA

A

A

A

A

MNA

A

A

A

A

MNA

A

A

A

A

MA

A

A

A

MNA

MA

A

A

A

MNA

A

A

A

A

MNA

A

A

A

98 GenelD: 101738 | Transcription cofactor



LEC

chrl7. 27603929
chi2 296589210
chis. 140717552
chrl 139377047
chr12. 103068562
chiS. 118597407
chr11.12330545
chi? 1207358162
chr17.29432430
chi5. 25133136
chrl1.44503556
chr11.44451229
chr18.34456911
chib 651265818
chr12.33500835
chrd 114253940
chr5.94406544
chr17. 62166209
chr19.23497 371
chrl.89842704
chr12.20081359
chr13.477458373
chr13.47655814
chi5. 106115709
chr10.876756097
chr3.7602899
chr13.65788095
chi3. 127959588
chr11.110452636
chif. 1454358845
chr13.22367959
chr18.3143585
chr18.75876147
chr10.41306200
chi2. 109893945
chr8 50261130
chr15.67340337
chr13.40903915
chi3. 1025356143
chi3. 102647764
chr12.12951214
chr1 212826537
chr13.58029335
chr11.53779863
chi9. 113204445
chr5. 136395146
chr11.108395139
chi3. 148502552
chi2 134709225
chr2 135363555
chi3 112121642
chr15.10007657
chi5. 19343672
chr10.21946624
chi8 77627150
chi? 26472104
chr10.89229470
chi3. 875874071
chrl.133268331
chis. 144512231
chr13.33352597
chi3.26604134
chrl 93132373

chirl7:27604329-27604574
chr2: 29659592- 29689659
chis: 14071787 4-1407 17952
chrl:139377207-133377319
chirl2:103069095-103062402
chiB: 118597457 2-118597689
chrl1:12330929-12330983
chi7: 1207384311207 38452
chrl7:20432592-20482664
chr:25733001-25138964
chrl1:44503855-44503955
chrl1:44481550-44481702
chr18:34457183-34457 256
chib:B5127106-65127128
chirl2:335801336-33801442
chrd: 114254330-114254464
chr5:94407193-24407 226
chr17:62166821-62166930
chr19:23490028-23498116
chr:89843210-02843383
chrl2:20082261- 20062300
chil3:47748586-477 45715
chrl3:47656885-47657 123
chr:106116208-106116335
chrl0:87675224-8767 5467
chr3:7603230-7603354
chr13:66788567 58788632
chid:127958777-127950999
chil 1:110452920-110453051
chif: 145438964-145435011
chrl3:22372858-22373014
chr18:3143794-3143994
chr18:75876280-75576324
chr10:41305398-41306452
chi2:108524394-10989457 4
chi3:50261499-50261616
chi15:67340825-67340845
chr3:40904086-40304175
chr3: 102535693-102635248
chi3: 102648246-102645351
chr12:12951465-12851642
chr12:12926810-12826955
chi13:56029750-50029765
chrl1:63780191-63780257
chr9:113204685-113204845
chrs:136325281-136395434
chrl 1:106385678- 106395730
chr3: 146502647-148603011
chi2: 1347 09606-1347 09359
chr2:135363850-135363959
chid: 112122180-112122345
chr15:10008091-10008150
chr5:19343090-19343024
chri0:21947 11721847129
chi8: 77628597 1-77629123
chi7 : 26472385- 26472454
chr10:89225590-59220039
chr3: 9767 4647-9707 4754
chrl:133268462-133268524
chi: 144512638-1445127596
chr13:33352791-33352834
chr3:26604352- 25604435
chil:93134283-93134492

4 Stk38
4 Rapgefl
4 Plekhas
4 Calmbp1
4 Cenk

4 Cdh13
4 Cobl

4 Cthp2
4 Dnahcd
4 Dppb

4 Ebfl

4 Ebft

4 Epbd.114a
4 Srnarcadi
4 Etvl

4 Otx3

4 Bmp2k
4 Fer2

4 Fun

4 Ghy2

4 1d2

4 14

4 1d4

4 ldua

4 lgf1
417
4/l

4 ltgh1

4 Kcnj16
4 Kras

4 \hB
4 1rg10
4 Smad?
4 Mical

4 Mitapd
4 Mecami
4 hdrgl

4 Meddd
4 Myfh

4 Mgfb

4 Nmyci
4 Mmyci
4 Mtrk2

4 Pdha2
4 Pdcdbip
4 Pdufa
4 Pecam1
4 Prkach
4 Plcb1

4 Plcb4
4 Arpp21
4 Prir

4 Ptpnl2
4 Raetla
4 Rbmxrt
4/C30913
4 Mrihd
4 Zec22l
4 Box13
4 Soxh

4 SerpinbGa
4 EifbaZ
4 Snedl

5265 end
923 | Intragenic (intron)
5294 3" end
7943 end
117331 Gene desert
28400 Intragenic (intron)
24023 Intragenic {intran)
8090 Intragenic (intron)
36703 end
B5902 5" end
4902 |Intragenic {intron)
27199 Intragenic {intron)
10936 /5" end
20583 5" end
17605 end
B364 3' end
0 Intragenic {exon)
123112 Gene degert
36621 3" end
3634 5" end
2856 5" end
8702 5" end
100348 Gene degert
6225 end
3338 3" end
2513 |Intragenic {intran)
282460 Gene desert
145168 Gene degert
186197 Gene desert
28787 5" end
18435 /5" end
116935 Gene desert (3 end)
22443 5" end
50000 5" end
20767 5" end
336176 Gene desert
101546 Gene degert
28504 Intragenic (intron)
894563 3" end
197061 Gene desert
107673 Gene desert
132287 Gene degert
26810 Intragenic (intron)
9820 3" end
464809 Gene desert
13485 end
9314 |Intragenic (intron)
1115592 Gene desert (5" end)
259990 Gene desert
102002 Gene desert
1278 | Intragenic (intron)
72051 5" end
21981 3" end
28627 3 end
B000 5" end
3940 /5" end
2733 Intragenic (intron)
26315 /5" end
104 3" end
1682408 Gene desert
17823 end
36794 3" end
30225 '5" end

1}
0
0
406
1}
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15
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0
153
1}

0
248
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B5 | GenelD: 106504
22| GenelD: 107748
0 GenelD: 102135
0 GenelD: 12316
126 GenelD: 12454
0 GenelD: 125654
0 GenelD: 12808
167 GenelD:13017
0 GenelD: 13417
0 GenelD: 13483
0 GenelD: 13581
0 GenelD: 13591
0 GenelD: 13824
11/ GenelD: 13290
33 GenelD: 14002
0 GenelD: 140477
0 GenelD: 140780
7 GenelD: 14158
0 GenelD: 14297
0 GenelD: 14472
250 GenelD: 15802
B GenelD: 15304
B GenelD: 15904
32 GenelD: 15932
0 GenelD: 16000
0 GenelD: 16196
0 GenelD: 16372
437 GenelD: 16412
26 GenelD: 16517
13| GenelD: 16653
0 GenelD: 171249
0 GenelD: 171266
1 GenelD: 17131
107 GenelD: 171580
206 GenelD: 17753
58| GenelD: 175967
1/ GenelD: 17353
36 GenelD: 16003
0 GenelD: 16049
0 GenelD: 18049
2 GenelD: 18109
2 GenelD: 18109
399 GenelD: 16212
0 GenelD: 18452
B3| GenelD: 18571
0 GenelD: 18550
0 GenelD: 18613
29 GenelD: 16743
0 GenelD: 18755
3 GenelD: 187598
0 GenelD: 19050
0 GenelD: 19116
9 GenelD: 19248
0 GenelD: 19363
B9 GenelD: 19656
16| GenelD: 19777
0 GenelD: 20186
29 GenelD:20333
4 GenelD: 20863
90| GenelD: 20673
0 GenelD: 20719
2 GenelD: 200691
30| GenelD: 208777

Mon-receptor serine/threoning protein kinase
G-protein modulator

Malecular function unclassified

Malecular function unclagsified

Kinase activator

Cadherin

Molecular function unclassified

Transcription cofactor;Dehydrogenase

Microtubule binding motor protein;Hydralase
Serine protease

Cther transcription factor,Mucleic acid binding
Other transcription factor,Mucleic acid binding
Protein phosphatase

DMNA helicase;Hydrolase

Other transcription factor Mucleic acid binding
Homeabox transcription factor, Nucleic acid binding
Mon-receptor serinefthreonine protein kinase
MNon-receptor tyrosine protein kinase

Other miscellaneous function protein

Homeaobox transcription factor;Mucleic acid binding
Cther transcription factor

Other transcription factor

Other transcription factor

Glycosidase

Growth factar

Interleukin

Homeobox transcription factor,Nucleic acid binding
Other receptor; Cell adhesion molecule
“Woltage-gated potassium channel

Small GTPase

G-protein coupled receptor

G-protein coupled receptor

Other transcription factor

Malecular function unclagssified

Mon-motor microtubule binding protein

CAM family adhesion molecule

Malecular function unclagsified

Other cytoskeletal proteins

Meuratrophic factar

MNeuratrophic factar

Basic helix-loop-helix transcription factor;Mucleic acid binding
Basic helix-loop-helix transcription factar,Mucleic acid binding
Tyrosine protein kinase receptor,Protein kinase
Hydroxylase

Transmembrane receptor requlatory/adaptor protein
Grawth factar

Irnrnunoglobulin receptor family member, Other cell adhesion molecule;Defensefimmunity protein
Pratein kinase

Fhogpholipase; Select calcium binding protein
FPhospholipase; Select calcium binding pratein
Protein phosphatase; Esterase

Other receptor

Frotein phosphatase

Cther receptor, Other defense and immunity protein
Ribonucleoprotein

Transcription cofactor; Chaperone; Defensefimmunity protein
Muclear hormone receptor, Transcription factor;Nucleic acid binding
SNARE protein

HMG box transcription factor;Mucleic acid binding
HMG box transcription factor;Mucleic acid binding
Serine protease inhibitor

Tranglation initiation factor
Receptor;Membrane-bound signaling malecule; Defensefimmunity protein
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chi2 32820798
chr14. 62128287
chr17.7519911
chr17. 82924669
chi 68124724
chib. 116770995
chrl 4867040
chr10.61262636
chr11.115836225
chr11.117 256676
chr12.169378582
chr12.954758181
chr13.17958773
chr13.10507 1301
chr14.13081479
chr19.14063306
chr19.14111976
chr15.93822131
chr16.16343366
chrl7 . 48606667
chrl7.65201037
chr15.30823264
chr5. 31023132
chrl. 119399505
chrl. 136615550
chrl.153068936
chr17. 22199943
chr2 26402657
chi2 32122661
chr2 34359456
chr2 44493046
chr2 12157 4856
chr2 169922323
chrd 117938005
chr5.111039064
chiis. 1300256281
chi? 17660755
chi9. 20414864
chi2 49170126
chrx 42093342
chr10.7282614
chr11.29778520
chi9.59651308
chr12.67924719
chr14.109197317
chr14 109616157
chr14.23713318
chr5. 120663950
chr15.92316489
chr17. 31675944
chrl 133582534
chr3.9218%729
chrd 52836545
chrd 52802592
chrd 97177530
chr5. 23965941
chr5. 125897513
chib 4824376
chif. 4733440
chi? 28077506
chi? 25993382
chi? 32095379
chi. 1437 4452

chi2:326820891-32821167
chrl4.62128479-62128551
chrl7:7820010-7520241
chil7:82024902-52324936
chi:69125095-62125144
ched: 11677 1110-116771181
chrl:48675595-4867656
chr10:61262844-61262943
chr1:115837664-115837534
chil 1:117256620-117 266862
chr12:16938117-15936232
chr12:954758807 95478836
chr13:1795897 4-17955087
chr13:10507 1863-10507 2073
chrl4:13082174-13082175
chr19:14083931-14063950
chr19:14112696-14112752
chr15:93822877 93523000
chr1b:16343701-16343773
chil7:48606815-40607043
chrl7.68201282-69201363
chr18:30823475-30823629
chr5:31023385-31023411
chrl:112400117-113400174
chrl:136615932-136616005
chrl:153065689-153069776
chrl7:22200285- 22200346
chr2: 26402582- 26403074
che2: 321227 17-32122060
chr2:34359616-34359508
chr2:44493373-44458397
chr2:121575388-121575459
chr2: 162922761-163922846
ched: 117938223-117936309
chr5:111085362-1 11089656
chii: 130025412-130025564
chi7:17661022-17661190
chi9:20415243-20415405
chi2:49170475-42170650
chrx 4209367 6-42053769
chrl0:7252892-7283132
chrl 1: 20775787 29778027
chi9:59651626-596817 20
chirl2:67925269-57926303
chr14:109157790-109197797
chr14:109516655- 109616559
chr4:23713704-237 13807
chr5: 120664 176-120664311
chr15:92316916-82317091
chrl7:31675262-31679425
chrl:133582847-1335629597
chr3:92183963-32130047
chrd:G2836956-02937021
chrd .B2803016-62803143
chrd 9717803797 178037
chr5:23966363- 23966404
chrs:125997893-125997 927
chib: 4824606-4024751
chiff: 47 35773-4733903
chi7 260777 45-2507 7631
chi7: 25893506- 25933767
chi7:32095025-32036012
chiB: 14374810-1437 4077

4 Stxbpl

4 Elc3%a14
472

4 Plekhh2

4 Thllx

4 Thx3d

4 Tceal

4 Lrec20

4 Fhil

4 Tmch

4 Trib2
49030617 003Rik
4 Paoubf?

4 Depdcib

4 Rarh

4 Tled

4 Tled

4 Pphint

4 Fcd

4 Plcl2

4 Dlgap1

4 Pik3c3

4 Yesl

4 Epbd. 115

4 Zfp231

4 MNmnat2

4 Ffp13

4 AUD24582

4 5830434P21Rik
4 Mapkap1

4 Gtdct

4 AZ30004k21Rik
4 Sdecag33l

4 Foxjd

4 D5Ertdd0e

4 Clec12a

4 FhxoZ?

4 Ifpd26

4 Usp28

4 OIfr321

4 Lpt1

4 CZ30024A16Rik
4 Arih1

4 Lifnd

4 Gpchk

4 Gpek

4 D14End171e
4 Rhof

4 Muc1d

4 D10628

4 Lax1

4 Pylyrp3

4 Bnc2

4 Bnc2

4 BCOBO737

4 Gmd43

4 CB30025F04Rik
4 Ppplda

4 Pppli&a

4 Ffph37

4 Ffp536

4 DO30014N22Rik
4 Dlyap2

13874 /5" end
693 5' end
1325 | Intragenic (intron)
157882 Gene degert
65421 5" end
304768 Gene desert
2022 5' end
19414 Intragenic (intron)
7365 end
180275 Gene desert
535 5' end
2428 Intragenic {intron)
87763 5" end
14258 /5" end
623 end
188931 Gene desert
237780 Gene desert
100075 end
B3940 Intragenic (intron)
81620 5" end
B597 |Intragenic (intron)
26116 3" end
4891 /5" end
1390 Intragenic (intron)
99781 5" end
1443 Intragenic (intron)
5928 5" end
12805 /5" end
11524 Intragenic (intron)
7229 58" end
26017 3" end
19363 /5" end
23839 Intragenic (intron)
Ba01 Intragenic (intron)
372725 end
0 Intragenic {exon)
185 5" end
194 5' end
11968 3" end
17405 /5" end
3661 Intragenic (intron)
1147 | Intragenic (intron)
12619 Intragenic (intron)
866510 Gene desert (3 end)
55377 5'end
109444 Intragenic (intron)
20713 Intragenic (intron)
2653 5" end
29 Intragenic (intron)
41639 5' end
4763 5" end
43898 5' end
12467 | Intragenic (intron)
17606 Intragenic (intron)
30225 &' end
33823 3 end
10573 /5" end
2831 Intragenic (intron)
12468 Intragenic (intron)
53569 &' end
14062 | Intragenic (intron)
26637 3" end
90263 Intragenic (intron)
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80 GenelD:20210
0 GenelD:213053
0 GenelD: 21331
0 GenelD: 213556

42 GenelD:21372
0 GenelD:21386

70| GenelD:21399
0 GenelD: 216011

34 GenelD:217335
& GenelD:217353

11562 GenelD:217410

45 GenelD:217830
0 GenelD: 218030
0 GenelD: 218531
0 GenelD: 216772
B GenelD:21853
G GenelD: 21853

358 GenelD:223528
0 GenelD: 224014
0 GenelD: 224860
0 GenelD: 224597
0 GenelD: 226328
15 GenelD: 22612

33 GenelD: 226352
13| GenelD: 226442

B8 GenelD: 226518
14| GenelD: 22654

25 GenelD:227648

207 | GenelD: 227723

11/ GenelD: 227743

20| GenelD: 227835
7 GenelD: 228564

22| GenelD: 228911
0 GenelD: 230700
d GenelD: 231630
0 GenelD: 232413
0 GenelD: 233040

55| GenelD: 235028

29 GenelD: 235323
0 GenelD: 236735
0 GenelD: 237263
0 GenelD: 237711

29 GenelD: 23006
0 GenelD: 236205

55 GenelD:23853

55 GenelD: 23853
0 GenelD: 238533
0 GenelD:23912
0 GenelD: 239611

22| GenelD: 240058
0 GenelD: 240754
0 GenelD: 242100
0 GenelD: 242503
0 GenelD: 242509
0 GenelD: 242553
0 GenelD: 242891
0 GenelD: 243274
0 GenelD: 243725
0 GenelD: 243725
0 GenelD: 243531

40| GenelD: 243337
0 GenelD: 243963
0 GenelD: 244310

Mermbrane trafiic regulatory protein

Transporter

Malecular function unclassified

Transfer/cartier protein

Other miscellaneous function protein

Cther transcription factor Mucleic acid binding
Basal transcription factor;Mucleic acid binding
Malecular function unclassified

Malecular function unclagsified

Malecular function unclagssified

Frotein kinase, Other miscellaneous function protein
Molecular function unclassified

Homeobox transcription factor,Nucleic acid binding
Malecular function unclagsified

Muclear hormone receptor, Transcription factor;Mucleic acid binding

Transcription cofactor; Other miscellaneous function protein
Transcription cofactor; Other miscellaneous function protein
Malecular function unclagsified

Guanyl-nucleotide exchange factor
FPhospholipase; Select calcium binding protein
Malecular function unclassified

Other kinase

MNon-receptor tyrosine protein kinase

Malecular function unclassified

KRAB box transcription factar,Mucleic acid binding
MNucleatidyltransferase

KRAB box transcription factor,Mucleic acid binding
Malecular function unclagsified

Transcription factor,Muclease

Malecular function unclagsified

Molecular function unclassified

Malecular function unclassified

Nuclease

Other transcription factor Mucleic acid binding
Malecular function unclagsified

Other receptor

Other receptor; Other defense and immunity protein
KRAB box transcription factar

Malecular function unclagssified

G-protein coupled receptor

Malecular function unclassified

Malecular function unclagsified

Ubiguitir-protein ligase

Muclease

Cell adhesion molecule; Extracellular matrix glycoprotein
Cell adhesion molecule; Extracellular matrix glycoprotein
Other enzyme regulator

Small GTPase

Extracellular matrix glycopratein

KRAE box transcription factor;Mucleic acid binding
Malecular function unclassified

Other receptor

Other zinc finger transcription factor

Cther zinc finger transcription factor

Transcription factor,Muclease

Chaperanin

Malecular function unclagsified

Mon-motar actin binding protein

Mon-motar actin binding protein

Nuclease

Malecular function unclagsified

KRAB box transcription factar

Malecular function unclagsified
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chi. 26665360
chi2 556802295
chr2 163024720
chr12.35298179
chi7 95404967
chi? 7260897 14
chr? 940130058
chr3.38830399
chr3.38423336
chi7 6E17395
chr? B5311931
chr? 10283993
chr11.116670617
chr17. 26089977
chrl G7119635
chi8.70116251
chi8.70123104
chi3. 112949849
chib. 31827662
chrl4. 22273994
chi2. 110321168
chrd. 35509696
chr13.81333060
chr11.52841935
chrl. 180264213
chr10.125585460
chr12 47077431
chis 1257758272
chr1B6.40479152
chr13.64419566
chr14. 21610386
chr18.83336717
chr2 120025427
chib 6050224
chif. 1206887541
chr10.80344458
chr10.7786682
chr15.98397964
chrd B0295397
chi8. 118871215
chr15.67812230
chr19.54645140
chrl.3484950
chr10.79391124
chr17.104758174
chrd 53317631
chi? 126487742
chr13.113576818
chr10.72319481
chr5. 1106889830
chr10.52913058
chrd B042933
chr5. 71092102
chr19.54917672
chis. 136741828
chiis. 142101864
chr3.5249344F
chid . B47527 15
chif. 123934089
chr10.33622130
chr19.45757492
chib. 141724817
chr10.75873024

chi: 26666090- 25666134
chi2:5680257 2-65802551
chr2:163025020-163095166
chr12:35235453-35298537
chi7 95465307 -25465452
chi? 726089027 -726899569
chi7:94013352-24013443
chr9:38890585-358907 31
chi3:38423573-35423628
chi7 GE17572-6018022
chi? 6812760-68123583
chi7:10284258-10284402
chrl1:116671376-11667 1528
chr17:26020324-26090413
chrl:67119061-67 120022
chi8:70116811-70116574
chi8:70123547-70123565
chi3:112950172-112950269
chib:318277768-31827893
chil4: 222743622227 4352
chi2:110321458-110321527
chr:35510587-35510618
chr13:81333610-51383644
chrl1:52842369-52842433
chrl:180964591-180964737
chr10:126585949-126586100
chrl2:47078032-47078091
chiis: 1257786021257 78753
chirlb: 40402263-404582333
chr3.64420081-54420465
chrl4:21610588-21610685
chr18:83337345-83337360
chr2: 1200257 34-120025840
chifb:4050454-6050525
chif: 120687952-1206658177
chr10:8035100-8035235
chr10:7786869-7787000
chr15:98390619-93390975
chrd:G0295013-60295050
chiB: 119587 1923119871967
chr15:67512798-57812965
chi19:54645257 54845363
chil:3485951-3486042
chr10:78321515-793917453
chr17:10478636-10478800
chrd:53318085-63318137
chi7:126487864-126488130
chrl3:113877361-11367 7466
chrl0.7258159767-72819853
chra:110620115-1 10690323
chr10:58915231-59318389
chrd:B043309-6043431
che:71099754-71029600
chr19:54917885-54516005
chiS: 1367421651367 42232
chiig: 143102201-143102351
chr3:52499245-524394 21
chiS:G4752904-04753142
chif: 123934385-123984455
chr10:33623587 33623755
chir19:48787624-49787837
chib: 141725257-141725320
chr10:76873340-75873473

4 Spth2

4 Zfp2

4 BCO37708

4 P77

4 Qlfedd7

4 OIfr290

4 OIfeg7

4 OIff926

4 Olfr147

4 Ehd2

4 Ehd2

4 Psgl9

4 GnT-I¥

4 Grrnd

4 Eitde2

4 Bpy2ip1

4 BpyZip1

4 5033413H12Rik
4 Podxl

4/ 1110051816Rik
4 Cspgd

4 B430573F11Rik
4 Smo

4 BZ30374F23Rik
4 Lefty2

4 Lrig3

4 DY30036F22Rik
4 AZ30037 GZ3Rik
4 DI30030011Rik
4 Ifpdba

4 Rail?

4 C330028E10Rik
4 2310026001 Rik
4 Paon2

4 AB114826

4 Ust

4 Ust

4 D15Erdd05e

4 MGC107671

4 Gsel

4 Fhy

4 Acsls

4 AYE34250

4 Ppap2c

4 Park2

4 Tmem38h

4 Ppp2r2d

4 ParpB

4 Zwrint

4 Rutbc2

4 Chst3

4 Sdchp

4| Carin

4 vtila

4 Atf7ip

4 Tera

4 Foxol

4 Sast

4 Clecde

4 Sult3al

4 Sarcst

4 Sleolct

4 Subwd

143826 Gene desert
4125 |Intragenic {intron)
474 | Intragenic (intron)
35657 3" end
15182 /3" end
B35480 Gene desert (3" end)
4073 5' end
21125 end
37933 end
140269 Gene desert (3 end)
145395 Gene desert (5" end)
29351 3'end
13383 /3" end
7265 end
6235 end
160201 Gene desert
166865 Gene desert
37755 5" end
307465 Gene desert
9027 15" end
B1124 5" end
26364 3" end
270740 Gene desert
15315/3" end
42318 end
168488 Gene desert
177013 end
0/ Intragenic (exon)
990217 Gene desert (5" end)
2141 |Intragenic {intron)
144374 Gene desert
99424 5' end
4735 end
26873 5" end
4748 8" end
35141 5 end
90746 3" end
25167 5' end
91855 3" end
BE280 5" end
77078 5" end
1127 | Intragenic (intron)
B1236 Intragenic (intron)
30316 3" end
1045 | Intragenic (intron)
212477 Gene desert (3 end)
3503 5" end
9758 Intragenic (intron)
366067 Gene desert
22485 5' end
15335 /3" end
174380 Gene degert
BE04 Intragenic (intron)
44972 Intragenic (intron)
500003 end
10000/5" end
B4303 3" end
0 Intragenic (intron)
42780 5" end
B0851 &' end
35352 Intragenic (intron)
26659 3" end
30084 5" end
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10| GenelD: 244373
0 GenelD: 244531
9 GenelD: 245566
0 GenelD: 246198
0 GenelD: 266042
0 GenelD: 268411
0 GenelD: 268592
0 GenelD: 2568511
0 GenelD: 258563
0 GenelD: 268300
0 GenelD: 269300
0 GenelD: 26439
0 GenelD: 268510
0 GenelD: 268934
0 GenelD: 26857
59 GenelD: 270053
59| GenelD: 270053
1/ GenelD: 270098
0 GenelD: 27205
0 GenelD: 276672
168 GenelD: 28673
0 GenelD:319532
0 GenelD: 319757
0 GenelD: 320027
0 GenelD: 320202
10/ GenelD:320328
0 GenelD:320487
5 GenelD:320673
0 GenelD:320574
0 GenelD:326274
39| GenelD:328365
7 GenelD:325003
0 GenelD: 322502
114 GenelD:330260
0 GenelD:330408
0 GenelD:338362
0 GenelD:338362
31 GenelD:360967
0 GenelD: 351530
36| GenelD: 382034
0 GenelD: 3876049
0 GenelD: 433256
0 GenelD: 457097
0 GenelD:50784
0 GenelD:50873
0 GenelD:52076
161 GenelD:52432
4 GenelD:52552
243 GenelD: 52656
0 GenelD:52850
9 GenelD:53374
175 GenelD:53378
0 GenelD:53419
23| GenelD:63611
7 GenelD:54343
0 GenelD: 56308
7 GenelD:56453
0 GenelD: 56527
0 GenelD:56619
0 GenelD:57430
458 GenelD:58173
0 GenelD:55607
12| GenelD:64453

Malecular function unclagsified

Malecular function unclassified

MNucleic acid binding

G-protein coupled receptor

G-protein coupled receptor

G-protein coupled receptor

G-protein coupled receptor

G-protein coupled receptor

Calmodulin related protein;Membrane traffic regulatory protein
Calmodulin related protein;Membrane traffic regulatory protein
CAM family adhesion molecule
Glycosyltransferase

G-protein coupled receptor

Tranglation initiation factor

Microtubule family cytoskeletal protein
Microtubule family cytoskeletal protein
Malecular function unclagsified

Extracellular matrix glycoprotein

Homeaobox transcription factor;Mucleic acid binding
Extracellular matrix glycoprotein

Malecular function unclassified

G-protein coupled receptor

CAM farnily adhesion molecule

TGF-beta superdamily member

Cther cell adhesion molecule

Malecular function unclassified

Malecular function unclagsified

Malecular function unclagssified

KRAE box transcription factar

Other ligase

Malecular function unclassified
Phospholipase

Peroxidase;Esterase

Malecular function unclagsified

Other transferase

Other transferase

Malecular function unclassified

Other transfer/carriar protein

Malecular function unclassified

Homeobox transcription factor, Other zinc finger transcription factor
Other ligase

Malecular function unclassified

Cther phosphatase

Cther transfer/carrier protein; Other ligase
Nuclease

Protein phosphatase

Malecular function unclagssified

Malecular function unclagsified

Cther G-protein modulator;Membrane traffic regulatory protein
Other transferase

Merbrane trafiic requlatory protein
Receptor; Serine protease

SNARE protein

Transcription cofactor;Hydrolase

Malecular function unclagsified

Other transcription factor Mucleic acid binding
Mon-receptor serine/threoning protein kinase
Cther receptor

Other transferase

Other receptor

Other transporter

Muclease



ove

chib. 88790214
chr15.100333389
chr14.3853734
chi? 1258714136
chi3. 10420635
chrd 44533058
chi8. 1064454583
chrl 57095543
chrd 1157 19069
chr2 595059587
chi2. 121342187
chr3.121336008
chr18.86017576
chr3. 120674070
chrl 1.72220275
chr19.25534009
chrx 134223995
chr3. 3908264
chi2. 26015261
chrb.71852404
chrd 12589138
chr18.68023710
chr11.79743149
chrl 1.797 44167
chr12.60708021
chr11.29632341
chr5. 19089731
chr16.8524582
chr16.8780160
chr16.8519496
chr19.35412457
chiis 40284117
chiib 540455383
chi2. 106206245
chr2 30034554
chr10.757 43666
chr16.34957908
chib 66043212
chr10.70432339
chif 61092223
chr10.95397563
chr10.67912647
chrd 10240310
chrd 10858726
chi8. 108007542
chr12. 258201815
chrs. 142772361
chrl7.74505450
chr? 189682317
chr.120901802
chi3. 4116579
chr3.135105023
chif. 77131342
chr10.1193568552
chr10.85171410
chr3.18455441
chr14.41949196
chiS. 103607203
chi2. 14071180
chr13.857 16930
chr11.88361150
chrl1.68135807
chr14.91262026

chif:B8790741-08720817
chr15:100333931-100334012
chr14:3853842-35854014
chi7:1268714413-1287 14433
chr3: 104207 90- 10420850
chrd:44533190-44533395
chr8:106445888-106445953
chrl:67095858-67 095989
chrd: 1157 19305-1157 19449
chr2:59566290-02566554
chi2:121342796-121342905
chr9:121336258-121336353
chr18:86017743-86017872
chr3: 12067 4183-12067 4243
chil 1:72220947 -7 2221027
chr19.26534421-268584431
chix: 134229112-134229228
chi3: 39067 42-3307 004
chr2:26015553-26015671
chr:7 185967 1-7185597 41
chrd: 12689693-125859861
chr18:680246 1568024709
chrl 1:79745819-797 48954
chirl 1:797 447 13-797 44745
chr12:80708411-80708515
chrl1:29632460- 29532642
chr5:19090136-19090143
chr1B:8524852-8525006
chrlb:8780560-8780777
chr1B.8620165-8520213
chr19:38413362-38413381
chi:40254384-40284452
chi:54047330-54047 363
chig:106206440-106266544
chi2:30095325-30035514
chrl0:75743948-757 43955
chr1B5:34935016-343585185
chib:B6043307-66043440
chr10:70402454-704525674
chif:G1092612-61052717
chr10:95397 79795397891
chr10:67913482-67313731
chrd: 10240492- 10940639
chrd: 10853764-10858207
chr8:109007698-108007739
chil2:28202324- 28202356
chiS: 14277 2523142772637
chr7:74505793-7 4586513
chi? 185962658- 18962723
chrl:120901969-120901993
chi8:4116816-4117081
chr3:138105712-133105928
chid:F7132063-77132155
chr10:11935937 4-119859567
chr10:85173157-85173280
chr3:18455655- 18456047
chr14:41945751-41350079
chi: 10360737 4-103607 452
chi2: 1407137 4-1407 1470
chr13:85717113-89717205
chrl1:88361359-53361324
chrl1:86136072-53136114
chrl4:91262111-21262254

4 Eefsec

4 D15Ernd366e

4 Abhds

4 fitrmE

4 Ifand1

4 Exoscd

4 1510044022Rik
4 Rpe
4/4931406120Rik
4 1200003E16Rik
4 2310001H13Rik
4 2310001 H13Rik
4 1700034H14Rik
4 Rpl4

4 UBE2G1

4 Emarcal

4 GIt28d1

4 Aasdhppt

4 Bthd1da

4 Ociad

4 6720467 CO3RIkK
4 Spirel

4 1110002M22Rik
4 1110002M22Rik
4 1110014C03RIk
4 Rtnd

4 Phtf2

4 AKDO7485

4 ARDO7 455

4 AKDO7 435

4 Cyp2cBB

4 Mulk

4/Chn2

4 Wdbla

4 The1d13

4 Derl3

4 Ptplb

4 Prdmi

4 Phyhipl

4 Mmm1

4 Mudtd

4 AridSh

4 Plekhf2

4 Plekhf2

4 2400003C14Rik
4 Atun? 14

4 FfpB55

4 2810405004 Rik
4 Ifpid

4 /Insig2

4 LOCT3072

4 Dditd]

4 1700031 F13Rik
4 Irak3

4 Bthd11

4 Arcp

4 Slc356

4 Ckl

4 Sesn3

4 Cmyab

4 Msizh

4 Msizh

4 2410129H14Rik

92105 end
2381 8" end
459 3 end
79535 end
10730/5" end
30000 3" end
14409 5' end
8825 end
1576 Intragenic (intron
159590 | Intragenic (intron
19513 |Intragenic (intron
26038 Intragenic {intron
554296 Gene desert (5 end)
105028 Gene degert
7975 end
3426 5" end
128583 end
311713 Gene desert (3 end)
34163 end
73744 5" end
491457 Gene desert (5 end)
BAB | Intragenic (intron)
348 3 end
4505 3" end
11635 /5" end
55961 5' end
48174 3" end
3901 |Intragenic (intron)
230607 Gene desert
278128 Gene desert
32055 3" end
903 | Intragenic (intron)
168503 Gene degert
9298 Intragenic (intron)
526 5" end
20221 5" end
40173 3" end
25923 end
109625 Gene desert
4937 3" end
58883 5' end
2438 Intragenic (intron)
BEG2 5" end
56148 3" end
503 5' end
33461 &' end
54675 3" end
965418 Gene desert
40803 5" end
184486 Gene desert
500003 end
52379 5" end
1937684 Gene desert (5" end)
924 |Intragenic (intron)
38589 Intragenic {intron)
345148 Gene degert (3 end)
23004 3" end
525" end
42398 5' end
47632 3" end
19006 Intragenic (intron)
94372 Intragenic (intron)
1060 | Intragenic (intron)
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12| GenelD:60E7
36| GenelD:B&E70
21 GenelD:6E052
0 GenelD:G&E141
37 | GenelD:66361
9 GenelD:6E362
59| GenelD:66427
105 GenelD:BEE46
36 GenelD:BE743
2 GenelD:66G6E0
12| GenelD.67095
12| GenelD:67095
22| GenelD:67105
24 GenelD:B7115
0 GenelD:67120
42 GenelD.67 155
0 GenelD:67574
0 GenelD:67613
0 GenelD:67931
B5 GenelD:63095
33 GenelD.63029
81 GenelD:68166
B GenelD:6B550
6 GenelD:6G550
162 GenelD:6E531
331 GenelD:6B5585
0 GenelD:68770
0 GenelD:63053
0 GenelD:62053
0 GenelD:62053
0 GenelD:G3853
0 GenelD:BIF23
8 GenelD:63293
0 GenelD: 70235
20| GenelD:70298
7 GenelD:70377
108 GenelD:70757
16| GenelD:F0779
52| GenelD: 70211
0 GenelD:70245
124 GenelD:71207
12 GenelD:71371
0 GenelD:71601
0 GenelD:716801
16| GenelD:71965
0 GenelD:72174
4 GenelD:72611
0 GenelD: 72722
37 | GenelD:72723
23| GenelD:725949
31 GenelD:73072
25 GenelD:73284
0 GenelD:73301
2 GenelD:73914
0 GenelD:74007
10| GenelD:74252
0 GenelD: 75253
35 GenelD:75453
206 GenelD: 75747
0 GenelD: 76469
371 GenelD: 76628
371 GenelD: 76626
16| GenelD:76782

Translation elongation factor

Cther cytoskeletal proteins

Lipase

Other riscellaneous function protein
Malecular function unclagssified
Exoribonuclease; Esterase

Oxidase

Epimerasefracemase

Malecular function unclagsified

Malecular function unclagssified

Malecular function unclagsified

Molecular function unclassified

Malecular function unclassified

Ribosormal protein

Other ligase

Transcription cofactor; DMNA helicase; Hydrolase
Molecular function unclassified

Malecular function unclagsified

Malecular function unclassified

Malecular function unclassified

Malecular function unclassified

Malecular function unclassified

Malecular function unclagsified

Malecular function unclassified
Transfer/carer protein;Yesicle coat protein
Transmembrane receptor requlatory/adaptor protein
Homeobox transcription factor,Nucleic acid binding
Malecular function unclagsified

Malecular function unclagssified

Malecular function unclagsified

Oxygenase

Kinasze

Transfer/cartier protein; G-protein modulatar
Malecular function unclagssified

Malecular function unclagsified

Molecular function unclassified

Protein phosphatase

Zinc finger transcription factor;Mucleic acid binding
Malecular function unclagssified

Malecular function unclassified

Other phosphatase

Transctription cofactor

Malecular function unclassified

Malecular function unclagsified

Molecular function unclassified

Malecular function unclassified

KRAB box transcription factar

Malecular function unclagssified

KRAE box transcription factor,Mucleic acid binding
Molecular function unclassified

Malecular function unclassified

Malecular function unclagsified

Malecular function unclagssified

Serine/threonine protein kinase receptar,Protein kinase

Molecular function unclassified
Malecular function unclagsified
Malecular function unclagsified
Chemokine

Malecular function unclassified
Malecular function unclassified
Ribonucleoprotein
Ribonucleoprotein

Malecular function unclagsified



e

chi2 170308728
chr3.54580695
chrd 1258858933
chrl 167296845
chr15.10831481
chr10.6059310
chr19.21087224
chr19.21163926
chrl 64403351
chr1.38028555
chi8.57013008
chr13.7584034
chr2 168827400
chr19.43602192
chr 63226033
chr10.91193456
chr3. 15085237
chr3. 15111810
chi9. 46993933
chiS. 125078995
chi. 508115833
chr14.30406343
chrs B5742005
chif. 10040907 3
chr14.68029940
chrx 30914572
chrd 125715265
chr14.3093114
chr14.3046510
chr14.3037136
chr14.3030592
chr15.64850172
chr10.53325965
chi. 22957598
chr14.113344530
chr12.95799877
chr13.94012587
chrd 97597 1563
chi2. 156564025
chrl 63573265
chrl 53530429
chr12.73269536
chr5.3333016
chrl 535826029
chrx 16247 4996
chr3. 100339551
chr5. 101224148
chr13.28159952
chrl 59850743
chr15.55496776
chiis 51430650
chrl 21077136
chr10.52314467
chrx 140928417
chr10.949501584
chr10.94925839
chr14.41323084
chrl4. 95222564
chrd 19064125
chr17 63227918
chr13.12456972
chr1.36097030
chr18.36858381

chi2:170308939-170302150
chi3:845580735-64580870
chrd: 128889189-128889215
chil: 167297397 167297421
chr15:105831526-10851504
chr10:6052685-6052524
chr19:21087404-21087644
chr19:211684464-21164515
chrl:64403585-64403950
chr:36020962-30099000
chi8:87013428-67013477
chrl3:7855325-78357 06
chr2: 16882777 2-168827856
chi9:43602866-43602571
chi5:63226348-63226371
chr10:91193571-91193653
chr3:15055756-150557 86
chr3:15112363-15112564
chi2:46894251-46934335
chi: 126079138-125079220
chif:B0812176-80312269
chrl4:30408891-30407056
chrS:B5742146-657 42151
chif: 100409520-100409575
chr14:668030226-60030345
chrx:30915098-30915105
chrd: 1257155471257 15625
chr14:3100300-3101032
chil4:3047713-3047827
chr14:3040245-3040313
chr14:3030853-3030775
chr15:64850540-54850583
chr10:53826210-59396361
chi:228590958-22959175
chr14:113344700-113844740
chr12:95500073-99800137
chr13:94012793-94012851
ched: 3757 2301-9797 2309
chr2: 156864339-150864360
chrl:63573383-6357 3507
chrl:63530780-63530872
chil2:73268799-73269841
chr5:3339286-3339260
chrl:63682757-63582802
chix: 162475173-162475334
chr9:100820008-100890225
chr5:101224278-101204454
chil3:26160360-28160445
chrl:69851721-65851814
chr15:65497274-55497354
chi5:51490524-51431051
chrl: 21077553-21077581
chr10:523147 4352314865
chrx: 140928369-140928981
chr10:94950331-24950451
chr10:94936033-94395049
chrl4:41325347-41328430
chirl4:982227 42908222778
chrd: 19064692- 190647 24
chrl 763228167 63225282
chr13:13457959-19456011
chirl: 36697 172-36697 261
chr18:36858979-3606907 1

4 Beasl

4 Trim2

4 Pum1

4 Uck2

4 Cligtnfd

4 Akap12

4 Tmem?2

4 Tmem?2

4 K7

4 Pcdhgal

4 Ifpd23

4 Adarb2

4 Salld

4/5ecd2

4 K3

4 Tmpo

4 Car2

4/ Car2

4 2900052M01 Rik
4/4933403G14Rik
4 Lrtmd

4 Sncy

4 Phox2h

4 Tptl

4 Mufip1

4 Culdb

4 Gjh3

4 2610042L04Rik
4 2610042L04Rik
4 2610042L04Rik
4 2610042L04Rik
4 Adcyg

4 Spock2

4 Imatd

4 Slct15al

4 2900070E159Rik
4 Encl

4 Foxd3

4 Dhx35

4 Eeflb2

4 Mdufs1

4 Gphn

4 Cdki

4 Pms1

4 Reps2

4 Stagl

4 KIhi3

4 Soxd

4 Fzd?

4 Col14al

4 Snx10

4 Merm3

4 Dcbldl

4 Fgdl

4 Cradd

4 Cradd

4 Otx2

4 Spry2

4 Cngb3

4 Mar2al

4 Elro1

4 Pura

4 Pfdn1

101063 Gene desert
3640 Intragenic (intron)
23162 &' end
14247 |Intragenic (intron)
116803 end
23503 Intragenic (intron)
248 |Intragenic (intron)
36428 3" end
242223 end
6102 5" end
28689 Intragenic (intron)
171548 Gene desert
2194 5" end
27876 5" end
207606 Gene desert
251435 Gene desert
99278 3 end
155970 Gene desert (3 end)
23617 5" end
25898 3" end
0/ Intragenic (intron)
10165/3" end
40210/5" end
143516 Gene desert
128910 Gene desert
1710/ Intragenic (intron)
16102 /5" end
12918/5" end
18772/3" end
26263 3" end
35828 3'end
108118 Gene desert
72053 end
92028 3" end
1154 5" end
45357 3'end
29258 3'end
14267 5" end
368 | Intragenic (intron)
923 3 end
53223 end
254349 Gene degert
11028 /5" end
22915 end
1493 | Intragenic (intron)
75000 3" end
20992 5" end
168322 Gene desert
33417 5" end
10057 |Intragenic {intran)
0 Intragenic (intron)
47247 5" end
9601 Intragenic (intron)
B095 &' end
0 Intragenic {exon)
45142 Intragenic (intron)
3457 3" end
24574 5" end
143240 Gene desert
118088 Gene desert
877335 end
27007 5" end
11365 Intragenic (intron)
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44| GenelD:76560
0 GenelD:30850
44 GenelD:80212
0 GenelD:50214
0 GenelD:G1759
0 GenelD:B3357
B GenelD:83921
B GenelD:83921
16| GenelD:93691
591 GenelD: 93709
0 GenelD:941587
0 GenelD:94191
0 GenelD:99377
353 mCG10078
36 mCE10252
91 mCGE10332
27 \mCG10347
27 mCG10347
0/ mCGE1035159
0 mCG1035526
0 mCG1036443
0/ mCG10518
0 mCG10559
1936 mCG10552
0 mCG10596
0 mCG10589
0 mCG10907
0mCG11273
0 mCG112781
0 mCG11278
0 mCG112781
15/mCG112852
18/ mCG11200
158/ mCG113560
0mCG11413
43/mCG1145
186 mCG114601
0/ mCGE114630
0 mMCE114772
0 mCG114896
0/ mCG114933
0/ mCG115252
0/ mCG115258
0/ mCG115458
0 mCG116086
40/ mCG11B377
11/ mCG11ES
1384 mCG11673
0 mCG117844
0 mCG11867
85 mCG119117
315 mCG119126
4/ mCGE119830
37 mCGE120274
0 mCG120384
0/ mCG120334
0 mCG12117
8 mCGE121239
0 mCG121247
28/ mCG121654
S0/mCG121959
B9 mCGE121964
0/ mCGE121870

Malecular function unclagsified

RING finger transcription factor,Actin binding motar protein
Other RAA-binding protein; Translation factor
Nucleatide kinase

Malecular function unclagssified

Kinase modulator

Molecular function unclassified

Malecular function unclassified

KRAB box transcription factar,Mucleic acid binding
Cadherin

Malecular function unclagsified

Mucleic acid binding;Deaminase

Zinc finger transcription factor;Mucleic acid binding
Other oxidoreductase

Transcription cofactor;Mucleic acid binding
Peptide hormone

Dehydratase

Dehydratase

Malecular function unclassified

Malecular function unclassified

Malecular function unclassified

Other miscellaneous function protein

Homeobox transcription factor;Mucleic acid binding
MNon-rmotor microtubule binding protein

Mucleic acid binding

Cther miscellaneous function protein

Gap junction

Malecular function unclagsified

Malecular function unclagssified

Malecular function unclagsified

Molecular function unclassified

Adenylate cyclase

Cysteine protease inhibitor; Select calcium binding protein
Malecular function unclagssified

Cther transporter

Reductase

Pratease

Malecular function unclassified

RMA helicase;Hydrolase

Translation elongation factor
Dehydrogenase;Reductase

Other riscellaneous function protein

MNon-receptor serinefthreonine protein kinase
Mucleic acid binding

Molecular function unclassified
Chromatin/chromatin-binding protein

Malecular function unclagsified

HMG box transcription factor;Mucleic acid binding
G-protein coupled receptor

Extracellular matrix structural protein

Malecular function unclassified

Replication origin binding protein

Other receptor

Guanyl-nucleotide exchange factor

Other miscellaneous function protein

Other riscellaneous function protein

Homeobox transcription factor;MNucleic acid binding
Other signaling malecule; Other transcription factor
Cyclic nucleotide-gated ion channel;lon channel
Glycosidase

Other signaling molecule

Other transcription factor, Other DNA-binding protein
Malecular function unclagsified



cve

chr10.61111333
chr10.61007932
chr10.61000700
chr17.34451029
chr1.20040809
chrb. 132002621
chr10.111995763
chr11.97333288
chrd 118956373
chid B26367 75
chr4.114593801
chr14. 114677484
chrs 1267153592
chr18.35577828
chrd 57810681
chr12. 453265716
chr5. 1158838055
chr11.77358981
chr7.69295024
chrl7 65256621
chi2. 101559239
chis 73712855
chr10.32450507
chi3.64553724
chi3 64496753
chr? 117818218
chr16.18546345
chiis. 97420712
chrl4. 49526713
chr13.32026353
chr16.45207108
chrl7. 22730096
chr16.78625448
chr16.76346005
chr16.20162345
chr19.10549285
chr16.35328662
chr16. 35263541
chr16.36461751
chr1B6.36497 462
chr2 78527754
chr2 75767917
chr5. 18979686
chi? 16487681
chr? 114696108
chis. 126447254
chr11.66624031
chi7? 106820273
chr 11637918
chr12. 4230681
chr11.16503036
chr 1102002586
chib. 20497555
chif. 36773771
chr2 167903985
chr15.3577916
chr1.80501902
chr1d. 17786750
chr13. 17936487
chi8.72138755
chrd 45430875
chi2 164763413
chr13.22404312

chrlD:611117 1761111871
chr10:61009087 61009245
chr10:61001084-51001185
chr17:34451106-34451295
chr1:20041019-20041175
chrb: 132002985-132003227
chr10:111996175-111996271
chr11:97333478-97 333565
chrd: 118956482-118956615
chid:B2636532-02637 217
chrl4:1145584083-114584112
chrl4:114677735-114677745
chrs: 1267 15753-1267 15953
chr18:355758131-35578216
ched:67810872-67511003
chrl2: 483257 11-49326845
chr5:115888596-1 15868666
chrl1:77359353-77350517
chir7:62295602-692957 14
chir7:68257 44069267557
chi2:101555404-101558553
chif:73712951-737 12087
chr10:32450702-39460830
chr3:64554024-64554271
chi3:64497069-64457049
chi7:117618842-1175818961
chr1B: 1854667 2-18545733
chii5:97420510-97 420893
chrl4: 48625057-42526835
chr13:32025670-32026677
chrlB:45207391-43207 415
chil7:22730325-227 30561
chrlB:78628512-78628663
chrlb: 765464 14-78846417
chr1B:20162493- 20162563
chr19:10545431-10549618
chr1B:38328023-33320061
chrlb:36264591-302604651
chrlb:36462037-36462052
chr1B:36497547 36497735
chr2:765282856-75528306
chi2:75763262-75768392
chr5: 18350140-18930231
chi?: 16483105 16488134
chi7:114696294-1 14696373
chi: 126447653-125447816
chrl 1:666244 1566624609
chi7: 106520621-105520652
chrx: 11633608- 11538640
chr12:4231480-4231554
chr1:16503470-16503753
chrl 1:102002591-102002934
chib: 20493387-20498610
chifi:356779044-35779184
chr2: 167904080-157904331
chr15:3573358-357 8633
chrl1:80502028-50502139
chrlS:17785306-17789401
chr13:179357 16-17936793
chi8:72133034-72139122
chrd:45431086-45431141
chi2: 164763703-164763957
chil3:22406027 22406170

4 Pald

4 Pald

4 Pald

4 H2-T23

4 Actr2

4 Gt

4 Caps2

4 MiltE

4 Ctps
44933434120Rik
4 Clybl

4 Clybl

4 /Ran

4 Catnal

4 Edg2

4 Npas3

4 Thrap2

4 Myol8s

4 Tgif

4 Tgif

4 Trafs

4 4931 H7ENRIk
4 Fyn

4 4930518C23Rik
4 4930518C23RIk
4 Fyfr2

4 Cldn5

4 C13003418Rik
4/1117d
41200007 BOSRik
4 Dppad

4 Pdpk1

4| Cxadr

4 D1BEndd72e
4 Abcch

4 Msdas

4/ Cad0

4 Plala

4 CdBa

4 CdB6

4 Mfe212

4 Agps

4 Acwrinpl

4 Pld3

4 Sept1

4 Usps
42310004124 Rik
4 Tmc?

4 Usp9x

4 Mcoal

4 Egfr

4 Ubtf

4 Kend2

4 Mtpn

4 Ctnnbl1

4 Ghr

4 Accnl

4 Cdh2

4 Cdh2

4 Large

4 ¥pa
4/9230105/15Rik
4 W 1rhb

297 |Intragenic (intron)
B7000 3" end
75000 3" end
721 |Intragenic (intron)
32614 5" end
1683 | Intragenic (intron)
12897 3'end
10125 end
40808 5' end
3789 3 end
239 | Intragenic (intron)
28966 Intragenic {intron)
131217 Gene desert
14426 Intragenic (intron)
10294 | Intragenic (intron)
33667 3" end
155883 Gene desert
30384 5' end
15107 /5" end
15636/3" end
13091 5" end
16653 5" end
274253 end
19123 Intragenic (intron)
75361 Intragenic (intron)
907 5' end
7223/5" end
11229 Intragenic (intron)
4937 Intragenic (intron)
11245/3" end
94523 end
7308 Intragenic (intron)
28216 5" end
53225 3" end
918 |Intragenic (intron)
15338 /5" end
1889 | Intragenic
53 Intragenic
1344 | Intragenic
168457 |Intragenic
45136 3" end
3308 Intragenic (intron)
1705 | Intragenic (intron)
3008 5" end
5799 5' end
192 &' end
23188 3'end
92005" end
34478 3" end
4283 |Intragenic (intran)
144160 Gene desert
12827 5" end

intran
intran
intran
intron

)
)
)
)

529395 Gene desert (5" end)

337107 Gene desert
4165 |Intragenic {intron)

166495 Gene degert
204 | Intragenic (intron)

610356 Gene desert (5" end)
7E6757 Gene desert (5" end)

5379 Intragenic (intron)

324 |Intragenic (intron)

35 Intragenic (intron)
93625 end
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10/ mCG122064
10/ mCG122064
10/ mCG122064
0 mCG12223
49 mCGE122263
0/ mCG12243
0 mCG122680
5 mCG122608
16/ mCG122871
0/ mCG12287
28 mCG123228
28 mCG123228
28/ mCG123448
273 mCG123912
0/ mCG12400
21 mCG124421
0 mCG124529
29/ mCG124805
0/ mCG12491
3 mCG12491
4 mCG12667
0 mCG1257268
B2 mCG125800
0 mCGE1260308
0 mCG126038
0 mCG126336
0 mCG126582
0 mCG126764
4/ mCGE127048
I mCG127142
0 mCG127778
124 mCG12832
0/ mCG128445
19/ mCG126448
28 mCG128453
0 mCG128843
0/mcG12910M
0/ mCGE129102
0 mCGE130165
0 mCG130169
81/ mCG1302
29/mCG1304
0 mCGE131945
0 mCG133360
4 'mCG134099
194 mCG134304
20/ mCG13456
15/ mCG1365
0 mCG140035
26/ mCG140096
B2 mCG140518
0/ mCG140722
6 mCGE140736
126 mCG140759
12/mCG140973
0/ mCG141043
0/ mCG141258
0 mCGE141325
0 mCG141325
12/mCG141327
0/ mCG14151
0/ mCGE142013
0/ mCG142202

Malecular function unclagsified

Malecular function unclassified

Malecular function unclassified

Wajor histocompatibility complex antigen

Actin and actin related protein

Basal transcription factor;Mucleic acid binding
Molecular function unclassified

Zinc finger transcription factor;Mucleic acid binding
Synthase;Ligase

Glycosyltransferase

Cther lyase

Other lyase

Small GTPase

Cell adhesion molecule; Non-mator actin binding protein
G-protein coupled receptor

Basic helix-loop-helix transcription factar;Mucleic acid binding
Transcription cofactor

Actin binding motor protein

Homeobox transcription factor;MNucleic acid binding
Homeaobox transcription factor;Mucleic acid binding
Cther signaling malecule; Other miscellaneous function protein
Malecular function unclassified

MNon-receptor tyrosine protein kinase

G-protein coupled receptor

G-protein coupled receptor

Tyrosine protein kinase receptor,Protein kinase

Tight junction

Malecular function unclagsified

Malecular function unclagssified

Malecular function unclagsified

Molecular function unclassified

Pratein kinase

Other receptor

Malecular function unclagssified

ATP-binding cassette (ABC) transporter

Molecular function unclassified

Irnrnunoglobulin receptor family member,Membrane-bound signaling rmolecule; Defensefimmunity protein
Fhosphaolipase

Irnrmunoglobulin receptor family member,Membrane-bound signaling molecule; Defensefimmunity protein
Immunoglobulin receptor family member,Membrane-bound signaling molecule; Defensefimmunity protein
Other transcription factor, Mucleic acid binding
Synthase; Transferase

Other cell junction protein

Fhospholipase

Cther cytoskeletal proteins; Small GTPase; Other hydrolase
Cysteine protease

Malecular function unclagsified

Malecular function unclagssified

Cysteine protease

Transcription cofactor;Mucleic acid binding

Tyrosine protein kinase receptor, Protein kinase

HMG box transcription factor;Mucleic acid binding
“Woltage-gated potassium channel

Malecular function unclagsified

Molecular function unclassified

Other receptor

Other ion channel

Cadherin

Cadherin

Glycosyltransferase

Damaged DNA-binding protein

Serine protease inhibitor

G-protein coupled receptor



eve

chr12.51712806
chr5. 118392489
chr3.34563528
chr19.55837047
chib 67281018
chr1B.277 47024
chrl7. 29717356
chr3 59635734
chr11.62883719
chi3. 87131108
chr12.1055683122
chrd 19243181
cht3 78771616
chi3.78756618
chi3. 34456660
chi2 1607 18996
chr17.83285151
chr1.61176519
chi 141011454
chix 141054586
chrl7 86576539
chr2 102804452
chr2 103334689
chr11.7945181
chrb 96240844
chr3.96334169
chr2 162991230
chrd 136235842
chrd 53452580
chrd 122811969
chrl 36332601
chri0. 44643424
chr14.83525785
chi3.64376652
chr19.56053653
chrs 73647352
chr2 29795653
chi 46659333
chr12.97409416
chr10.55280907
chr14. 70053455
chr10.33384304
chis. 112213007
chrd 42579215
chr13.41747918
chr2 38502341
chr3.18573993
chr10.99067372
chrd 1406891103
chrd 140021031
chr15.100503015
chr2 87375123
chrl1.49647700
chrx 147481757
chr5. 130441981
chi3. 46472486
chr3 61603694
chi2 61792990
chr5. 17163643
chi3 8780758
ch3.11121023
chi9.11394339
chi2. 11457358

chr12:61713245-61713331
chr5: 1168392647-118392719
chr3:34564187-34564200
chr19:55837291-55897329
chib:67251498-67 201521
chrlB: 27747236277 47307
chrl7:29720112-29720191
chi8:59636292-59636412
chrl1:62833802-6285830906
chr3: 97 131430-97 131447
chr12: 10558357 1-106583241
chrd: 19543475-19949505
chi9:78771763-75771831
chi3:78756706-78757038
chr3:344560058-34457 065
chi2: 1607187571607 19971
chrl7:83285386-53285453
chr10:61176854-61177023
chi: 141011550-141011713
chex: 141056055-141056216
chrl7.86575828-8657 5843
chr2:108505039-1098050656
chr2:102334824-103835157
chil 1:7346332-7945592
chi:96241206-96241416
chr3:96334416-95334683
chr2:162931841-162991875
chrd: 136236022-136236171
chrd:G3453059-03483167
chrd: 122812268-122812357
chrl:363325921-36332039
chr10:44643621-44B43713
chr14:83596174-53596202
chr3:64377104-0437 7151
chr19:56054078-56054122
chrb:736475982-73648087
chr2:297957658- 29735896
chi: 46659626-46089520
chirl2:97409790-97 400825
chr10:56231036-53261161
chr14:70053979-70053992
chr10:33334424-33884549
chig: 112213363-112213450
chrd:42679976-42680146
chr13:41745341-417 45445
chr2:38502489-385027 62
chr3:18573357-18979400
chr10:980677 12-92067 502
chrd: 140691423-140691454
chrd: 140021725-140021808
chr15:100503073-100503314
chi2:87375407-67375454
chrl 1:48648103-42648104
chod 14748237 1-147 462452
chri:130442455-130442540
chid:46473503-46479575
chr3:61603996-61609090
chi2:61793426-61793499
chr: 17 164335-17 164477
chi9:8761237-8751393
chi3:11121311-11121434
chi9:11394991-11335065
chi2:11450086-11458122

4 Titf1

4 Oasle

4 BZ30215L15Rik
4 Delrela

4 A43001010Rik
4 Fyf12

4 Abcgl

4 Clen3

4 Pmp22

4 Bl

4 Rage

4 Ttpa

4 241014BL05Rik
4 Dppas

4|S0x2

4 Topl

4 Lrpprc

4 Modal

4 2310007 F12Rik
42310007 F12Rik
4 Mshd

4 Linfc

4 Linfc

4 lyfbp3

4 Prikg2

4 Fegrl

4 Sfrsh

4 Akp2

4 Sh3gl2

4 Pou3fl

4 HsBst1

4 Prep

4 Pedh20

4 DI30015E06Rk
4 Adrb1

4 Chic2
4290007 3H1SRik
4 Ingll

4 Moapi

4 Ranbp2

4 Tnfsfl1

4 Rwerdd1
41100001 D10Rik
4 4930417 M19Rik
4 Edn1

4 Meki

4 Pdefa

4 Duspb
4/9030402G11Rik
4 2410043F08RIk
4 AIF7237

4 Pramel?

4 Mapks

4 Sme

4 Gats
44933409M07 Rik
4 Tle3

4 Tled

4 Cd36

4 Pygr

4 Pygr

4 Pygr

4 Pyr

114003 end
0/ Intragenic (intron)
80470/3' end
18910/3' end
6253 end
253955 Gene desert
491 3'end
175764 Gene desert (3" end)
107000 Gene degert
700003 end
32505 end
1050 Intragenic (intron)
22103 end
70313 end
1605 3' end
98583 Intragenic (intron)
1052 | Intragenic (intron)
1910/5' end
27662 /5" end
72166 /5" end
11580 5" end
126953 end
42533/3 end
5376836 Gene desert (5" end)
101603 end
34891 5' end
30345 end
18159 Intragenic (intron)
30425 end
215634 Gene desert
54438 /5' end
347841 Gene desert
3262406 | Gene desert (5' end)
11730 Intragenic (intron)
969305 end
52527 3 end
3048 Intragenic (intron)
550005 end
11688 3" end
38595 3" end
4706 | Intragenic (intron)
373635 end
2663 end
B27 |Intragenic (intron)
327 5'end
7917 |Intragenic (intron)
338/5' end
191423 end
24925 /5" end
11464 3'end
112643 Gene desert
77143 end
122270 Gene desert
512/5" end
1382528 Gene desert (5" end)
458852 /5" end
B710 Intragenic (intron)
162423 Gene desert
985451 Gene desert (5 end)
118002 Gene desert
2156074 | Gene desert (3' end)
2429731 | Gene desert (3' end)
2492806 | Gene desert (3' end)
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0 mCG142465
0 mCG142608
0 mCG142518
0 mCG14267
0 mCGE144876
0/ mCG145621
0 mCG14574
20/mCG145814
31/ mCG14822
25/ mCE14866
d mCG14938
24/ mCG1498
0 mCG15227
1444 mCG15237
184 mCG15247
44 mCG15357
0 mCG15600
0/ mCG15753
170 mCG15785
170 mCG15785
16 mCG15686
98 mCG15974
98 mCG15974
143 mCG16620
0 mCG16631
0 mCG16734
119 mCG167S
0/ mCG17177
113 mCGE1716
0 mCG17254
33/mCG17738
10/ mCG17869
0/mCG17884
0 mCG18082
14 mCG13124
0 mCG18257
33/ mCG18290
18/ mCG1855
7 mCG18685
7 mCG19012
0 mCG1914
106 mCG19185
20/mCE19253
0 mCG19279
0/ mCG19645
98 mCG19677
4/ mCG19780
270 mCG19667
0 mCG19993
0 mCG20002
27 mCG20145
0 mCG20681
11 mCG20796
0 mCG21158
18/ mCG2174
34 mCG2179
13/ mCG21830
0 mCG21830
0 mCG21846
0 mCG21848
0/ mCG21848
0 mCG21840
0/ mCG21848

Homeobox transcription factor; Mucleic acid binding
Mucleic acid binding; Synthetase; Nucleatidyltransferase; Defense/immunity protein
Malecular function unclassified

Malecular function unclagsified

Malecular function unclagssified

Growth factar

Transporter

Anion channel

Myelin protein; Other miscellaneous function protein
Malecular function unclagssified

Mon-receptor serine/threonine protein kinase

Cther transfer/carrier protein

Malecular function unclassified

Malecular function unclagsified

HMG box transcription factor;Mucleic acid binding

Mucleic acid binding; Select regulatory molecule;lsomerase
Oxidase

TGF-beta superfamily mernber

Malecular function unclassified

Malecular function unclassified

Damaged DMA-binding protein;Hydrolase

Cell adhesion molecule; Other cell junction protein

Cell adhesion molecule; Other cell junction protein

Other miscellaneous function protein

Mon-receptor serine/threoning protein kinase
Immunaoglobulin receptor family member, Defense/immunity protein
rmRMA splicing factor

Other phosphatase

Acyltransferase; Membrane traffic regulatory protein
Homeabox transcription factor, Nucleic acid binding

Other transferase

Serine protease

Cadherin

Malecular function unclagssified

G-protein coupled receptor

Molecular function unclassified

Malecular function unclagsified

Acetyltransferase

Other defense and immunity protein

Cther receptor,Membrane traffic regulatory protein
Cytokine

Malecular function unclagsified

Malecular function unclassified

Cther transporter; Other hydrolase

Peptide harmaone

MNon-receptor sefinefthreonine protein kinase
Phosphodiesterase

Kinage inhibitor;Protein phosphatase

Malecular function unclagsified

Cther zinc finger transcription factor

Malecular function unclassified

Malecular function unclagsified

Mon-receptor serine/threoning protein kinase

Synthase

Molecular function unclassified

Malecular function unclagsified

Transcription cofactor; Other miscellaneous function pratein
Transcription cofactor; Other miscellaneous function protein
Cther receptor; Cell adhesion molecule

Muclear harmone receptor, Transcription factor;MNucleic acid binding
Muclear hormone receptor, Transcription factor;MNucleic acid binding
Muclear hormone receptor, Transcription factor;MNucleic acid binding
Muclear hormone receptor, Transcription factor;Mucleic acid binding



vve

chi2 5450648
chr? 128652114
chi? 128628729
chrd 123583309
chrd 153406765
chi? 32636484
chr5. 136606037
chrd 103515519
chi3. 31625466
chi. 32662707
chi2. 171941851
chr2 171637354
chrd 57033912
chr10.19966131
chr10. 21547677
chr10.21423750
chr10.117849325
chr13.50873220
chr13.51222560
chib. 106561459
chr5. 111263602
chr17 13167962
chr11.51925737
chi9. 37499633
chr17.14198466
chr2 146575841
chrd 55047061
chrl 182266807
chr10.37077 183
chr13.21166667
chr15.5756450
chr 44534909
chr12.82151805
chr13.35209952
chiB. 20664278
chr5 26630343
chr3.53546554
chr5. 22603956
chr12.66565353
chr? 106239150
chr10.78275232
chr15.46043954
chd 117371912
chrd 85324270
chr14.33560645
chr10.24352308
chr11.43340840
chi2 20603656
chr14. 40241579
chr3. 44162641
chr14 53128250
chr13.57587931
chr10.17315995
chrd 134035349
chr? 81870829
chrd 152725995
chrs. 114749800
chi5. 114760855
chrl.188521262
chr11.22992187
chr15.81929983
chi3. G877 0687
chr14.71050957

chi2:8450032-8450841

chi? 128652558-128652723
chi7:128628782-128628876
chrd: 123683626-123683731
chrd: 153487 305-153467 331
chi?:32636648-326367 50
chra:136606331-136606399
chrd:103516430-103516467
chi3:31625580- 31625796
chi:32662006-32563035
chi2: 171942433-171942525
chr2:171637599-17 1637603
chrd:57034215-57034219
chr10:19966270-19966551
chr10:21547899-21546067
chr10:21423847 21423877
chr10:117849955-117850032
chr13:50873260-5087 3363
chr13:512227 1551222603
chr5: 106561643-106561318
chr5: 111264179-111264215
chr17:13168119-13168453
chrl 1:51926346-51826372
chi9:37500315-37500515
chr17:14198940-14199052
chr2: 146576176-14B576250
chid:55047659-55047968
chrl: 182267 175182267351
chr10:37077450-37077520
chr13:211686874-21 166950
chrl5:6786790-6757025
chr:44535329-44535385
chr12:82152044-52152408
chi13:36290169-35290297
chiB: 20664659- 20664601
chr5:26630576-26631011
chi3:5384677 1-53846862
chrd: 22609306- 22609400
chil2:66565775-60565511
chi?:106285399-106269526
chr10:78275530-78275551
chrl5:46044050-46044153
ched: 11737 2246-11737 2339
chrd:B5324409-05324645
chrl4:33560858-33560907
chr10:24352928-24353035
chrl1:48341513-49841550
chi2: 90664 295-90664526
chrl 4. 40242336-40242477
chr3:44162802-44162906
chrl4:53128646-53128571
chr13:57520343-57590443
chrl0:17316278-17316327
chrd: 1340357 18-134039522
chi7:81871369-8187 1561
chi 1527 260281527 26173
chr5:114750111-114750253
chig: 114761153-114761237
chrl:188521599-188521659
chrl 1:22992488-22892685
chr5:82000253-52000503
chr3:68771516-0577 1604
chrl4:71051329-7 1051362

4 Trpck

4 Ifitm1

4 BCOZ3151

4 Ftl1

4 Madk

4| Cd37

4 UncB4a

4 Ppap2b

4 W

4 PppZch

4 Chindg

4 Chind

4 Akap2

4 Mtap?

4 Sk

4 Sgk

4 Rapib

4 Gadddsy

4 Gadddsy

4 V26

4 Corole

4 Smoc2

4 Tef?

4 BCO24479
401

4 ¥m?2

4 Hpod

4 53

4 Marcks

4 HistThZan

4 Dah2

4 Gped

4 6430527 G18Rik
4 Cdyl

4 Defb11

4 9R30008K15Rik
4/Culs

4 Mupl2

4 Dactl

4 Gpreab

4 Nnp1

4 Kenvt

4 Slc2al

4 Slc24a2

4 Ghitm

4 Ctof

4 Systmi

4 Zic1

4 D14Ertd436e
4 Pcdh10
4|Sacs
4/4932432M11 Rik
4 Cited2

4 4930555121Rik
4 AF30058120Rik
4 Rbbp?

4 Pbp

4 Pbp

4 Ketd3

4 ¥pol

4 Aco2

4 Cetd
4/1190002H23Rik

72676 5" end
5436 &' end
2452 5" end
190717 Gene degert
10357 3" end
2186 5" end
532 5'end
12844 Intragenic (intron)
572236 Gene degert (3 end)
153 5" end
156973 Gene degert
451849 Gene desert
8435 Intragenic (intron)
1905 | Intragenic (intron)
1705683 Gene desert
294654 Gene desert
223961 Gene desert
1235 end
347529 Gene desert (5" end)
106842 Gene desert (5" end)
7437 |Intragenic {intron)
23367 Intragenic (intron)
4043 5" end
36185 end
5268 5" end
1859406 Gene desert
46695 5' end
43521 3 end
71174 5" end
36 Intragenic (exan)
366319 Gene desert
24178 5' end
56345 3" end
3358 Intragenic (intron)
5652 5" end
5409 Intragenic {intron)
25000 5" end
34531 3" end
129656 |5" end
2403 &' end
91283 end
905556 Gene degert (5 end)
821155 end
43920 Intragenic (intron)
382499 Gene desert
4700/5" end
G053 end
520308 Gene desert
4293 5" end
1087770 Gene desert (5" end)
53000 5" end
51953 3" end
100201 Gene desert
43952 3" end
1561540 Gene desert (3 end)
4194 5" end
16367 5" end
27376 5" end
122148 Gene desert
1858093 Gene desert
0 Intragenic (intron)
15320/5" end
10695 /3" end

w
ooooomioomnwo o

138
138

0
0

153

112
3766
3766

el

114

05
0

=

=

0 mCG21842
0 mCG22554
B mCGZ2585
12/ mCGZ31E9
0 mCGZ3367
0 mCG23442
40|/ mCG23660
238 mCG2422
0 mCG2443
0 mCG2445
0 mCG2560
0 mCG2580
0 mCG2708
11/ mCG2a20
52 mCE2029
52/ mCGE2529
26 mCG3219
BE mCG3413
B6 mCGE3413
0/ mCG3469
234 mCG3535
0 mCG3583
0 mCG3635
16/ mCG4139
79/ mCG4506
27 \mC 4604
0 mCG4E0Y
31/ mCG4718
129 mCGA0360
0 mCGE0406
0 mCGA08E
0/ mCG51834
110 mCG52190
11/ mCGE3684
0 mCGEEI21
0 mCGAE335
24/ mCGEE37
9 mCG5716
54 mCGEA7E3
53 mCG5793
B89 mCG5971
4 mCGE239
3 mCGE2ET
0 mCGEa44
18/ mCGEEYS
0 mCGE745
135 mCGE7I71
96 mCGEaa156
4 mCGEIT
18/ mCGA131
12/ mCGF227
0 mCG7240
26/ mCE7E22
0 mCGFa80
143 mCG7E76
47 \mCG7a86
2237 mCGFa41
2237 mCGFI41
13/ mCGBA5E
28 mCGETES
B2 mCGa788
192 mCGHa20
52/ mCEIM2

Other ion channel

Cther miscellaneous function protein

Malecular function unclassified

Storage protein

Kinase;Transferase

Mermbrane-bound signaling malecule; Other cell adhesion moleculs
Molecular function unclassified

Other phosphatase

DMNA helicase;Hydrolase

Frotein phosphatase; Other select calcium binding proteins
MNeuropeptide

MNeuropeptide

Other riscellaneous function protein

MNon-rmotar microtubule binding protein
Mon-receptor serine/threoning protein kinase
Mon-receptor serinefthreonine protein kinase
Small GTPase

Other riscellaneous function protein

Other miscellaneous function protein

G-protein coupled receptor

Mon-motar actin binding protein

Malecular function unclassified

HMG box transcription factor;Mucleic acid binding
Malecular function unclassified
Receptor;Membrane-bound signaling malecule; Defensefimmunity protein
Exoribonuclease; Hydrolase

Dehydrogenase

Other receptor; Other RMA-binding protein
Mon-motar actin binding protein

Histone

Other signaling molecule

Cell adhesion molecule; Extracellular matrix glycoprotein
Malecular function unclagsified

Malecular function unclagssified

Antibacterial response protein

Molecular function unclassified

Other riscellaneous function protein

Malecular function unclassified

Malecular function unclagssified

G-protein coupled receptor

Malecular function unclassified

“aoltage-gated potassium channel

Carbohydrate transporter

Transporter

Molecular function unclassified

Growth factor, Cell adhesion molecule

Malecular function unclagsified

KRAB box transcription factar,Mucleic acid binding
Malecular function unclagsified

Cadherin

Chaperone

Malecular function unclagsified

Transcription cofactor

Malecular function unclagsified

Molecular function unclassified

Other riscellaneous function protein

Kinasze inhibitor

Kinase inhibitor

Malecular function unclassified

Cther receptor; Other miscellaneous function protein
Dehydratase;Hydratase

Chaperanin

Kinase activator



Gv¢

chiS. 106206122
chr15. 27460730
chr13.66142609
chi? 100309570
chi5. 133547044
chr11.116424571
chr? 129385655
chr16.25366952
chr15.85438928
chrl1.43226224
chr? 67574640
chrd 51531955
chrl 87135971
chr2 132437723
chib. 22752108
chrl4. 62398602
chr? 16693084
chr2, 29030346
chi? 120238967
chif. 129120924
chi3.2184243%
chr2 54412443
chr12.22114731
chrl. 151836264
chi2 897 49668
chrd 106564324
chi3 7453697
chi3 G0E34485
chi3.26831402
chr10.23572753
chr14 44406049
chiis 83659652
chr19.37105426
chi BEE22345
chi3.79524271
chr15.23526567
chiis. 143291554
chr13.43037365
chrd 142647670
chi. 73326510
chr2 166257275
chr17.83734000
chi2 170228581
chi2 215652670
chr15.69092458
chr3. 28776004
chr13.94284832
chi2 17983791
chr15.73960747
chr10.70132909
chr16.8463525
chr14.3247657
chr1.6642094
chrd 5442026
chr15.358150627
chr14. 70504362
chrl. 113569039
chr7. 12603337
chr1 1104515450
chrs 22286353
chr2 146425148
chi5. 16927375
chr15.60676853

chif: 106206513-106906556
chr5:274680995-27 461065
chr13:66143082-66143103
chi7:100310076-100310140
chr5: 133547 209-133547 300
chirl 1:116426146-116426223
chi7:129385938-129386065
chr1B: 25367 158-26367 202
chr13:85439916-55490260
chil 1:43225461-43226655
chi? G757 4886-67975154
chrd:51532034-81532122
chrl:87136333-67 136394
chr2:132435257-132438305
chib: 22752567- 22752676
chrl4.62335409-62399606
chi7:16693429- 16653579
chr2:290581122-29081293
chi7:120239490-120239545
chif: 128121158-129121291
chi3:21843248-21343254
chr2:54413009-84413016
chr12:22115130-22115148
chil: 151836667-151836724
chi2:89742909-02750075
chrd: 106564667-10B564721
chi9:674535881-67 454049
chi3:60534524-60634005
chr3:26621561-25021655
chr10:23572984- 23573116
chrl4:44407864-44405216
chiE:83659953-63660145
chr19:37105892-37 106060
chid:BEEZ2935-66923061
chi3:79824592-79824787
chrl5:23526584- 235267 26
chiig: 143221705-143291895
chi13:43037733-43037603
ched: 14264837 2-1420456412
chiff:73326763-73327 181
chr2: 166257631-166267732
chr17:83734220-83734276
chi2: 170228992-170225092
chiz2:21552793-21552961
chr15:6909330-6209370
chr3:28778588- 26776503
chr13:94285759-94285814
chr2: 17859143-17989172
chr5:73961239-73561406
chr10:70133789-70133960
chr1B:8463870-84535861
chrl4:3248634-3245765
chil 1:8649380-0642437
chrd 544277 4-5442793
chr15:38150984-33150985
chrl4:70505030-70505241
chrl:11357011-11357210
chir7:12603669-12603796
chrl1:104815999-1046160268
chix: 22286563- 22286642
chr2: 146425461-1484254585
chid: 16520277- 16926349
chirl5:60677317-60677351

4 Psmd?

4 Ank

4 BCOSB543
4 AYD53456
4 BCOST4R0
4 AKDE3390
4 AF016695
4557425

4 AF176530
4 AKD16BE14
4 AKD34740
4 AKD43108
4 BCO42077
4 AKD04090
4 AJ420208
4 Epb4.2

4 BCO24554
4 AKDA4730
4 ARDO9Z07
4 AKDEBEIY
4 AKD33347
4 AKDS8963
4 AKD44503
4 BCO22177
4 AF102522
4 AKI22545
4 ABD93231
4 AF205073
4 ARDE073
4 AKDO3802
4 AY358079
4 AKDA4758
4 BCO25643
4 ARD20684
4 AKI22512
4 AFORS253
4 AKD44502
4 ARD18059
4 BCOS2827
4 AKD3E7I2
4 AKO34712
4 ARDO7130
4 BCO4B393
4 AKDEEZ56
4 Lifr

4 AKD18073
4 BCOSAOT
4 BCOR10R2
4 BCO5EF22
4 AKDF7025
4 AKO75830
4 AKDO7159
4 ARDEIFIT
4 X16670

4 AK122398
4 AKO33642
4 AKDAZ743
4 AF172447
4 BCOs0S01
4 BCOBE151
4 AKO335358
4 L3850
416670

B317 5" end
44725 5" end
0 Intragenic (exon)
0 Intragenic (intron
43 Intragenic (intron
235 | Intragenic (intron
311 |Intragenic (intron
5235 end
5103 end
1264 5" end
132563 end
1484 | Intragenic (intron)
1862 3 end
227715 end
2458 Intragenic (intron)
3497 |Intragenic (intron)
3745 Intragenic {intron)
3802 /5" end
9739 | Intragenic (intron)
B458 Intragenic (intron)
7606 Intragenic {intron)
{intron)
fintran)

)
)
)
)

8667 |Intragenic (intron
8845 Intragenic (intron
10288 5" end
111365 end
11386 3'end
12021 /3" end
12672 /5" end
12741 Intragenic (intron)
132715 end
17153 Intragenic {intron)
17180 Intragenic (intron)
17400/3" end
18435 Intragenic (intron)
222943 end
24568 3" end
24744 /5" end
25308/5' end
326415 end
34335/5' end
38905 5" end
489263 end
51333/5' end
96171 Intragenic (intron)
57000 5' end
58968 5" end
520003 end
63016 /5" end
70841/5" end
71906 5' end
82403 /5" end
87920 Intragenic (intron)
20087 5" end
93529 Intragenic (intron)
100000 Gene desert
118963 Gene degert
117140 Gene degert
126910 Intragenic (intron)
147332 Gene desert
148106 Gene desert
161001 Gene degert
293125 Gene desert
330327 | Intragenic (intron)
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127|mCGYa3E
4/mC(G9599
0 MA
0 NA
0 NA
0/ NA
0/ NA
0 NA
0 NA
0 NA
0/ HA
0 MA
0 NA
0 NA
81 NA
0/ NA
0 MA
0 NA
0 NA
0/ NA
20/ MA
0 MA
0 NA
0 NA
0/ NA
B NA
4/ NA
0/ NA
0 NA
4 NA
0/ MA
0 NA
4] NA
0 NA
15 A,
0 MA
& NA
59 MA
0 NA
0/ NA
55 WA
21 NA
0 NA
0/ NA
0/ NA
0 NA
0 NA
0 NA
0/ HA
0/ NA
133 NA
0 NA
9 NA
0/ NA
10/ MA
0 NA
0 NA
0 NA
0/ NA
0 MA
0 NA
0 NA
0/NA

Cther miscellaneous function protein
Transporter;Mitochondrial carrier protein
A
I
A
MNA
MA
A
A
A
A
A
A
A
A
A
A
I
A
MNA
A
A
I
A
MNA
MA
A
I
A
A
A
A
A
A
A
A
I
A
A
A
A
I
A
MNA
MA
A
I
A
A
MA
A
A
A
A
A
I
A
A
A
A
I
A
MNA



APPENDIX C: Overlapping Sox2, Oct4 and Nanog associated genes (triple overlaps) viewed in
a (A) 20K window and a (B) 50K window.

A Nanog (1446) B MNanog (1802)
998
Oct4 (626) Sox2 (584) QOct4 (782) Sox2 (750)
20 k windows 50 k windows

Venn diagrams indicate the extent of overlap between genes associated with Sox2, Oct4 and
Nanog binding in mESCs. A core set of genes, 127 and 179 using the 20 and 50 kb cut-offs,
respectively, which were bound by all three factors were identified. These included Rest, Rcor2,
Phcl, 1d3, Nmycl, Tcf3, Dppab, Esrrb, Otx2, lIst6, Lifr, Puml, Leftyl, Rpe, Uck2, Rifl, as well as
Sox2, Pou5fl, and Nanog, themselves. All three transcription factors also bound to genes
independent of one another; in the case of Sox2, this represented 244 genes.
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APPENDIX D: Oct4, Sox2, Nanog triple sequential ChIP

Oct4 Sox2 Nanog

CO-0ccupancy 4000 T - 200
Oct4 Mycn
SN 3000 150
NSNS
RN NS 2000 100
RSN
1000 50 El
| 1stenip ocu) e B = |
S c 00 L L 0O 5 L S O
o O O’'F P CCoOE P
RS N
NI 1000 200 ;
W g0 | RESt Jarid2
150
JW 600
100
l 2nd ChIP (Sox2) 108
200 ‘-L" 50
T zao e le
o” 0O P P o OCO OOOF}\O%O
50
40 | Control
l 3rd ChIP (Nanog) =
RSN 20
W 10
/g0~ Ty
\J“w o &5 L O
W O P

Schematic diagram of triple sequential ChIP (seqChlIP). The eluate for Oct4 ChIP was used for
Sox2 ChlIP, followed by Nanog ChIP. Triple sequential ChIP for selected triple bound genes
Pou5fl, Nmycl, Rest, Nmycl, Jarid2, and control. O: Oct4, OS: Oct4-Sox2, OC: Oct4-control,
OSN: Oct4-Sox2-Nanog, OSC: Oct4-Sox2-control seqChlPs .

There are a number of examples where the PET clusters from all three transcription factors
overlap, indicating their respective binding sites do lie in close (100 bp) proximity with one
another. This apparent clustering of Sox2, Oct4, and Nanog binding sites at a number of genomic
loci does not necessarily mean these transcription factors are all simultaneously binding the same
DNA (ie. co-occupancy) as all binding data was generated from a pool of cells within which there
was no way to calculate the percentage with which these protein-DNA interactions were occurring.
Chapter 5 reported a quantitative measure of co-occupancy for Sox2 and Oct4 on a number of
target genes in mESCs. This protocol was extended to include a third round of ChIP with the
Nanog antibody and thereby demonstrating that a triple sequential ChIP experiment can show
three proteins simultaneously co-occupying the same stretch of DNA in vivo. As Pou5f1, Nmyc,
Rest, and Jarid2 were all identified as targets of Sox2, Oct4, and Nanog by ChIP-PET and the PET
clusters of each overlapped with the other, these loci were tested for triple co-occupancy. After
Oct4-Sox2-Nanog sequential ChlP there was a drastic increase in fold enrichment for each of the
gene loci tested, demonstrating that the three factors indeed co-occupy these loci. Control
sequential ChlIPs using Oct4-Enal and Oct4-Sox2-Enal showed no significant (<2-fold) increase
in fold enrichment compared to single Oct4 ChIP and Oct4-Sox2 ChIP, respectively.
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Appendix E: Oligo probe sequences for reporter assay

igcgggi'i'TGTTATGCAAATtagtCATTGTTATGCAAAthaCCATTGTTATGCAAATa
ggc;gZ%TGTTATGCAAATtagtTATTGTTATGCAAAthacTATTGTTATGCAAATa
igcg'?X%TGTGATGCAAATtagtTATTGTGATGCAAAthacTATTGTGATGCAAATa
igcg'lcngGTTATGCACGCtagtCTTTGTTATGCACGthaccTTTGTTATGCACGCa

3x Ebfl swap
CgcgtATGCAAATCATTGTTtagtATGCAAATCATTGTTtcacATGCAAATCATTGTTa
3x TcF7 swap
CgcgtATGCAAATTATTGTTtagtATGCAAATTATTGTTtcacATGCAAATTATTGTTa
3x REST swap
CgCgtATGCAAATTATTGTGtagtATGCAAATTATTGTGtcacATGCAAATTATTGTGa
3x Rifl swap
cgcgtATGCACGCCTTTGTTtagtATGCACGCCTTTGTTtcacATGCACGCCTTTGTTa
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Appendix F: Control ChIP-on-chip (H4K20Me3) for ChIP-on-chip experiments in
Figure 6.3 and Figure 7.5
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ChIP-on-chip SignalMap diagram show that H4K20Me3 binding peaks were not present
in all test regions except Gtl12 which serves as a positive control for H4K20Me3 ChlP.
Binding peaks are represented as bell-shape peaks. Single points showing enrichments are
regarded as background.
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Appendix G: Coordinates for ChIP-gPCR amplicons representing peak enrichments in
Figure 7.6 and Figure 7.7

Gene names

Coordinates

AtbF chrd: 108035509- 1080367 12
Ctnnbi chr: 157804101-15790435326
Dol chra: 1803972530- 180397 445
Dppald chrib: 123262054- 123262235
Ef2ct chrd:124836154-12483635306
Elf chrd:B9578358-6957 0557
Esnb chrl2:531527865-01525044
Etv] chrl2:35802512-353802617
fef3 chrd: 134604765-13534604561
Jand? chrl3:44216288- 44216511
rr 96 chrd: 1743258760-17 4328571
Myc chr15:62193112-621933506
Michn chrl2:13066245- 13066464
Nahog chib: 1 233445925-123345105
Fhed chig: 1 228724721 202872634
Rest chra: 75988305- 75005655
Rifq chr2:52032075-620532272
Sgk chril:21712474-21712658
Tha chro: 117164952 117165213
Tcfs chris:7530143258-73014513
Trpdd chrl1:691946515-69154807
Tuind chrl? B2 158243-6215402
Zfph7 chrl?:35520539-35520704
Zfpbid chr2: 1E9022611- 169022530
23 chid: 4965241 3-49652250
p21 chrl?:27691796-27652040

Test region 1

chr?:132551000- 132551245

Test region 2

chr3:24457 307-34457 477

Test region 3

chib: 1233525993-123353158

Test region 4

chrl?:34024263-34024412

Test region 5

chrd: 93582802-935352977
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