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ABSTRACT

Pluripotent embryonic stem cells (ESCs) are derived from the epiblast of pre-
implantation embryos and have two defining features: indefinite self-renewal in vitro and
pluripotency-- the capacity to differentiate into all somatic cells and the germ lineage.
ESCs depend on the leukemia inhibitory factor (LIF) signaling pathways to maintain the
naive pluripotent state and therefore can readily incorporate the inner cell mass (ICM) to
resume normal embryonic development. Understanding the molecular mechanisms that
establish and maintain the ESCs pluripotency is essential for their application to
regenerative medicine. The core pluripotency factor Nanog is proposed to specify and
stabilize a naive pluripotent state in both embryogenesis and induced reprogramming.
Nevertheless, the downstream epigenetic mechanisms by which Nanog constructs an

epigenetic landscape permissive to the naive pluripotent state are unclear.

Nanog ChIP-Seq and Nanog knockdown RNA-Seq analysis identify histone H3
trimethyl lysine 4 (H3K4me3) demethylase Kdm5b as a direct downstream target of
Nanog in mouse ESCs. Kdm5b expression is highly enriched in the ICM of mouse pre-
implantation embryos and pluripotency-associated cells and tissues. Acute Kdmb5b
MRNA knockdown impairs ESCs proliferation and self-renewal. Forced expression of
Kdm5b can sustain ESCs in an undifferentiated state in the absence of LIF signaling for
up to two months. These cells are still pluripotent because they can contribute to
teratoma formation. Epistasis experiments demonstrate that Kdm5b overexpression can
compensate for loss of Nanog but not Klf4, suggesting that Kdmb5b is a major
downstream effector of Nanog. Ectopic expression of Kdm5b can also boost the

reprogramming efficiency from neural stem cells in conjunction with Oct4 or Oct4/KIf4.



These lines of evidence suggest that Kdm5b is an important epigenetic regulator for the

ESC naive pluripotent state.

Although KDM5B is believed to function as a promoter-bound repressor, analysis
of Kdm5b knockdown RNA-Seq suggests that it paradoxically functions as an activator
of a gene network associated with ESC self-renewal. Our ChIP-Seq data reveals that
KDM5B predominantly occupies active intragenic regions and significantly correlates
with the elongating RNA Pol Il and histone H3 trimethyl lysine 36 (H3K36me3). KDM5B
is recruited to H3K36me3 via an interaction with the chromodomain protein MRG15.
Genome-wide analysis of MRG15 occupancy shows a high degree of colocalization with
KDMB5B. Mrgl5 is an ortholog of eaf3, a component of the yeast Rpd3S complex which
functions to repress cryptic intragenic transcription. Likewise, knockdown of Kdm5b or
Mrgl5  significantly  increases cryptic  intragenic  transcription, promotes
unphosphorylated RNA Pol Il recruitment and reduces elongation-associated RNA Pol |l
occupancy selectively at KDM5B target genes. We propose that KDM5B activates a self-
renewal-associated gene network by repressing intragenic cryptic initiation and

maintaining a H3K4me3 gradient important for productive elongation.

Proteomic analysis of the KDM5B demethylase complex reveals additional
H3K36me3 and transcriptional elongation-associated proteins, including H3K36
methylation writer and reader protein NSD3. Our preliminary data demonstrate that
NSD3 can mediate the recruitment of KDM5B to intragenic regions at KDM5B target

genes.

We show that KDM5B can occupy and activate genes involved in cell cycle and
DNA synthesis control and that forced expression of genes in the DNA synthesis

machinery can partially rescue the proliferation defect after Kdm5b knockdown. KDM5B

Xi



is also found to interact with the DNA replication machinery, suggesting a positive

feedback loop to reinforce KDM5B's role in regulating DNA replication.

Taken together, these results provide novel insights into the role of Kdm5b in
regulating the ESC naive pluripotency and transcriptional elongation. Kdm5b mRNA is
also up-regulated in multiple human cancers and implicated in cancer cell proliferation
and self-renewal. Thus, KDM5B may represent an attractive drug target for tumor

therapy.
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CHAPTER ONE

Introduction



A Brief History of Embryonic Stem Cell Research

The study of pluripotent cells dates back to the characterization of teratomas
(benign) and teratocarcinomas (malignant), which are commonly found in adult gonads
and are comprised of disorganized tissues from three primary germ layers: ectoderm,
mesoderm and endoderm (Solter, 2006). The low rate of clinical occurrence significantly
impeded the study of these tumors. In 1954, Stevens and Little found that the incidence
of spontaneous testicular teratomas could reach an average of 1% in the 129 mouse
strain (Stevens & Little, 1954), providing an experimental platform to study teratomas.
Mice with genetic ablation of primordial germ cells fail to develop teratomas, suggesting

that primordial germ cells are the origin of spontaneous teratomas (Stevens, 1967).

Intraperitoneally grafted teratocarcinomas contain poorly developed structures
called embroider bodies composed of inner embryonal carcinoma cells and the outer
visceral yolk sac, reminiscent of the early embryonic development. Pierce and
colleagues showed that intraperitoneal injection of a single embryonal carcinoma cell
could produce a teratocarcinoma (Kleinsmith & Pierce, 1964), suggesting the pluripotent
stem cell nature of teratocarcinomas. Stevens showed that grafting 2-cell, pre-
implantation or post-implantation embryos at extrauterine sites could produce
disorganized clusters of undifferentiated embryonic cells, which in turn became
teratocarcinomas (Stevens, 1968; Stevens, 1970). Stevens suggested that
undifferentiated pluripotent cells, from either primordial germ cells or embryos, were the

origin of teratomas or teratocarcinomas (Stevens, 1970).

In parallel with mouse models, attempts were made to establish cell lines derived
from teratocarcinomas to recapitulate their biological identity in vitro. Martin and Evans

observed that two major heterogeneous cell types coexisted in teratocarcinoma clones—



small compact cells with large nuclei and prominent nucleoli, and large spread
monolayer cells. Therefore they introduced feeder cells to reliably subclone
teratocarcinoma cell lines (Martin & Evans, 1974). These cell lines, termed embryonal
carcinoma cells (ECCs), can proliferate indefinitely in vitro and reproduce
teratocarcinomas upon subcutaneous injection. They can be induced to differentiate into
multiple cell types mimicking embryonic development through the embryonic body
formation (Martin & Evans, 1975). However, ECCs were reported to have abnormal
karyotypes (Papaioannou et al, 1978), limited ability to form chimaeras and a propensity
for recurrent tumorigenesis (Papaioannou et al, 1978; Rossant & McBurney, 1982),
suggesting that ECCs do not recapitulate the full developmental potential of their
embryonic counterparts. In 1981, Evans and Martin independently reported the success
of deriving the undifferentiated cells—coined embryonic stem cells (ESCs) from the pre-
implantation mouse blastocysts using ECC culture conditions (Evans & Kaufman, 1981;
Martin, 1981). ESCs can self-renew in vitro and can produce teratomas. Importantly,
ESCs are karyotypically normal and can more readily form chimaeras and contribute to
germ-line transmission than ECCs (Bradley et al, 1984), suggesting these cells are truly

a functional counterpart to pluripotent stem cells during embryogenesis.

The ability of mouse ESCs to contribute to germ-line chimaerism prompted the
development of gene targeting via homologous recombination (Capecchi, 2005), making
mouse ESCs an invaluable tool to study gene function. The study of mouse ESCs also
inspired the development of a methodology that would allow the derivation of human
ESCs (Thomson et al, 1998). Compared to mouse ESCs, the molecular mechanisms for
establishing and maintaining human ESCs are less well understood and therefore the
derivation efficiency of human ESCs still remains low (Niakan et al, 2012). In addition,

human ESCs grow much slower than mouse ESCs (Singh & Dalton, 2009) and are



difficult to propagate as trypsinized single cells due to dissociation-induced apoptosis
(Ohgushi et al, 2010), and display low efficiency for transgene modification (Ptaszek &
Cowan, 2007). Accordingly, mouse ESCs represent an invaluable model system to study
the mammalian gene function in embryogenesis, development and cellular

reprogramming.

Pluripotent Stem Cell Characteristics

Self-renewing ESCs are a powerful system to model early developmental
processes because they are able to give rise to all tissues and organs, a defining feature
termed pluripotency. The study of pluripotency ushered in two active areas of study:
derivation of ESCs from natural occurring embryogenesis (Thomson et al, 1998) and
induction of pluripotency from somatic cells (Takahashi et al, 2007; Takahashi &
Yamanaka, 2006). Studies on how the pluripotent state is derived, maintained and
induced to differentiate have deepened our understanding of mammalian development,

cellular reprogramming, and developing strategies for regenerative medicine.

Totipotency is defined as the ability of the fertilized egg to derive all cell types of
an organism, including extraembryonic lineages important for the embryo development.
Totipotent cells undergo rapid divisions and gradually restrict their developmental
potential by entering the first cellular segregation into the inner cell mass (ICM) and the
outer layer of trophectoderm at the late morula stage (Dejosez & Zwaka, 2012),
accompanied by the mutually exclusive expression of two essential transcription
factors—Oct4 and Cdx2, respectively (Niwa et al, 2005). Trophectoderm cells constitute

the majority of the fetal part of the placenta that supports embryo growth. The ICM



continues to grow and undergoes the second segregation before implantation, forming
epiblast (or primitive ectoderm) and hypoblast (or primitive endoderm), as evidenced by
the segregated expression of key transcription factors Nanog and Gata6, respectively
(Chazaud et al, 2006). Epiblast contributes to all the tissues and organs of the
developing fetus while the primitive endoderm forms the extraembryonic endoderm
layers of the visceral and parietal yolk sac. Unlike the totipotent zygote and blastomere,
epiblast cells are termed pluripotent because they can give rise to all somatic and germ
lineages except for the extraembryonic lineages (trophectoderm and primitive

endoderm)(Dejosez & Zwaka, 2012).

a Preimplantation Postimplantation Postnatal/adult
Oocyte Zygote Blastomere Blastocyst Egg cylinder
E3.5 E6.5
Sperm

mESC mEpiSC EGC (E8.5-11.5) maGSC; ECC; iPSC

Specified Pluripotent

Figure 1.1: Origin of pluripotent stem cells at different stages of the mouse
embryonic development (Dejosez & Zwaka, 2012). Mouse ESCs are derived from the
ICM of E3.5 pre-implantation embryos while mouse EpiSCs from the epiblast of E6.5
post-implantation egg cylinder stage. Other sources of pluripotent stem cells such as
MEGCs (mouse embryonic germ cells), iPSCs (induced pluripotent stem cells), ECCs

(embryonic carcinoma cells) are also shown. The publisher grants reprint permission.

Mouse ESCs were originally derived from the ICM of pre-implantation blastocysts

(around E3.5-E.4.5 dpc) (Evans & Kaufman, 1981; Martin, 1981). Recently pluripotent



epiblast stem cells (EpiSCs) were established from post-implantation epiblasts (E5.5-
E7.5 dpc) (Brons et al, 2007; Tesar et al, 2007), suggesting that multiple pluripotent
states exist in vitro. Mouse ESCs self-renew in response to LIF and BMP4 signaling
pathways (discussed in the next section), possess two active X chromosomes (female
cells), readily colonize the ICM and form chimaeras (Nichols & Smith, 2009). In contrast,
EpiSCs require the addition of activinA and bFGF, have an inactive X chromosome, and
contribute to chimaerism and germ-line transmission with markedly reduced efficiency
(Brons et al, 2007; Tesar et al, 2007). Austin Smith and colleagues proposed that two
functionally distinct pluripotent states exist: ‘naive’ LIF-dependent state as exemplified
by mouse ESCs which readily integrate into the ICM and contribute to chimaeras and
the germ line; and a ‘primed bFGF-dependent state that corresponds to EpiSCs
(Nichols & Smith, 2009). Interestingly, mouse EpiSCs are very similar to human ESCs in
terms of morphology, growth factor requirement, epigenetic state (X inactivation) and
increased cell cycling time. It is now widely believed that human ESCs are the human
correlate of EpiSCs and this has led to studies seeking to generate a bona fide naive

human ESC line.

Embryonic germ cells (EGCs) represent another form of pluripotent stem cells
and are derived from primordial germ cells (PGCs) of the genital ridges between E10.5
and E12.5 dpc (Matsui et al, 1992; Resnick et al, 1992). They share marked similarity to
mouse ESCs in terms of morphology and gene expression signatures and are able to
form teratocarcinomas and chimaeric mice. This has led to the proposal that mouse
ESCs may represent ICM-derived PGC-like cells (Zwaka & Thomson, 2005). Further
molecular (genetic and epigenetic) characterizations of mouse ESCs, EGCs, ICM/naive

epiblast cells are needed to address the relationships between these pluripotent cells.



The naive and primed pluripotent states are not invariant but interconvertible.
ESCs can be induced to switch to EpiSCs in the presence of activinA and Fgf2 (Guo et
al, 2009). EpiSCs can be converted to ESCs by forced expression of KlIf4, Nanog, or
Nr5a (Guo & Smith, 2010; Guo et al, 2009; Silva et al, 2009) or by culturing in LIF-
containing ESC medium (Bao et al, 2009). Ectopic expression of constitutively active
Stat3 is required for EpiSCs to ESC conversion, strongly suggesting that LIF-Stat3

signaling is critical for the maintenance of the naive pluripotent state (Yang et al, 2010).

The concept of a naive pluripotent state led scientists to use reprogramming
factors and small molecules to generate naive pluripotent stem cells from rat (Liao et al,
2009) and nonpermissive mouse strains (Hanna et al, 2009). Importantly,
reprogramming  human  somatic cells via  constitutive  expression  of
OCT4/SOX2/KLF4/MYC/NANOG under mouse culture conditions generated hLR5 cells
(hLR5 stands for human, LIF, five reprogramming factors) that closely resembled mouse
ESCs. Unlike primed human ESCs but like mouse naive ESCs, hLR5 cells can be
efficiently manipulated genetically by homologous recombination (Buecker et al, 2010).
These studies suggest that the ability to generate naive pluripotent stem cells in
primates could greatly facilitate gene targeting and may prove valuable for disease

modeling, developmental studies and cell-based therapy.

Signaling Pathways that Regulate Pluripotent Stem Cells

The ability of mouse ESCs to sustain a naive pluripotent state relies on extrinsic
factors that relay environmental signals to pluripotency-associated transcription factors,

which in turn facilitate ESC self-renewal and antagonize differentiation.
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Figure 1.2: A complex signaling network regulating the pluripotent state (Dejosez
& Zwaka, 2012). The major signaling pathways maintaining mouse ESCs pluripotency

are LIF-Stat3 and BMPs-Smad1/5/8. The publisher grants reprint permission.

Mouse ESC derivation and self-renewal initially required proliferation-
incompetent feeder layers (Evans & Kaufman, 1981; Martin, 1981). It was subsequently
shown that feeder cells could secrete a soluble growth factor called leukemia inhibitory
factor (LIF) that antagonized ESC differentiation (Smith et al, 1988; Williams et al, 1988).
LIF functions by binding to the LIF receptor (LIFR)—gpl130 heterodimer, which in turn
activates the Janus kinase (Jak) and triggers Stat3 translocation into the nucleus where
it regulates genes involved in ESC pluripotency (Niwa et al, 1998). Moreover, gp130-/-
lack epiblast cells, indicating an essential role for the LIF-LIFR/gp130 signaling pathway

in specifying pluripotent stem cells in the mouse embryo (Nichols et al, 2001).



LIF also activates the phosphatidylinositol 3-OH kinase (PI3K)-Akt pathway and
the mitogen-activated protein kinase (Mapk) pathway (Niwa et al, 2009). The PI3K-Akt
pathway is required for the ESC maintenance because treatment of the PI3K-specific
inhibitor reduces the ability of LIF to promote ESC self-renewal (Paling et al, 2004). In
contrast, the Mapk pathway negatively regulates ESC self-renewal in vitro (Kunath et al,
2007) and is required for specifying the primitive endoderm in mouse blastocysts
(Chazaud et al, 2006). Thus, LIF activates parallel signaling pathways to maintain ESC
pluripotency. Niwa and colleagues provide further molecular insights into how LIF-
activated signaling pathways regulate pluripotency-associated transcriptional pathways
(Niwa et al, 2009). LIF-activated Jak—Stat3 and PI3K-Akt pathways activate KlIf4 and
Tbhx3, which in turn activate Sox2 and Nanog. Forced expression of KIf4 or Tbx3 can
confer LIF-independent maintenance of pluripotency. However, overexpression of
Nanog supports LIF-independent mouse ESC self-renewal even in the absence of KiIf4
and Thx3 activity, suggesting that Klf4 and Thx3 function to mediate the LIF signaling to

the core pluripotency factor Nanog (Niwa et al, 2009).

LIF is insufficient for ESC maintenance in the absence of serum. Ying and
colleagues show that bone morphogenetic protein 4 (BMP4) is the component in serum
that is required for ESC self-renewal (Ying et al, 2003). BMPs belong to the TGF-8
superfamily, bind to heterodimerized type | and type Il serine/threonine kinase receptors,
which in turn activate the downstream Smad transcription factors. Activated Smad1/5/8
translocate into the nucleus to stimulate the expression of inhibitor of differentiation (Id)
genes to suppress the neural lineage commitment (Ying et al, 2003) and antagonize the

detrimental effect of the Mapk signaling on ESC self-renewal (Qi et al, 2004).



Genetic Network of Core Pluripotency Transcription Factors

The first identified, and perhaps most essential transcription factor to ESC
pluripotency is Oct4 (octamer-binding transcription factor 4, encoded by Pou5f1). Oct4 is
highly expressed in the totipotent embryos and the pluripotent ICM, ESCs, ECCs and
germ cells (Palmieri et al, 1994; Yeom et al, 1996). Genetic deletion of Oct4 disrupts the
pluripotent ICM formation and causes trophectoderm differentiation (Nichols et al, 1998),
suggesting that Oct4 is essential for specifying pluripotent founder cells during
embryogenesis. In mouse ESCs, a narrow window of Oct4 protein expression is critical.
Even a two-fold increase in Oct4 protein level differentiates ESCs into mesoderm and
primitive endoderm lineages while depletion of Oct4 leads to dedifferentiation into the
trophectoderm (Niwa et al, 2000). Oct4 is also indispensable for epigenetic
reprogramming (Takahashi et al, 2007; Takahashi & Yamanaka, 2006). These studies
suggest that Oct4 is a master regulator of the ESC pluripotency. Oct4 associates with a
large interactome network in ESCs composed of key pluripotency transcription factors,
chromatin modification complexes, basal transcription machinery components and
signaling pathway molecules (Ding et al, 2011; Liang et al, 2008; Pardo et al, 2010; van
den Berg et al, 2010). Acute depletion of Oct4 decreases the recruitment of pluripotency
transcription factors and chromatin modifying enzymes at tested Oct4 binding loci (Chen
et al, 2008; van den Berg et al, 2010), suggesting Oct4 as the core cis-acting
transcription factor orchestrating the pluripotency-specific multiprotein complex to govern

the ESC pluripotent state.

Oct4 can heterodimerize with another core pluripotency factor Sox2 (sex
determining region Y-box 2), which is enriched in the ICM, epiblast and extraembryonic

ectoderm (Avilion et al, 2003). Genetic deletion of Sox2 results in peri-implantation

10



lethality of developing mouse embryos and defects of the epiblast formation (Avilion et
al, 2003). Genetic targeting of Sox2 causes ESCs to differentiate into trophectoderm and
decreases Oct4 expression. On the other hand, forced expression of Oct4 can rescue
the Sox2 depletion phenotype. Thus, Sox2 may stabilize the ESC pluripotent state by

sustaining the robust expression of Oct4 (Masui et al, 2007).

Niwa and colleagues found that forced expression of Nanog could support LIF-
independent ESC self-renewal even in the absence of pluripotency transcription factor
KIf4 or Thx3, suggesting that Nanog is the core pluripotency factor mediating the LIF
pathway (Niwa et al, 2009). Distinct from Oct4 or Sox2, ectopic expression of Nanog can
even bypass the requirement of both BMP4/serum and LIF to maintain ESCs in an
undifferentiated state (Ying et al, 2003). Nanog null embryos display peri-implantation
lethality and cannot mature into epiblasts (Mitsui et al, 2003). Depletion of Nanog in
ESCs triggers morphological differentiation and increases the expression of multiple
lineage marker genes (lvanova et al, 2006). Surprisingly, Nanog null ESCs can self-
renew in vitro, suggesting that Nanog is dispensable for the ESC maintenance
(Chambers et al, 2007). Nevertheless, Nanog null ESCs are predisposed to differentiate
and show a PGC maturation defect (Chambers et al, 2007). In transcription factor-
induced somatic reprogramming, Nanog is initially dispensable but is essential for final
entry into a naive pluripotent state. Thus, Nanog is essential for the acquisition of both
embryonic and induced pluripotency (Silva et al, 2009) and is believed to specify and

stabilize the naive pluripotent state (Theunissen & Silva, 2011).

Genomic approaches using chromatin immunoprecipitation (ChlP) followed by
DNA microarray hybridization or high-throughput sequencing (ChlP-Seq) were employed

to gain molecular insights into how these core pluripotency factors maintain ESC identity
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(Boyer et al, 2005; Loh et al, 2006). Several key insights emerged from these studies
(Jaenisch & Young, 2008). First, Oct4, Sox2 and Nanog stabilize the ESC pluripotent
state by forming an autoregulatory circuitry and bind their own promoters to reinforce
their expression. Second, Oct4, Sox2, and Nanog share large overlapping genomic
targets, suggesting that these transcription factors regulate a large set of common target
genes critical for ESC maintenance. In fact, many of these pluripotency transcription
factors constitute a large multiprotein complex network that coordinately regulates ESC
pluripotency (Liang et al, 2008; Wang et al, 2006). Third, these master pluripotency
regulators not only bind to active genes promoting ESC self-renewal, but also bind to

repressed developmental regulators.

Interaction of core pluripotency factors with p300 and the mediator complex is
believed to form an “enhanceosome” that activates transcription initiation (Chen et al,
2008; Kagey et al, 2010; Young, 2011). This may explain why 70% of ESC genes
engage normal transcriptional initiation, but undergo abortive transcriptional elongation
lacking elongating RNA Pol Il and H3K36me3 (Guenther et al, 2007; Min et al, 2011). c-
Myc is important for both ESC maintenance and induced reprogramming (Cartwright et
al, 2005; Sridharan et al, 2009; Takahashi et al, 2007; Takahashi & Yamanaka, 2006;
Varlakhanova et al, 2010). c-Myc was shown to recruit P-TEFb to release paused Pol Il
for productive elongation (Rahl et al, 2010). These studies suggest that pluripotency
transcription factors utilize different strategies to coordinate a transcription program

important for the establishment and maintenance of ESC identity.
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Epigenetic Mechanisms Governing Pluripotent Stem Cells

The specification of functionally distinct cell types carrying identical genomes is
essential for the development of multicellular organisms. Increasing evidence documents
epigenetic mechanisms as key choreographers in instructing and maintaining cell-

specific gene expression patterns (Margueron & Reinberg, 2010).

Pluripotent ESCs have a characteristic open chromatin structure that is enriched
in H3K9%ac. Following ESC differentiation, chromatin forms noticeable condensed blocks
of heterochromatin enriched in H3K9me2 (Gaspar-Maia et al, 2010; Niwa, 2007b). A
global hypertranscription phenotype is also observed in ESCs (Efroni et al, 2008). In
addition, pluripotent ESCs, but not lineage committed cells or terminally differentiated
cells, display hyperdynamic binding properties of key histone (H1,H2B, H3) and non-

histone (HP1) proteins to chromatin (Meshorer et al, 2006).

The core pluripotency factor circuitry (Oct4/Sox2/Nanog) regulates multiple
chromatin modifying enzymes required for maintaining the ESC pluripotency, including
H3K9 histone lysine demethylase (KDM) Jmjd2C and Jmjdla (Loh et al, 2007), H3K4
histone methyltransferases (HMT) complex core subunit Wdr5 (Ang et al, 2011), DNA
hydroxymethyltransferase Tetl (Freudenberg et al, 2012; Ito et al, 2010) and others.
Oct4 and Nanog can also physically interact with multiple chromatin modification
enzymes and chromatin remodeling complexes to actively organize the ESC epigenome
favorably for pluripotency-associated transcription, DNA replication and repair (Ang et al,
2011; Ding et al, 2011; Liang et al, 2008). This suggests that core pluripotency-

associated transcriptional pathways may help facilitate a naive epigenetic state.
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Polycomb group proteins (PcG) deposit H3K27me3 and are believed to facilitate
gene repression that contributes to developmental specification (Margueron & Reinberg,
2011). Interestingly, many of the developmental regulatory genes are marked by both
repressive H3K27me3 and active H3K4me3 at their promoters, a chromatin signature
termed the bivalent domain (Bernstein et al, 2006). The bivalent modifications may
contribute to pluripotency by enhancing the plasticity to switch cell fates in response to

developmental signals to warrant robust differentiation.

Reprogramming of somatic cells to the pluripotent state requires a cocktail of
factors: Oct4, Sox2, Klf4, c-Myc for mouse and OCT4, SOX2, NANOG, and LIN28 for
human (Takahashi et al, 2007; Takahashi & Yamanaka, 2006; Yu et al, 2007).
Reprogramming is accompanied by global changes in the somatic epigenome, including
inactive X chromosome reactivation, DNA demethylation at pluripotency gene promoters
and resetting of the bivalent modifications (Hochedlinger & Plath, 2009). It is not known
whether these epigenetic changes are simply consequences of cellular reprogramming
or play active roles in the acquisition of pluripotency. A loss-of-function survey toward
chromatin modifying enzymes in human iPSCs formation demonstrated that inhibition of
PcG components (EZH2, SUZ12, EED, BMI1, RING1) or H3K9 HMTs (SETDB1 and
EHMT1) significantly decreased the reprogramming efficiency whereas knockdown of
H3K79 HMT DOTLL or another H3K9 HMT SUV39H1 increased the reprogramming
efficiency mediated by the human OCT4/SOX2/KLF4/ MYC combination (Onder et al,
2012). DOTILL catalyzes formation of H3K79me2 which is associated with the active
transcriptional elongation of a fibroblast-specific gene expression program. Inhibition of
DOT1L suppressed the H3K79me2-marked active chromatin and increased
mesenchymal-to-epithelial transition. This study demonstrated the causal roles of

chromatin modifying enzymes as barriers or facilitators of cellular reprogramming by
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acting on the local chromatin architecture (Onder et al, 2012). In addition, a proteomics
approach identified ATP-dependent BAF (Brgl associated factors) chromatin remodeling
complex which could greatly enhance the reprogramming efficiency presumably through
rearranging nucleosomes and augmenting Oct4 binding at target gene promoters

(Singhal et al, 2010).

Taken together, these studies suggest that epigenetic mechanisms are
intrinsically hard-wired into the acquisition and maintenance of the pluripotency program
and understanding the molecular epigenetic mechanisms instating pluripotency will have

invaluable impacts on cellular reprogramming research and regenerative medicine.

Nanog Connects Genetic and Epigenetic Programs for ESC

ldentity

Unlike Oct4 or Sox2 (Masui et al, 2007; Niwa et al, 2000), forced Nanog
expression can support mouse ESC self-renewal independent of the LIF signaling
(Chambers et al, 2003; Mitsui et al, 2003). Moreover, two LIF-activated parallel signaling
pathways (Jak-Stat3-Klf4 and PI3K-Akt-Thx3) converge on Nanog (Niwa et al, 2009).
Interestingly, Nanog shows heterogeneous expression in mouse ESCs (Chambers et al,
2007; Kalmar et al, 2009) and Nanog-GFP ESCs can be sorted into high Nanog (HN)
and low Nanog (LN) subpopulations. The percentage of the HN portion increases in the
naive ESC state (Silva et al, 2009) whereas LN subpopulations are unstable and prone
to differentiate, reminiscent of a primed pluripotent state (Chambers et al, 2007; Kalmar
et al, 2009). In addition, Nanog overexpression facilitates EpiSCs to ESCs conversion

(Silva et al, 2009). These observations suggest that the stoichiometry of Nanog can

15



specify different pluripotent states and that high Nanog expression specifically

inaugurates naive pluripotency (Theunissen & Silva, 2011).

In cell fusion-mediated reprogramming between ESCs and neural stem cells
(NSCs), elevated levels of Nanog markedly increased the number of hybrids with ESC-
like colony properties (Silva et al, 2006). Depletion of Nanog largely abolished the ability
of ESCs to reprogram NSCs during cellular fusion (Silva et al, 2009). Therefore, Nanog
is required and sufficient for the NSC epigenome to be reset to a pluripotent state.
During reprogramming of NSCs, extensive epigenetic remodelling occurs, including
reactivation of inactive X chromosomes, resetting of bivalent modifications, loss of DNA
methylation at core pluripotency factor promoters (Hochedlinger & Plath, 2009). This led
to the proposal that Nanog choreographs an epigenetic program that wipes out the
somatic epigenome and dictates pluripotency. Nanog is also highly expressed in
primordial germ cells (PGCs) (Yamaguchi et al, 2005) and is required for PGCs
maturation in the germ lineage (Chambers et al, 2007). Profound epigenetic changes
occur when PGCs colonize the genital ridge including genomic imprinting erasure, global
DNA demethylation, and re-activation of the inactive X chromosomes in female cells. lan
Chambers posited that Nanog is also essential for the induction of a pluripotent state in

germ cells (Chambers et al, 2007).

Despite the general consensus that Nanog is required for the naive pluripotent
state (Nichols & Smith, 2009), the molecular mechanisms by which Nanog initiates and
regulates naive ESCs identity are elusive. Although the genome-wide snapshot of
Nanog occupancy has been published in ESCs (Boyer et al, 2005; Loh et al, 2006;

Marson et al, 2008), the downstream effector genes, particularly epigenetic modulator
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genes that mediate Nanog functionality in achieving naive pluripotent state have not

been experimentally tested.

In the current study, we aim to bridge the Nanog mechanisms and downstream
epigenetic mechanisms by asking a central question: what are the downstream
epigenetic mechanisms of Nanog in orchestrating naive pluripotency? We take
advantage of functional genomics approaches developed and extensively used in the
Impey lab. We generated high quality Nanog ChIP-Seq libraries and Nanog siRNA
knockdown (siNanog vs siControl) RNA-Seq libraries from multiple biological replicates

using lllumina next-generation genome DNA sequencing technique (Metzker, 2009).

Functional
Genomics
ChiP-Seq (Nanog) RNA-Seq (siNanog)

l l

<10 kb of Nanog peak; p<10- significantly regulated

GO analysis of rank ordered top
Down-regflated genes

Epigenetic
modulators

Figure 1.3: Flow chart of functional genomics approaches to interrogate Nanog-
regulated epigenetic mechanisms towards ESC naive pluripotency. Nanog ChIP-
Seq and siNanog RNA-Seq libraries were generated using lllumina Solexa next-
generation genomic sequencer (GAll). Intersection of the two libraries generated a list of
genes that are bound within 10kb of Nanog binding peaks and significantly regulated
(p<10®) by Nanog knockdown. Gene ontology analysis using DAVID
(http://david.abcc.ncifcrf.gov/) identified genes with chromatin  modulation functions.
These chromatin regulatory genes rank-ordered by transcript fold change following

Nanog knock down are shown in Table 1.1.
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By intersecting the Nanog ChIP-Seq and siNanog RNA-Seq libraries, we select
genes that are significantly bound by Nanog and positively regulated by Nanog. Because
we aim to understand the Nanog downstream epigenetic mechanisms, we utilize Gene
Ontology analysis (DAVID) of RefSeq genes and custom annotation to identify
significantly enriched genes that encode chromatin modulators, including histone
modification enzymes (writers, erasers, effectors), DNA methyltransferases or
hydroxymethyltransferases and chromatin remodeling complexes. We propose that
chromatin regulatory genes bound and positively regulated by Nanog may mediate
Nanog functionality in shaping and maintaining an epigenetic landscape favorable to

naive pluripotency.

We focus on a list of 26 putative Nanog target genes encoding chromatin

modulators, which can be broadly categorized into three groups.

Group one--known chromatin modulator genes involved in ESC maintenance (6
out of 26), including Rcor2 (Yang et al, 2011), Wdr5 (Ang et al, 2011), Tetl
(Freudenberg et al, 2012; Ito et al, 2010), Arid1b (Yan et al, 2008), Phcl (Walker et al,
2007) and Kdm3a (Loh et al, 2007). For example, Rcor2 is part of LSD1 complex and its
overexpression enhances reprogramming by replacing Sox2 (Yang et al, 2011). Both
H3K4 HMT complex component Wdr5 (Ang et al, 2011) and DNA
hydroxymethyltransferase Tetl (Freudenberg et al, 2012; Ito et al, 2010) were shown to

be epigenetic components essential for ESC maintenance.

Group two—known chromatin modulator genes which are not involved in ESC
maintenance (6 out of 26), including Dnmt3a (Tsumura et al, 2006), Msh6 (Edelmann et

al, 1997), Mbd3 (Kaji et al, 2006; zZhu et al, 2009), Jarid2 (Landeira et al, 2010), Ehmt2
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(Tachibana et al, 2002), Chd7 (Schnetz et al, 2010). Instead, Dnmt3a, Mbd3 and Jarid2
are required for ESC differentiation. Although DNA helicase Chd7 knockdown does not
produce noticeable ESC self-renewal phenotype, Chd7 was shown to co-occupy the

Oct/Sox2/Nanog enhanceosome in ESCs (Schnetz et al, 2010).

FoldChange Q-value  GeneSymbol GeneName Classification

1 -5.57 2.04E-015 Myst4  MYST histone acetyltransferase chromatin writer

2 -4.68 2.04E-015 Rcor2  REST corepressor 2 chromatin eraser
3 -3.27 6.42E-005 Kdm4a  jumonji domain containing 2A chromatin eraser
4 -3.07 2.04E-015 Setd5  SET domain containing 5 chromatin writer
5 -2.99 2.04E-015 Dnmt3a  DNA methyltransferase 3A chromatin writer
6 -2.84 4.01E-015 Phf15  PHDfinger protein 15 chromatin reader
7 2.1 2.04E-015 Kdm5b  Lysinedemethylase 5B chromatin eraser
8 -2.69 2.04E-015 Tet2 Ten-eleven translocation 2 chromatin writer
9 -2.66 2.04E-015 Wdr62  WDrepeat domain containing 62 chromatin writer?
10 -2.56 2.04E-013 Cxxc5  CXXCfinger 5 chromatin reader
1 223 2.04E-015 Wdr5  WDrepeat domain containing 5 chromatin writer
12 213 2.04E-015 Phf20  PHDfinger protein 20 chromatin reader
13 211 1.17E-014 Arid5b  ATrichinteractive domain 5B chromatin remodeler
14 210 2.04E-015 Kdm3b  Lysinedemethylase 3B chromatin eraser
15 -2.08 2.04E-015 Tet1 Ten-gleven translocation 1 chromatin writer
16 -1.96 2.04E-015 Msh6  mutS homolog 6 chromatin reader
17 -1.90 2.04E-015 Mbd3  methyl-CpG binding domain protein 3 chromatin reader
18 -1.89 2.04E-015 Jarid2  Jumoniji protein 2 chromatin effecter
19 -1.88 1.14E-005 Arid1b  ATrichinteractive domain 1B chromatin remodeler
20 -1.87 2.04E-015 Phe1  Polyhomeotic-like 1isoforma chromatin reader
21 -1.84 2.04E-015 Kdm3a  Lysinedemethylase 3A chromatin eraser
22 -1.68 2.44E-004 Hdac5  Histone deacetylase 5 chromatin eraser
23 -1.63 4.05E-013 Ehmt2  Euchromatic histone lysine N-methyltransferase 2 chromatin writer
24 -1.63 2.04E-015 Wdr82  WDrepeat domain containing 82 chromatin writer
25 147 8.81E-006 Chd7  Chromodomain helicase DNA binding protein 7 chromatin reader
26 -1.40 1.13E-002 Kdm2b  Lysinedemethylase 2B chromatin eraser

Table 1.1 List of Nanog-regulated chromatin modulator genes. The twenty six
Nanog bound and positively regulated chromatin regulator genes in ESCs rank ordered
by fold change of gene expression after Nanog knockdown were inferred from our
Nanog ChIP-Seq and siNanog RNA-Seq libraries. Red color marks genes that have
been studied which are required for ESC self-renewal and pluripotency (Ang et al, 2011;
Freudenberg et al, 2012; Ito et al, 2010; Loh et al, 2007; Walker et al, 2007; Yan et al,
2008; Yang et al, 2011). Black color marks genes which are not required for ESC
maintenance but may involve in ESC differentiation (Edelmann et al, 1997; Kaji et al,
2006; Landeira et al, 2010; Schnetz et al, 2010; Tachibana et al, 2002; Tsumura et al,
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2006). Green colors mark genes whose functions in ESCs have not been studied or
poorly understood.

Group three—chromatin modulator genes whose biological functions have not
been studied or are poorly understood in the context of ESC self-renewal and
pluripotency (14 out of 26), including Myst4, Kdmd4a, Setd5, Phfl5, Kdm5b, Tet2, Wdr62,

Cxxch, Phf20, Arid5b, Kdm3b, Hdach, Wdr82, Kdm2b.

To assess their functional contributions to ESC identity, | systematically studied
their individual requirement for ESC maintenance by RNAI. | also designed a functional
expression assay that assessed whether ectopic expressing each of them can support
ESC pluripotency in the absence of LIF signaling. Both assays converged on a common
set of novel chromatin modulator genes—Myst4, Phf15, Kdm5b and Wdr82 which are
important to maintain ESCs in an undifferentiated, pluripotent state (a detailed

description of the assays and results will be discussed in Chapter Three).

Initially | focused primarily on Kdm5b because it is one of the top Nanog binding
targets from two independent Nanog ChIP-Seq libraries. In addition, Kdm5b expression
is markedly upregulated in multiple human cancers and is implicated in cancer cell
proliferation, cell cycle control or self-renewal (Hayami et al, 2010; Roesch et al, 2010;
Xiang et al, 2007; Yamane et al, 2007). | will describe the chromatin mechanisms of
Kdmb5b in ESCs in Chapter Two (paper published on EMBO J). In Chapter Three, | will

present evidence to show the critical role of Kdm5b in regulating ESC pluripotency.
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KDM5 Family of Histone Demethylases

1. Mechanisms of Histone demethylation

Unlike histone deacetylation catalyzed by HDACSs that involves simple hydrolysis
of the amide bond, histone lysine or arginine methylation (N-C bond) was long held to be
stable and irreversible. Until 2004, the first bona fide histone demethylase lysine specific
demethylase 1 (LSD1/KDM1) was discovered (Shi et al, 2004). LSD1 utilizes a specified
amine oxidation mechanism involving reduced FAD (flavin adenine dinucleotide) as
cofactor to demethylate mono and di-methyl lysine 4 or lysine 9 and produces

formaldehyde as a by-product (Metzger et al, 2005; Shi et al, 2004).
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Figure 1.4: Biochemical mechanisms of LSD1-mediated histone demethylation.
Figure was adopted from (Klose et al, 2006).LSD1 is proposed to mediate demethylation
of mono/di-methylated lysine residue via amine oxidative mechanism that utilizes FAD

as a cofactor. The publisher grants reprint permission.

In 2005, Dr. Robin Allshire and colleges proposed an intriguing hypothesis that,
Jumonji C (JmjC) domain-containing, Fe(ll) and a-ketoglutarate (aKG) dependent
dioxygenases can reverse lysine methylation in a mechanism similar to the bacteria AlkB

DNA repair enzyme (Trewick et al, 2005). Milestone studies from Dr.Yi Zhang’s lab
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provided the first experimental evidence that JHDM1A (Jumonji domain-containing
histone demethylase 1, FBXL11/KDM2A) possesses H3K36me2/mel demethylase
activity by designing an elegant in vitro demethylation assay detecting the end product
formaldehyde (Tsukada et al, 2006) (Figure 1.5). Jumonji domain-containing proteins
constitute a large cupin superfamily that catalyze the demethylation of alkylated DNA in
bacteria (Falnes et al, 2002; Trewick et al, 2002), conversion of 5-methylcytosine to 5-
hydroxymethylcytosine in the mammalian genome (Tahiliani et al, 2009), and

hydroxylation of non-histone proteins (Webby et al, 2009).
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Figure 1.5: Biochemical mechanisms of JmjC domain-containing histone lysine
demethylases (KDMs). Figure was adopted from (Klose et al, 2006). JHDM (Jmj|C
domain-containing histone demethylase) or KDM can mediate demethylation of
mono/di/tri-methylated lysine (or arginine) residue via an oxidative mechanism that
requires Fe(ll) and aKG as cofactors. For simplicity, only the demethylation of mono-

methylated lysine substrate is shown. The publisher grants reprint permission.

2. KDM5 family member domain architecture, phylogenetic relationship and

structural analysis
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Thereafter, multiple JmjC domain-containing proteins have been discovered in
mammalian cells that possess demethylase activity towards different lysine residues with
different methylation states (tri- ,di- or mono-methylation) on histone tails (Klose et al,
2006). These proteins are collectively named KDMs (lysine demethylases), and
classified into six major subfamilies based on their catalytic activity according to the new
nomenclature (Allis et al, 2007). KDM5/JARID1 family members possess specific histone
3 lysine 4 tri- and di-methylation (H3K4me2/me3) demethylase activity and conserved
protein domains including JmjN, Arid, JmjC, PHD and C5HC2 zinc finger demonstrated
in Figure 1.6 (Christensen et al, 2007; Iwase et al, 2007; Klose et al, 2007; Lee et al,

2007a; Yamane et al, 2007).
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Figure 1.6: Domain architecture comparison of KDM5/JARID1 histone

demethylase proteins. The domain architecture among KDM5/JARID1 family members
in different model organisms is conserved and contains ordered arrangement of Jumoniji
N (JmjN), ARID, Jumoniji C (JmjC), plant homeodomain (PHD) and C5HC2-Zinc Finger
domains. Domain architecture were retrieved from PFAM database and analyzed by
SMART program (Simple Modular Architecture Research Tool) (Letunic et al, 2011).
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Based on KDM5 family member sequence homology and domain architecture
similarity, | inferred a phylogenetic history tree of KDM5 demethylase family members
(Figure 1.7) based on their amino acid sequence information. As predicted,
KDM5/JARID1 family members show clear evolutionary segregation with JARID2 family
members. And to our interest, among the four mammalian KDM5 family members,

Kdmbb seems to have a separate branching with the rest of KDM5 homologues.
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Figure 1.7: De novo generation of phylogenetic relationship among KDM5/JARID1
family proteins from model organisms. The protein sequences of KDM5/JARID1
family members were extracted from PFAM protein family database (Punta et al, 2011)
in model organisms human (Homo sapiens, hs), mouse (Mus musculus, mm), zebrafish
(Danio rerio, dr), fly (Drosophila melanogaster, dm), worm (Caenorhabditis elegans, ce),
budding yeast (Saccharomyces cerevisiae, sc) and fission yeast (Schizosaccharomyces
pombe, sp). A multiple sequence alignment was carried out using the ClustalW program
(Chenna et al, 2003) followed by phylogenetic-tree analysis using the Molecular
Evolutionary Genetic Analysis (MEGAS) (Tamura et al, 2011) and the Neighbor-Joining
method with the sum of branch length (SBL) = 4.44628679. The tree was drawn to scale,
with branch lengths in the same units as those of the evolutionary distances used to infer
the phylogenetic tree. The evolutionary distances were computed using the p-distance
method and were in the units of the number of amino acid differences per site (Tamura
et al, 2011).

The crystal structure of the IMID2C/KDM4 family members has been resolved,
providing insight into the molecular mechanisms of histone demethylation by JmjC family
members (Chen et al, 2006). Eight B-sheets within the catalytic core form a jellyrole-like
structure resembling the cupin metalloenzyme superfamily (Klose et al, 2006). In the
native structure of the JmjC domain of IMJD2A/KDMA4A, an iron atom --Fe(ll) is chelated
by three highly conserved residues-- His188, Glul90, and His276, consistent with the
biochemical studies that a His-X-ASP/GLU-Xn-His signature motif is essential for
coordinating the Fe(ll) cofactor and mutation of which largely abolishes the histone
demethylase activity (Tsukada et al, 2006; Whetstine et al, 2006). Structural studies
demonstrate that the other cofactor a-KG is associated with the Fe(ll) ion through the C-
1 carboxylate and C-2 ketone groups, and is further stabilized by three hydrogen bonds
formed between a-KG and the side chains of Tyrl32, Asn198, and Lys206 of JMJD2A

(Chen et al, 2006). The crystal structure of the highly conserved JmjC domain of
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JMJD2A and the highly homologous amino acids residues within KDM5/JARID1 family

members are depicted below in Figure 1.8.

mm_KdmSa YVGMCFSSRC HWSYSINYLHWGE GVPSHAAE(QLEEVMRELAPELF - - AGEFVWTFPRAYRSGFNOGYN
hs_KDMSA YVGMCFS HWSYSINYLHWGE GVPSHAAE(QLEEVMRELAPELF - - AGEFVWTFPRAYRSGFNOGYN
mm_KdmSb YVGMCFSSEC HWSYSINYLHWGE GVPGYAAEQLENVMKKLAPELF - - AGEFVITFPRAYRSGFNOQGFN
hs_KDMSB YVGMCFSSEC HWSYSINYLHWGE GVPGYAAEQLENVMKKLAPELF - - AGEFVITFPRAYRSGFNOQGFN
mm_Kdm3c YVGMVFSARC HWSYSINYLHWGE GVPSLAAEHLEEVMKKLTPELF - - AGEFVITFPRAYRSGFNQGYN
mm_Kdm3d YVGMVFSARC HWSYSINYLHWGE GVPSLAAEHLEDVMKRLTPELF - - AGEFVITFPRAYRSGFNQGYN
dr_Kdm3b-a YVGMCFSSEC HWSYSVNYLHWGE GAPGYAAEQLEDVMKGLAPELF - - AGEFVITFPRAYRSGFNQGFN
dm_Lid YVGMCFAARC HWSYSINYLHWGE GVPGSCAEQFEETMKQAAPELF - - AGEFVITFPRAYRAGFNOGYN
ce_rbr-2 YVGMCFSTRC HWTYSVNYNHFGE GVGGEDAEKFEDALKKIAPGLT - -AGEFVITFPRAYRAGFNEGLN
sc_Jhd2 YIGSLFSTRC QY TLSANYQHEGD SIPESGCTKFNDLLNDMSPDLF - - PNEYTITFPKCYAGFNTGYN
sc_Ecm3 DIGMLFSCOGWSVSDHFLPSIDFNHLGSTRLYVYSTAPKDMEKFEALTARGKSEWD - - 0GSYIFKFPKAFTCSIGSGRY
sp_Mscl SLGQPLTCQGWQREISMSLFGMHYHHYGAQRIWYVIPEVDGPKYEKLLNDLSPSFI - -SNEFVITSPNTYYTVLDTGFS
sp_Lid2 SIGMVFYTHGWTKSSLSTGLLHHHRFGD TVTWYVLPPDESDAFERYLISSYPQYT - - PNEFLVVSPNSYMGFHOGFS

Figure 1.8: Structural analysis of catalytic JmjC domain. A The crystal structure of
JmjC domain from JMJD2A. Residues His188, Glul190, and His276 are involved in
chelating the Fe(ll) atom (labeled in red ball). Tyrl32, Asn198, and Lys206 contribute to
stabilizing the a-KG cofactor (figure was adopted from (Chen et al, 2006)). B Multiple
sequence alignment using ClustalW (Chenna et al, 2003) demonstrates highly
conserved residues among KDM5/JARDI1 family members contributing to the binding of

Fe(ll) (in red) and a-KG (in green). The publisher grants reprint permission.
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In addition to the catalytic JmjC domain, the JmjN, Arid, N-terminal PHD (PHD1)
and the C5HC2 zinc finger domains are all required for the demethylase activity (Li et al,
2010; Yamane et al, 2007). PHD1 can bind methylated H3K9 (lwase et al, 2007; Li et al,
2010; Wang et al, 2009a) or unmethylated H3K4 in vitro (Li et al, 2010). Mouse Kdmba,
Kdm5b and their Drosophila homolog Lid all have two consecutive C-terminal PHD
domains (PHD2 and PHD3) while Kdm5c and Kdm5d have only one (PHD2). PHD3 can
specifically recognize and bind H3K4me2/3 but is dispensable for enzymatic activity (Li
et al, 2010; Li et al, 2011; Wang et al, 2009a; Yamane et al, 2007). The Lid-PHD3
domain was proposed to recognize H3K4me2/3 and in turn recruit dMyc to E-box
regions in the chromatin context to activate gene expression (Li et al, 2010). Therefore, it
is important to study the domain structures and protein-protein interactions of the KDM5

family members to fully understand their biological functions.

3. The function of KDM5 family members in model organisms

The KDMS5 fission yeast homologue Lid2 has been characterized as a specific
H3K4me3/me2 demethylase and appears to have dual functions marking different
chromatin domains (Li et al, 2008). Lid2 interacts with H3K9 HMT ClIr4 and the RNAI
pathway complex Dosl/CIr8-Rik1l to coordinately maintain heterochromatin silencing.
JmjC disruption results in severe heterochromatin defects and depletion of the RNAI
pathway. On the other hand, Lid2 can recruit H3K4 HMT Setl (Roguev et al, 2003) and

H3K9 KDM Lsd1 to euchromatin and to counteract gene silencing (Li et al, 2008).

The C.elegans KDM5 homologue rbr-2 was identified as a H3K4me3
demethylase required for the vulva development (Christensen et al, 2007). Interestingly,
rbr-2 can antagonize the role of H3K4 HMT ASH-2 complex in the germ line to modulate

worm longevity. Rbr-2 mutation decreased the normal worm life span with a concomitant
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increase of H3K4me3 (Greer et al, 2010). Transgenerational epigenetic inheritance of
longevity by ASH-2 complex mutation requires rbr-2 (Greer et al, 2011). These studies
suggest unexpected roles of KDM5 family members in epigenetic inheritance, longevity,

and possibly stem cell aging.

Consistent with a function for rbr-2 in regulating life span of C.elegans, mutation
of the KDM5 Drosophila homologue lid also produces short-life phenotype in males (Li et
al, 2010). Lid is encoded by the little imaginal discs (lid) gene and genetically
categorized as a trithorax-group protein (TrxG) (Gildea et al, 2000). Flies with
homozygous lid mutations display variable phenotypes: some die in the embryo stage
whereas others can survive until pupal development (Gildea et al, 2000). These
phenotypes correlate with a a global increase of H3K4me3 (Eissenberg et al, 2007; Lee
et al, 2007b; Secombe et al, 2007). Lid positively regulates the Hox gene-Ubx
expression (Lee et al, 2007b), is required for dMyc-induced expression of growth
regulatory gene Nop60B (Secombe et al, 2007), and contributes to the establishment of
transcriptionally competent chromatin because Lid is required for H3 acetylation and can

antagonize heterochromatin-mediated gene silencing (Lloret-Llinares et al, 2008).

Biochemical purification of the Lid complex from Drosophila embryos revealed
that Lid stably associates with the HDAC Rpd3 and chromodomain-containing protein
MRG15 (Lee et al, 2009b; Moshkin et al, 2009). Incorporation of Lid into this complex
does not affect Lid demethylase activity whereas the Rpd3 histone deacetylase activity
is greatly diminished, providing an indirect mechanism explaining why Lid is classified as
a TrxG protein. MRG15 can specifically recognize H3K36me2/me3, a gene body
associated histone modification marking actively transcribed chromatin (Barski et al,

2007; Lee & Shilatifard, 2007; Zhang et al, 2006). Importantly, MRG15 binding can
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demarcate a distinct chromatin architecture that is specifically enriched for H3K36me3
and encodes active genes with highly specified biological functions (Filion et al, 2010). It
is conceivable that the MRG15-Lid complex may also occupy gene bodies of actively
transcribed chromatin via association with H3K36me3 and regulate the expression of
distinct categories of active genes. In addition, Lid complex purification also pulls down
the Mcm complex components (Moshkin et al, 2009), suggesting that Lid may also

regulate DNA replication.

Mammalian KDM5 family homologues KDM5A-D all harbor active H3K4me3
demethylase activity (Christensen et al, 2007; Klose et al, 2007; Lee et al, 2007a;
Yamane et al, 2007). KDM5C and KDM5D localize on the X and Y chromosome,
respectively and lack the C-terminal PHD2/3 domain. KDM5C mutation is involved in X-
linked mental retardation (Tzschach et al, 2006) and the REST complex can recruit
KDMS5C at the promoters of non-neuronal genes to repress gene expression through
demethylating H3K4me3 (Tahiliani et al, 2007). The function of KDM5D is poorly
understood. In contrast, KDM5A or KDM5B promotes stem cell phenotype or oncogenic
activity (discussed below) while KDM5C appears to be a tumor suppressor in cervical

cancers (Smith et al, 2010) and clear cell renal carcinomas (Dalgliesh et al, 2010).

KDM5A/Rbp2 mRNA is ubiquitously expressed and was originally discovered to
interact with the tumor suppressor retinoblastoma protein (pRb), which is involved in the
cell cycle regulation, cellular senescence and differentiation (Fattaey et al, 1993).
KDMB5A appears to have nucleolar localization in fibroblasts and can repress the tumor
suppressor genes (p21, p27) or activate transcription of homeotic genes (BRD2 and
BRD8) depending on the context (Benevolenskaya et al, 2005). Kdm5a null mice are

viable and display minor haematopoiesis defects (Klose et al, 2007). Genome-wide
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ChIP-on-chip analysis of KDM5A in human U937 cells revealed that KDM5A associates
with a transcriptional program involved in differentiation (Lopez-Bigas et al, 2008).
Mouse Kdmba can target Hox genes in mouse ESCs and suppress their expression via
demethylating H3K4me3/me2. During retinoid acid (RA) induced ESC differentiation,
Kdmba occupancy decreases at Hox gene promoters and permits their expression
associated with an increased H3K4me3 (Christensen et al, 2007). In addition, Kdm5a
forms a complex with PcG proteins and share many overlapping target genes in ESCs.
PcG can recruit Kdmba at lineage-associated gene promoters in ESCs to fine-tune the
balance of H3K4me3 and H3K27me3 to repress their expression, and poise for
developmental induction (Pasini et al, 2008). Importantly, KDM5A is also part of the
MRG15 complex that associates with elongating RNA Pol Il and removes intragenic
H3K4me3 of actively transcribed genes in human Hela cells (Hayakawa et al, 2007),
suggesting that KDM5A can localize at both promoters and gene bodies depending on
differential incorporation into distinct protein complexes. Therefore, KDM5A may function

as both a repressor and an activator of transcription in a context dependent manner.

KDM5B/PLU-1 was originally discovered by virtue of its differential expression in
response to HER2 signaling perturbation in a mammary epithelial cell line (Lu et al,
1999). Mouse Kdmb5b is highly enriched in the E5.5 mouse epiblast--the founder tissue
of embryo proper but its expression quickly diminishes at E6.5 (Frankenberg et al,
2007). KDM5B protein localizes to the nucleus and its expression remains low in normal
adult tissues except for the testis, a reservoir for pluripotent cells (Barrett et al, 2002; Lu
et al, 1999). Kdm5b knockout mouse embryos are peri-implantation lethal (Catchpole et
al, 2011) and Kdm5b mutant mouse ESCs cannot be derived from knockout embryos
(Table 1.2). This suggests that Kdm5b has non-redundant function in regulating early

embryogenesis and specifying pluripotent stem cells compared to its close homologue
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Kdmba. In addition, Dey and colleagues failed to generate stable Kdm5b shRNA
knockdown mouse ESCs (Dey et al, 2008). In contrast, Schmitz et al. reported that
knockdown of Kdm5b in mouse ESCs did not affect ESC growth or self-renewal
(Schmitz et al, 2011). Moreover, they generated Kdm5b conditional knockout ESCs and
reported that Cre-mediated deletion of Kdm5b did not affect ESC self-renewal (Schmitz
et al, 2011). Because they did not characterize the transcriptome or the developmental
potential of the Kdm5b null ESCs, it is not clear whether the Kdm5bb null ESCs are
developmentally normal. Because Nanog null ESCs could be generated in vitro, it is
possible that Kdm5b is not strictly required for ESC maintenance but important for the
establishment of the pluripotent state similar to Nanog. The resolution of these
discrepancies merits further investigation. A detailed discussion of these observed

discrepancies can be found in the Discussion chapter.

Nanog ++ | +- /-

Born mice 80 151

7.5dpc 14 16 6 (no decidua)

5.5dpc NA. [NA 7 (no discerable epiblast or EXEcto)
(+/+ plus +/-=26)

3.5dpc NA. |[NA 3 (normal embryo morphology)

(+/+ plus +/- =12) ICM of null blastocyst failed to proliferate;
Immunosurgical ICM do not persist as
undifferentiated mass.

Kdmb5b ++ |- -/-
Bornmice | 1A4 67 72 0
1A8 57 49 0
7.5dpc 1A4 0 7 0
1A8 1 13 0
4.5dpc N.A. N.A Embryo survive, but fail to derive KDM5B-/- ESCs.
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Table 1.2 A comparison between Kdm5b and Nanog homozygous mutant embryo.
Data was adapted from (Catchpole et al, 2011; Mitsui et al, 2003). 1A4 and 1A8
represent two ESCs clones positive for the integration of the Kdm5b targeting vectors.

On the other hand, forced expression of Kdm5b increases the ESC mitotic rate
and sustains proliferating progenitors while reducing terminally differentiating cells during
differentiation (Dey et al, 2008), suggesting Kdm5b’s role in cell fate decision between
proliferation and differentiation. We will examine the detailed molecular mechanisms of
Kdmb5b in regulating ESC proliferation and pluripotency in the following chapters. We
also studied the role of zebrafish Kdm5b in early embryogenesis and found that
depletion of a single zebrafish Kdm5b paralogue affects gross growth rate and leads to

lethality 72 hrs after morpholino microinjection (Appendix Figure 1).

4. KDM5 family members and cancer

Both KDM5A and KDM5B have been implicated in tumorigenesis and tumor
progression. KDM5A fusion with nuclear pore complex protein NUP98 induces acute
myeloid leukemia (AML) (van Zutven et al, 2006). KDM5A-NUP98 fusion proteins retain
the PHD3 of KDM5A, which binds H3K4me3 of Hox genes involved in leukemogenesis
and prevents their silencing by PcG (Wang et al, 2009a). Interestingly, increased
KDM5A expression also confers a drug resistance phenotype while knockdown of
KDM5A renders cancer cells drug sensitive (Sharma et al, 2010). KDM5B protein was
originally found to be upregulated in breast cancers (Lu et al, 1999). Knockdown of
KDM5B derepresses the expression of a few tumor suppressor genes in breast cancer
cells and suppresses tumor growth using a mouse syngeneic cancer model (Yamane et
al, 2007). KDM5B can also suppress the angiogenic and metastatic potential of breast

cancer cells in vivo by repressing chemokine CCL14 (Li et al, 2011). Expression of
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KDM5B mRNA is increased in prostate cancers and correlates with the degree of
prostate cancer progression. KDM5B was shown to interact with androgen receptor (AR)
and activates the AR target gene PSA (Xiang et al, 2007). Additionally, KDM5B is
upregulated in bladder cancer, lung cancer, leukemia and was proposed to target the
E2F1/E2F2 genes (Hayami et al, 2010). Interestingly, Roesch and colleagues found that
increased KDM5B expression marks a small population of slow cycling melanoma cells,
which display stem cell properties with self-renewal potential (Roesch et al, 2010).
KDM5B depletion severely impairs the long-term growth and self-renewal properties of
these cells, suggesting that KDM5B marks the stemness of melanoma model. These

studies suggest that KDM5A and KDM5B are promising drug targets for cancer therapy.

Interestingly, many KDM5 family members complex with HDACs (Barrett et al,
2007; Hayakawa et al, 2007; Lee et al, 2009b; Tahiliani et al, 2007) and in the case of
KDM5A-mediated anti-cancer drug resistance, treatment with HDAC inhibitors can
reverse the drug resistance phenotype (Sharma et al, 2010). The KDM5 fission yeast
homologue Mscl coprecipitates with histone deacetylase activity. Cells lacking Mscl
increase the global H3 acetylation level and are sensitive to HDAC inhibitor trichostatin A
(TSA) (Ahmed et al, 2004). A recent study reveals that cells treated with HDAC inhibitors
display a global increase in H3K4me3 and decreased expression of KDM5 family
members (Huang et al, 2010), suggesting that KDM5 and HDAC activity are intrinsically
connected. Because HDACs inhibitors have been widely used in clinic to treat human
cancers (Marks & Breslow, 2007), developing small molecules that specifically target
KDM5 family members may hold important therapeutic values. In addition, KDM5 family
enzymes display more stringent specificity for histone substrates than HDACS.
Therefore, KDM5-family specific inhibitors may have fewer side effects than HDAC

inhibitors.
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CHAPTER TWO

KDM5B Regulates Embryonic Stem Cell Self-Renewal by

Repressing Cryptic Intragenic Transcription

(Xie et al. 2011, published on EMBO J. 2011 Apr 20;30(8):1473-84.)
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Abstract

Although regulation of histone methylation is believed to contribute to embryonic stem
cell (ESC) self-renewal, the mechanisms remain obscure. We show here that the
histone 3 trimethyl lysine 4 (H3K4me3) demethylase, KDM5B, is a downstream Nanog
target and critical for ESC self-renewal. Although KDM5B is believed to function as a
promoter-bound repressor, we find that it paradoxically functions as an activator of a
gene network associated with self-renewal. ChlP-Seq reveals that KDM5B is
predominantly targeted to intragenic regions and that it is recruited to H3K36me3 via an
interaction with the chromodomain protein MRG15. Depletion of KDM5B or MRG15
increases intragenic H3K4me3, increases cryptic intragenic transcription, and inhibits
transcriptional elongation of KDM5B target genes. We propose that KDM5B activates
self-renewal-associated gene expression by repressing cryptic initiation and maintaining

an H3K4me3 gradient important for productive transcriptional elongation.

Subject Categories: Chromatin & Transcription; Genomic & Computational Biology

Keywords: chromatin; epigenetics; histone demethylase; self-renewal; transcriptional

elongation
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Introduction

ESCs derived from the inner cell mass (ICM) of pre-implantation embryos can
differentiate into all somatic lineages and have an unlimited capacity for self-renewal
(Niwa, 2007a). ESCs serve as a model for the study of development specification and as
an important resource for cell replacement therapy. Insight into the transcriptional and
epigenetic mechanisms that regulate ESC self-renewal is essential for their use in

medicine.

The transcription factors Oct4 and Nanog play a central role in the initiation and
maintenance of ESC pluripotency and self-renewal (Chambers et al, 2003; Do &
Scholer, 2009; Mitsui et al, 2003). Nanog is also essential for the acquisition of
pluripotency in the embryo and during reprogramming (Silva et al, 2009). ESC
pluripotency is believed to depend on an epigenetic state that facilitates unlimited self-
renewal and prevents developmental gene silencing. ESCs are characterized by a
relaxed chromatin conformation (Niwa, 2007b) and bivalent epigenetic domains where
the transcription-associated H3K4me3 mark accumulates repressive H3K27me3
(Bernstein et al, 2007). During reprogramming of somatic cells, extensive epigenetic
remodeling occurs, including loss of repressive histone and DNA methylation and re-
establishment of bivalent histone modifications (Maherali et al, 2007). Although Nanog
has been reported to interact with chromatin complexes (Liang et al, 2008), the
downstream mechanisms by which Nanog regulates initiation and maintenance of
pluripotency remain unclear. We utilized a ChIP-Seq screen to identify the histone

demethylase gene Kdm5b as a major downstream target of Nanog.

KDMB5B is an H3K4me2/3 demethylase that is upregulated in a wide range of human

cancers and enhances cancer self-renewal (Hayami et al, 2010; Lu et al, 1999; Roesch
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et al, 2010; Yamane et al, 2007). Forced Kdm5b expression also increases histone 3
Serl0 phosphorylation in ESC and reduces neural progenitor differentiation (Dey et al,
2008). Nevertheless, the molecular mechanisms by which Kdmbb regulates self-
renewal have not been well characterized. Although KDM5B is believed to function as a
transcriptional repressor by removing promoter associated H3K4me3, we show here that
KDMB5B also functions as an activator of self-renewal-associated gene expression. ChiP-
Seq analysis shows that KDM5B occupancy is highly correlated with H3K36me3, a
chromatin mark associated with transcriptional elongation. KDM5B is recruited to
intragenic H3K36me3 at least, in part, via its interaction with the chromodomain MRG15.
Moreover, we demonstrate that KDM5B safeguards transcriptional elongation by
repressing spurious intragenic transcription. Our study reveals that compartmentalization
of a histone demethylase to a distinct chromatin domain results in an unexpected role in

gene regulation.
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Results

Kdmb5b is a transcriptional target of Nanog and contributes to ESC self-renewal

Nanog and Oct4 are core transcriptional regulators of ESC self-renewal. Analysis
of ChiP-Seq data showed that Nanog and Oct4 co-occupy the Kdm5b genomic locus in
mouse ESCs (Figure 2.1A). ChIP-PCR confirmed Nanog and Oct4 occupancy at these
regions in both mouse and human ESCs (Figure 2.1B; Supplementary Figure 2.1).
Tetracycline-mediated depletion of Oct4 in ZHBTc4 ESCs (Niwa et al, 2000) markedly
reduced Kdm5b protein and mRNA levels (Figure 2.1C). Likewise, depletion of
endogenous Nanog or Oct4 in ESCs attenuated Kdm5b expression (Figure 2.1D).
Transient knockdown of Kdmbb increased expression of lineage-associated genes
(Figure 2.1E). These genes are likely indirectly regulated because the majority of them
are not associated with KDM5B occupancy as assessed by ChlIP-Seq. Prolonged
knockdown of Kdmbb triggered morphological differentiation, loss of alkaline
phosphatase activity, and a reduction in a subset of pluripotency-associated genes
(Figure 2.1F; Supplementary Figure 2.1B). Consistent with its proposed role in cancer
stem cell self-renewal (Roesch et al, 2010), Kdm5b depletion markedly decreased ESC
proliferation (Supplementary Figure 2.2A). In particular, S phase was reduced and the
percentage of cells in G1 increased (Supplementary Figure 2.2B). These data suggest

that Kdm5b contributes to ESC self-renewal.

KDMS5B is an activator of self-renewal-associated gene expression

Previous studies suggest that KDM5 family demethylases repress genes

involved in developmental processes (Christensen et al, 2007; Dey et al, 2008; Lopez-
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Bigas et al, 2008; Pasini et al, 2008). We explored the mechanisms by which KDM5B
regulates ESC self-renewal by profiling gene expression following siRNA-mediated
Kdm5b knockdown. Surprisingly, the majority of significantly-regulated genes showed
decreased expression. Moreover, Gene ontology (GO) analyses revealed that the most
significantly-regulated categories were exclusively associated with genes down-
regulated by Kdm5b knockdown (Figure 2.2A). Significant GO categories were not
associated with developmental processes but were linked to mitosis, chromatin, and
nucleotide metabolism. Interestingly, genes downregulated by Kdmbb depletion were
significantly (KS test p<i1x10°) correlated with genes whose expression decreases
during ESC differentiation (Figure 2.2B). Real-time PCR confirmed the downregulation of
a subset of these genes following Kdm5b knockdown (Supplementary Figure 2.3).
These data strongly suggest that KDM5B functions as an activator of many genes

associated with self-renewal.

KDMS5B occupies transcribed regions of self-renewal associated genes

The ability of KDM5B to function as an activator can result from indirect regulation.
To address this question we utilized ChIP-Seq to profile the genome-wide occupancy of
KDMS5B in an unbiased manner. 8,425,313 ChlIP-Seq tags were sequenced of which
3,864,894 mapped to a single genomic locus. A sliding-window algorithm identified
11,142 KDM5B ChIP-Seq peaks significantly enriched at an FDR of 5%. The KDM5B
antibody used for ChIP-Seq identified only one protein by western blot (Supplementary
Figure 2.4A) and ChIP-PCR confirmed occupancy of a randomly-selected subset of
peaks with antibodies to distinct epitopes (Supplementary Figure 2.4B and 2.4C).

Moreover, siRNA-mediated depletion of Kdm5b attenuated KDM5B ChlIP signal (Figure
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2.2C). GO analysis of genes adjacent to KDM5B ChIP-Seq peaks generated categories
that were highly similar to those associated with genes downregulated following Kdm5b
knockdown (Figure 2.2A and 2.2D). Surprisingly, unbiased ChlIP-Seq revealed that 84%
of KDM5B ChIP-Seq peaks were present in intragenic regions (Wilcoxon Rank-Sum
p<1x10®; Figure 2.2E-G) while only 36% of random loci and 40% of Oct4 ChIP-Seq

peaks were located inside genes.

The accumulation of KDM5B in transcribed regions suggested an association with
transcriptional activity. We utilized ChIP-Seq to profile occupancy of a phosphorylated
form of Pol Il associated with elongation (Ser2P) and the promoter-associated epigenetic
mark, H3K4me3. We found that ~59% of KDM5B peaks were within 2 kb of a Ser2P
peak (Wilcoxon Rank-Sum p<1x10®; Figure 2E-G) while only 6% of random loci and
13% of Oct4 ChlIP-Seq peaks were adjacent to a Ser2P peak. KDM5B was not
significantly associated with H3K4me3 (Wilcoxon Rank-Sum p=0.23). These data
strongly suggest that KDM5B functions as a transcriptional activator. Consistent with
this idea KDM5B ChIP-Seq tags accumulated in intragenic regions of genes positively-
regulated by KDM5B but not in intragenic regions of genes repressed by KDM5B (Figure
2.2H and 2.21). Comparison of ChlP-Seq tag accumulation relative to ranked microarray
data reveals that KDM5B occupancy is significantly correlated with genes decreased by
Kdm5b knockdown (Figure 2.2J; Supplemental Figure 2.5). Consistent with this finding,
KDMB5B occupies intragenic regions of highly expressed RefSeq genes but was not
significantly detected in genes expressed at lower levels (Figure 2.2K-M). The lack of
ChIP-Seq peak correlation with genes increased following Kdm5b knockdown shows
that KDM5B functions predominantly as an activator of gene expression. Both
microarray and ChlIP-Seq studies identify an overlapping set of genes that are

transcriptionally activated by KDM5B. Taken together, these data indicated that KDM5B
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regulates self-renewal by functioning as a direct activator of a self-renewal-associated
gene network. Analyses of microarray and ChIP-Seq data identified a large set of
KDMB5B targets associated with cell cycle progression and DNA biosynthesis, including
Ccnbl, Ccna2, Cdc25a, Polal, Mcm3/4/5/6/7, Cdc45, and Orcll1/2/3/5/6 (Supplemental
Figure 2.6A). We confirmed that these genes were directly occupied by KDM5B
(Supplemental Figure 2.6B). We also show here that a subset of KDM5B target genes
directly regulates proliferation and DNA synthesis (Supplemental Figure 2.6B). These
data indicate that KDM5B regulates a novel gene network that directly regulates ESC

self-renewal.

Demethylation of intragenic H3K4me3 domains by KDM5B

Although the majority of H3K4me3 is localized near promoters (Mikkelsen et al,
2007), our data indicates that KDM5B is predominantly localized to intragenic regions.
This led us to examine whether KDM5B functions as a demethylase at intragenic loci.
Knockdown of Kdmbb modestly increased global H3K4me3, but not H3K9me3,
H3K27me3 or H3K36me3 in ESCs (Figure 2.3A). To test whether KDM5B specifically
regulates intragenic H3K4me3 at its targets, we utilized ChIP-Seq to examine global
changes in H3K4me3 following knockdown of Kdm5b. Interestingly, we observed highly
localized increases in H3K4me3 near KDM5B peaks following knockdown of Kdmb5b
(Figure 2.3B and 2.3C). Importantly, the increase in H3K4me3 at KDM5B ChIP-Seq
peaks was highly significant (Wilcoxon rank-sum p<1x10°) and occurred on a genome-
wide basis (Figure 2.3D). We utilized ChIP-PCR to confirm this observation by showing

that Kdm5b knockdown increased H3K4me3 at ChIP-Seq peaks but not at upstream or
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downstream regions (Figure 2.3E). These data show that KDM5B functions to erase

intragenic H3K4me3 specifically at its target sites.

Recruitment of KDM5B to chromatin depends on H3K36me3

The enrichment of KDM5B in transcriptionally active regions is reminiscent of the
distribution of H3K36me3, an epigenetic mark deposited by elongating Pol Il (Li et al,
2007a). We compared the localization of KDM5B to H3K4me3 ChIP-Seq data generated
in this study and published H3K36me3 and H3K27me3 ChIP-Seq data (Mikkelsen et al,
2007) (Figure 2.4A and 2.4B). 83% of KDM5B regions were within 5 kb of H3K36me3
peak (Wilcoxon rank-sum p<1x10°) while only ~18% of KDM5B peaks were near
H3K4me3 peaks (Wilcoxon rank-sum p=0.23). Because the majority of KDM5B ChIP-
Seq peaks (84%) are localized to RefSeq intragenic regions, we examined the density of
H3K36me3 relative to RefSeq genes ordered by KDM5B ChIP-Seq peak area.
H3K36me3 density was highly correlated with genes containing the most KDM5B
occupancy (Figure 2.4C). Importantly, the spatial profile of KDM5B occupancy in highly
expressed genes mirrored that of H3K36me3 (Figure 2.4D and 2.4E). ChIP-PCR
confirmed that H3K36me3 was specifically enriched at KDM5B ChIP-Seq peaks but not
at down- or upstream regions (Figure 2.4F). The colocalization of KDM5B and
H3K36me3 raised the possibility that KDM5B is directly recruited by this epigenetic
mark. We tested this by examining KDM5B occupancy following knockdown of the Setd2
H3K36me3 methyltransferases (Figure 2.4G). Setd2 depletion markedly decreased
KDM5B occupancy (Figure 2.4H) and induced a localized increase in H3K4me3
(Supplemental Figure 2.7A). These data show that H3K36me3 deposition facilitates

recruitment of KDM5B. Because H3K36me3 is deposited by elongating Pol Il, KDM5B
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recruitment should also be dependent on transcriptional elongation. Inhibition of Pol I
elongation by treatment of pTEFb inhibitor DRB markedly attenuated occupancy of
KDM5B and elongating Pol Il while sparing promoter-bound Pol Il (Supplemental Figure
2.7B and 2.7C). These data strongly suggest that KDM5B is recruited by elongation-

associated H3K36 methylation.

An Rpd3S-like complex recruits KDM5B to H3K36me3

The Kdmbb ortholog, little imaginal discs (Lid), interacts with the chromodomain
H3K36me3-binding protein MRG15 in Drosophila (Lee et al, 2009b). Interestingly,
mammalian KDM5B also interacts with MRG15 in ESCs (Figure 2.5A). Similar results
were seen with epitope-tagged KDM5B and MRG15 in a heterologous expression
system (Figure 2.5B). Moreover, real-time ChIP analysis showed that MRG15 was
selectively enriched at KDM5B peaks but not at distal regions (Figure 2.5C). Knockdown
of MRG15 modestly decreased KDM5B occupancy, increased intragenic H3K4me3, and
reduced expression of KDM5B target genes (Figure 2.5D-G). These data indicate that
MRG15 contributes to recruitment of KDM5B to H3K36me3. The yeast MRG15 ortholog
Eaf3 functions to recruit the Rpd3S histone deacetylase and Sin3 to transcriptionally
active chromatin. Thus, we asked whether KDM5B interacts with a mammalian Rpd3S-
like complex. Pull down experiments show that Kdm5b interacts with mammalian
Rpd3S-like complex components HDAC1 and Sin3A (Figure 2.5H). KDM5B was not
detected in HDAC1-containing Mi-2/NURD immunoprecipitates. Importantly, Kdm5b
knockdown did not affect H4 acetylation or HK36me3 (Supplemental Figure 2.8A). We
next utilized ChIP-Seq to test whether MRG15 colocalized with KDM5B on a genome

wide scale. MRG15 ChIP-Seq signal was highly correlated with KDM5B occupancy
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(Figure 2.51 and 2.5J) and 49% of KDM5B ChIP-Seq peaks were within 5kb of an
MRG15 peak (Wilcoxon rank-sum p<1x107®). Like KDM5B, MRG15 was predominantly
associated with intragenic transcription (71% of MRG15 peaks are inside RefSeq genes;
Wilcoxon rank-sum p<1x10°) and the spatial profile of MRG15 occupancy overlapped
with that of KDM5B and H3K36me3 (Supplemental Figure 2.8B-C). Moreover, MRG15
occupancy was highly correlated with KDM5B but not Nanog intragenic occupancy
(Figure 2.5K). Although the Nanog negative control showed no correlation with KDM5B
occupancy, a general enrichment for Nanog (over regions without KDM5B) is expected
due to the tendency of KDM5B to demarcate transcriptionally active chromatin. These
data strongly suggest that KDM5B can be recruited to H3K36me3 via its interaction with
MRG15. Because not all KDM5B peaks are associated with  MRG15 occupancy

additional recruitment mechanisms likely also exist.

KDMS5B represses cryptic transcription by removing intragenic H3K4me3

Rpd3, the catalytic core of the Rpd3S complex, is believed to repress cryptic
transcription by erasing histone acetylation deposited by elongating polymerase
(Carrozza et al, 2005; Joshi & Struhl, 2005; Keogh et al, 2005). Our observation that
KDMB5B interacts with mammalian orthologs of Rpd3S complex suggests that KDM5B
functions in a manner analogous to Rpd3. In support of this hypothesis we found that
mammalian H3K4me3 methyltransferase subunits form a complex with elongating Pol
(Figure 2.6A). Consequently, we examined whether intragenic H3K4me3 deposition was
dependent on transcriptional activity. Treatment of ESCs with the inhibitor of Pol Il
elongation, DRB, significantly decreased intragenic H3K4me3 at both 1lhr (Figure 2.6B)

and 6hr time points. Unphosphorylated Pol Il is tethered to sites of initiation via an
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interaction with TFIID/TBP (Nikolov et al, 1995; Usheva et al, 1992). Interestingly,
Kdm5b knockdown markedly stimulated recruitment of unphosphorylated Pol II to
intragenic H3K4me3 peaks strongly suggesting that these sites represent sites of cryptic
initiation (Figure 2.6F). Because H3K4me3 is highly correlated with transcriptional start
sites and recruits the Pol Il pre-initiation complex via interactions with TFIID (Vermeulen
et al, 2007), we hypothesized that KDM5B repressed cryptic transcription by preventing

intragenic initiation.

Knockdown of Kdmbb markedly increased expression of cryptic unspliced
transcripts (Figure 2.6C). Moreover, ChIP and global ChIP-Seq analyses show that the
increase in cryptic transcription was associated with a localized increase of H3K4me3
(Figure 2.3B-E). These noncoding transcripts did not originate from the canonical
promoter because we detected no change in Ser5P Pol Il recruitment at promoter
regions after Kdm5b knockdown (Figure 2.6E). The position of intragenic H3K4me3 at
the 3’ end of the gene led us to examine whether some of this cryptic transcription was
antisense to the coding strand. We found that both Tetl and Unc45b contained cryptic
transcripts antisense to the coding strand (Supplementary Figure 2.9). These cryptic
transcripts did not originate from other transcripts because KDM5B-regulated
transcription was not detected outside the transcribed locus. Moreover, full-length
(intron-spanning) transcription of KDM5B targets were always down-regulated following
Kdm5b depletion (Figure 2.6D). The decrease in productive (full length and spliced)
transcription was associated with a selective decrease in intragenic Ser2P at KDM5B
target genes, indicating a defect in later phases of transcriptional elongation (Figure
2.6E). Recruitment of Ser5P to promoter proximal regions was unaffected but intragenic
Ser5P also showed decreased recruitment following Kdm5b knockdown (Figure 2.6E).

These data strongly suggest that KDM5B functions to prevent cryptic transcription by
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removing intragenic H3K4me3 (Figure 2.6F) and that KDM5B safeguards expression of
a gene network associated with self-renewal by maintaining an H3K4me3 gradient that

favors productive elongation (Figure 2.6G).
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Discussion

KDMS5 family demethylases are believed to repress transcription by removing
promoter-associated H3K4me3 (Christensen et al, 2007; Klose et al, 2007; Yamane et
al, 2007). Surprisingly, we show that KDM5B paradoxically functions as a transcriptional
activator of genes linked to ESC self-renewal. ChIP-Seq analyses reveal that KDM5B
predominantly occupies actively transcribed chromatin and is recruited to domains
enriched for elongating Pol Il. KDM5A has been shown to function as an activator or
repressor depending on gene context (Benevolenskaya et al, 2005; Chan & Hong, 2001)
and apparently occupies promoters and intragenic regions (Christensen et al, 2007,
Hayakawa et al, 2007). Interestingly, the Drosophila KDM5B ortholog Lid is associated
with transcriptionally active chromatin, positively regulates gene expression, and
antagonizes heterochromatin formation (Lee et al, 2007b; Lloret-Llinares et al, 2008;
Secombe et al, 2007). Thus, KDM5B’s role in gene activation may be evolutionarily

conserved.

Nanog is required for the initiation and maintenance of pluripotency (Chambers et
al, 2003; Mitsui et al, 2003; Silva et al, 2009). We utilized ChIP-Seq data to identify
Kdm5b as a Nanog target gene. Kdm5b depletion attenuated ESC self-renewal and
decreased expression of genes associated with mitosis and nuclear metabolism. In
particular, KDM5B regulated core DNA biosynthesis machinery, including Polal, Cdc45,
Mcm3-7, Orcl1/2/3/5/6, Cdc25a, and Ccnbl. Interestingly, Mcm4 and Mcm6 contribute to
rapid early embryonic proliferation (Coue et al, 1996) and both Mcm4 and Cdc25a null
embryos fail to expand ICM (Lee et al, 2009a; Shima et al, 2007). Interestingly, many

KDM5B-regulated genes are not targets of core pluripotency-associated transcription

48



factors. Thus, KDM5B regulates ESC self-renewal by activating a novel gene network

that regulates ESC proliferation and DNA synthesis.

We show here that KDM5B recruitment depends on H3K36me3, a histone
modification associated with transcriptional elongation (Li et al, 2007a). The KDM5B
ortholog Lid interacts with MRG15, a chromodomain protein that recognizes
H3K36me2/3 (Lee & Shilatifard, 2007; Zhang et al, 2006). We show that KDM5B
interacts with MRG15 and that knockdown of MRG15 reduced KDM5B recruitment.
Genome-wide MRG15 ChIP-Seq analysis shows a high degree of colocalization with
KDM5B. MRG15 is an ortholog of Eaf3, a yeast Rpd3S histone deacetylase complex
component (Carrozza et al, 2005; Keogh et al, 2005) and has also been linked to
transcriptionally active genes in Drosophila (Filion et al, 2010). Interestingly, KDM5B
also interacts with Rpd3S complex orthologs, HDAC1 and Sin3A. Similarly, Drosophila
Lid and mammalian KDM5A also interact with an Eaf3/MRG15, Sin3, and Rpd3/HDAC1
Rpd3S-like complex (Hayakawa et al, 2007; Moshkin et al, 2009). Our data indicates
that KDM5B can be tethered to chromatin by H3K36me2/3 via association with an
Rpd3S-like complex. Because ~17% of KDM5B ChIP-Seq peaks are not adjacent to
H3K36me3, other mechanisms for recruitment may also exist. Interestingly, Setd2
knockdown and inhibition of Pol Il elongation induced a more robust decrease in KDM5B
occupancy than MRG15 knockdown, suggesting recruitment to H3K36me3 may involve
additional mechanisms. Recent work has identified a family of PWWP domain proteins
that also interact with H3K36me3 in mammalian cells (Vermeulen et al, 2010; Vezzoli et

al, 2010).

Recruitment of Rpd3S by H3K36me3 is believed to prevent cryptic transcription

by removal of transcription-associated histone acetylation (Carrozza et al, 2005; Keogh
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et al, 2005). Mutation of Set2 or Rpd3S subunits increases cryptic intragenic
transcription in S. cervisiae and antisense transcription in S. pombe (Carrozza et al,
2005; Keogh et al, 2005; Nicolas et al, 2007). Interestingly, elongating forms of Pol Il
also interact with the Setl H3K4 methyltransferase in yeast (Krogan et al, 2003) and
cryptic intragenic deposition of H3K4me3 represses gene expression in yeast (Pinskaya
et al, 2009). We show that mammalian Pol Il interacts with core subunits of the H3K4
methyltransferase and that inhibition of polymerase elongation reduces intragenic
H3K4me3 deposition. Because H3K4me3 serves as a nucleation site for Pol |l
(Vermeulen et al, 2007), we propose that Kdm5b recruitment functions to prevent cryptic
transcription. Consistent with this idea, KDM5B knockdown triggered a marked increase
in H3K4me3 specifically at intragenic target sites and ChIP-Seq analyses confirmed that
Kdm5b knockdown is correlated with localized increase in H3K4me3. Importantly,
knockdown of Kdm5b increased spurious transcription in Kdm5b target genes. Cryptic
transcription induced by Kdm5b knockdown is associated with a marked decrease in the
transcription of functional full length mRNAs. Decreased production of functional
transcripts was associated with repression of elongation because Pol Il recruitment was
specifically reduced in intragenic regions but not at sites of initiation. We also show that
some cryptic transcripts specifically originate from the antisense strand. Cryptic
transcription can play a role in repressing productive transcription via inhibition of Pol Il
processivity, altering nucleosomal structure, or post-transcriptional mechanisms, such
as, RNAIi. The recent observation that MRG15 regulates PTB-dependent alternative
splicing also suggests a possible role for KDM5B’s regulation of intragenic H3K4me3 in

splicing {Luco, 2010 #334}.

Accumulation of H3K4me3 is believed to generate an epigenetic landscape

conducive to high levels of transcriptional activity (Kouzarides, 2007; Li et al, 2007a) via
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its ability to recruit initiating Pol Il (Vermeulen et al, 2007). Our data suggests that active
demethylation of intragenic H3K4me3 by KDM5B is another mechanism by which this
H3K4me3 gradient is established. Interestingly, the human H3K4me2/mel demethylase,
LSD2, also accumulates in intragenic regions presumably via its interaction with
elongating Pol Il (Fang et al, 2010). Nevertheless, several lines of evidence suggest that
KDM5B and LSD2 have distinct functions. Unlike H3K4me3, LSD2’s substrate
(H3K4me2/mel) is not associated with recruitment of initiating polymerase. Moreover,
KDM5B but not LSD2 interacts with the Rpd3S component HDAC1 while LSD2 but not
KDMB5B directly interacts with elongating Pol Il (Fang et al, 2010). These experiments
suggest that LSD2 and KDM5B exist in different complexes and are recruited to active
genes via different mechanisms. A recent study also found that the H3K36 demethylase,
KDM2A, is recruited to non-methylated CpG islands and maintains low levels of
H3K36me at these regions (Blackledge et al, 2010). Because CpG islands are
associated with promoter regions, a phenomenon similar to the action of KDM5B may

serve to repress accumulation of H3K36me at promoters.

Recent studies suggest that initiation of elongation is a rate-limiting step for ESC
transcriptional activity. 30% of human ESC genes undergo transcriptional initiation
without evidence of productive elongation (Guenther et al, 2007) and Pol Il is paused at
the promoters of many ESC genes (Rahl et al, 2010). Our data showing that KDM5B
safeguards productive elongation complements data linking c-Myc to initiation of
transcriptional elongation (Rahl et al, 2010) and suggests that regulation of elongation
may contribute to ESC self-renewal. Regulators of transcriptional elongation and KDM5-
family demethylases have also been implicated in cancer. Nup98 fusions to the NSD1
H3K36 methyltransferase and KDM5A induce leukemia (Wang et al, 2007; Wang et al,

2009a). Moreover, Kdm5b is upregulated in human cancers (Hayami et al, 2010; Xiang
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et al, 2007; Yamane et al, 2007) and contributes to self-renewal of a subpopulation of
melanoma cells required for tumor growth (Roesch et al, 2010). It would be interesting to
determine whether epigenetic regulation of transcriptional elongation by KDMS5B

contributes to cancer cell renewal.
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Figures and Figure legends

Figure 2.1 Kdm5b is a Nanog and Oct4 target and critical for ESC self-renewal. (A)
UCSC genome browser track depicting Oct4 and Nanog ChIP-Seq occupancy in the
vicinity of the murine Kdm5b genomic locus. (B) Confirmation of Oct4 and Nanog
occupancy at Kdm5b (P1 and P2) by ChIP-PCR. The Oct4 enhancer region is a positive
control. (C and D) ZHBTc4 ESCs were treated with tetracycline (Tet) for 48hrs to
deplete Oct4 (C). J1 ESCs were transfected with siNanog or vector control (D). Kdm5b
cDNA and protein levels were measured by RT-PCR (left) and immunoblot (right). (E)
RT-PCR analysis of lineage-associated marker gene expression following sikdm5bb in
ESCs. (F) ESCs were transfected with control (siCon) or Kdmbb siRNA (siKdm5b). 72

hrs post-transfection cells were stained for alkaline phosphatase activity (AP).
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Figure 2.2 An unexpected role for KDM5B in transcriptional activation. (A) Gene
ontology (GO) analysis of microarray data showing categories of genes significantly
downregulated following siKdm5b. No upregulated gene categories were detected at
Q<1x10®. (B) Heatmap comparison of microarray data from ESC retinoic acid (RA)
differentiation and Kdm5b knockdown experiments. (C) ChIP analysis of KDM5B ChlP-
Seq peaks and negative control regions following Kdm5b knockdown (siKdmb5b). Data
are expressed as the ratio of sikdm5b ChIP signal over siCon. Each dot represents a
distinct ChlP-Seq locus (pairwise comparisons to Peak data p<0.01). (D) GO analysis of
RefSeq genes within 5 kb of a Kdm5b ChIP-Seq peak 5 end. (E-G) UCSC genome
browser tracks depicting H3K4me3, Kdm5b, and Ser 2 phosphorylated Pol Il (Ser2P)
ChIP-Seq peaks at representative gene loci. The RNA-Seq track depicts 3'-directed
RNA-Seq data from ESCs. The numbers on the left axes indicate peak amplitude. (H
and I) ChiP-Seq tag density relative to significantly down- (H) and up-regulated (I) genes
following Kdmbb knockdown. All Ref-Seq gene lengths were scaled to 1. The left Y-axis
corresponds to H3K4me3 ChlIP-Seq data while the right Y-axis represents other data. (J)
Histogram of KDM5B ChlIP-Seq peak tag density relative to ESC RefSeq microarray
data rank-ordered by fold-change following Kdm5b knockdown. The black profile above
the heat map depicts average number of significant ChlP-Seq KDM5B peak tags found
per gene. The gray profile represents a randomized control and the blue line delineates
an FDR of p<0.01. (K-M) ChIP-Seq tag density relative to the top (K), middle (L), and
bottom third (M) of RefSeq genes expressed in ESCs. All Ref-Seq gene lengths were
scaled to 1. The left Y-axis corresponds to H3K4me3 ChlIP-Seq data while the right Y-

axis represents other data.
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Figure 2.3 KDM5B removes local domains of intragenic H3K4me3. (A) Immunoblot
analysis of bulk histone modifications from ESCs transfected control/Kdm5b siRNAs .
(B-C) Genome browser tracks depicting KDM5B ChIP-Seq peaks and H3K4me3 ChlP-
Seq peaks from control (siCon) or Kdm5bb knockdown cells (siKdm5b).The numbers on
the left axes indicate peak amplitude. (D) Histogram depicts the difference of H3K4me3
ChiIP-Seq tag counts following knockdown of Kdm5b (siKdm5b) versus control (siCon).
ChIP-Seq tag counts are plotted relative to the center of mass of KDM5B ChIP-Seq
peaks (black line) or randomized controls (gray line). The ChIP-Seq difference was
normalized by total tag counts and tags within 1.5 kb of RefSeq gene 5’ ends were not
included. The difference of H3K4me3 ChIP-Seq tag counts following knockdown of
Kdm5b was highly significant (Wilcoxon rank-sum p<1x10®).(E) Scatter plot depicts
H3K4me3 ChIP data following Kdm5b knockdown (siKdm5b) at KDM5B ChIP-Seq
peaks (Peak), upstream regions (Up), associated promoters (Prom), and downstream
regions (Down). Data are expressed as the ratio of H3K4me3 ChIP signal from siKdm5b
over siCon. Each dot represents a distinct ChlP-Seq peak locus and all comparison to

Peak data p<0.01.
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Figure 2.4 H3K36me3 recruits KDM5B to transcriptionally active intragenic
regions. (A and B) UCSC genome browser tracks depicting H3K4me3, KDM5B, and
H3K36me3 ChIP-Seq peaks at representative gene loci. The numbers on the left axes
indicate peak amplitude. (C) Histogram depicting H3K36me3, and H3K27me3 (K27)
ChIP-Seq peak density in RefSeq genes rank-ordered by KDM5B peak area. The gray
bar indicates genes without KDM5B peaks (5x scaling).(D and E) ChIP-Seq tag density
relative to 5000 highly expressed RefSeq genes (D) and 5000 genes expressed at low
levels (E). All Ref-Seq gene lengths were scaled to 1. The left Y-axis corresponds to
H3K4me3 ChIP-Seq data while the right Y-axis represents other data. (F) Scatter plot
depicts ChIP-PCR for H3K36me3 at KDM5B ChIP-Seq peaks (Peak), and control
regions (Up and Down). Each dot represents a distinct ChIP-Seq locus and pairwise
comparisons to Peak data p<0.01. (G) Immunoblot of ESC extracts with the indicated
antibodies following knocking down H3K36 methyltransferase Setd2.(H) KDM5B ChIP-
PCR signal at negative control regions (Up and Down) and KDM5B peaks following
knockdown of Setd2 (siSetd2). Data are expressed as the ratio of KDM5B ChIP signal of
siSetd2 over siCon. Each dot represents a distinct locus and pairwise comparisons to

Peak data p<0.01.
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Figure 2.5 MRG15 mediates recruitment of KDM5B. (A and B) Endogenous (A) or
epitope-tagged (B) KDM5B and MRG15 immunoprecipitates from ESCs were
immunoblotted with the indicated antibodies.(C) ChIP-PCR analysis of MRG15
occupancy at KDM5B peaks (Peak) and control regions(Up and Down).(D) Immunoblot
analysis of KDM5B and MRG15 from ESC whole cell extracts following MRG15
knockdown (siMRG15). (E and F) KDM5B or H3K4me3 ChIP-PCR analysis at negative
control regions (Up and Down) and KDM5B peaks following MRG15 knockdown
(SiIMRG15). Data are expressed as the ratio of ChIP signal from siMRG15 over siCon.
Each dot represents a distinct ChlP-Seq locus and pair-wise comparisons to Peak data
p<0.01. (G) RT-PCR analysis of randomly picked KDM5B target genes (Ccnbl, Mcm4,
Fubpl, Tmem48) and control (HPRT, Oct4) following siRNA-mediated MRG15
knockdown. (H) KDM5B, HDAC1 and SIN3A immunoprecipitates from ESCs were
immunoblotted with the indicated antibodies. (I and J) UCSC genome browser tracks
depict H3K36me3, KDM5B, and MRG15 ChIP-Seq peaks at representative gene loci.
The numbers on the left axes indicate peak amplitude. (K) Histogram depicting MRG15
and Nanog (control) ChiP-Seq peak density in RefSeq genes rank-ordered by KDM5B

peak area. The gray bar indicates genes without KDM5B peaks (5x scaling).
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Figure 2.6 KDM5B safeguards transcriptional elongation by repressing cryptic
transcription. (A) Immunoblot analysis of immunoprecipitated WDR5, Ash2L, Ser5P
and Ser2P with indicated antibodies. (B) ChIP-PCR analysis of Ser2P, Ser5P, and
H3K4me3 at KDM5B ChIP-Seq peaks and associated promoters following 1hr DRB
treatment. Data is expressed as fold change versus untreated. Each dot represents a
distinct ChlP-Seq locus. (C and D) RT-PCR measurement of cryptic transcription (left
panel) and full-length mRNAs (right panel) following knock down of Kdm5b (siKdm5b) at
negative control genes (Hprt, Oct4, Nanog) and KDM5B target genes (Ccnbl, Cdc25a,
ATM, Mcm4, Fubpl, Tmem48, TET1, Unc45b). (E) ChIP-PCR analysis of Ser5P and
Ser2P occupancy at KDM5B ChlIP-Seq peaks (Target) and non-target regions. Data are
expressed as the ratio of H3K4me3 ChIP signal from siKdm5b over siCon. Each dot
represents a distinct ChlP-Seq locus. (F) ChIP analysis of un-phosphorylated Pol Il
occupancy at control promoter regions and intragenic H3K4me3 peaks following Kdm5b
knockdown in J1 ESCs. (G) Deposition of intragenic H3K4me3 by Pol Il results in
initiation of cryptic transcription. The KDM5B demethylase is recruited to H3K36me3 via
interaction with an Rpd3S-like (Rpd3SL) complex. KDM5B removes intragenic

H3K4me3, represses cryptic initiation, and safeguards productive mRNA elongation.
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Supplemental Figure and Figure legends
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Supplemental Figure 2.1 (A) ChIP signal for OCT4 and NANOG at the human KDM5B
genomic locus in H1 human ESCs. The NANOG promoter region is a positive control.
(B) Real-time RT-PCR analysis of pluripotency-associated gene expression following

knockdown of Kdm5b in ESCs.
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Supplemental Figure 2.2 (A) J1 ESCs were transfected with control, Kdm5b or Oct4
siRNA and cell number was counted at the indicated time points. (B) FACS analysis of
cell cycle phase from J1 ESCs transfected with control, Kdm5b siRNA or Kdm5b siRNA

mutant (siMT-Kdm5b) which didn’t abolish endogenous Kdmb5b.
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Supplemental Figure 2.3 RT-PCR analysis of significantly-regulated genes from
siKdmbb Affymetrix microarray. J1 ESCs were transfected with control or Kdmb5b

SiRNAs (siKdm5b).
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Supplemental Figure 2.4 (A) Immunoblot analysis of ESC nuclear extracts for KDM5B.
(B) ChIP-PCR analysis using a KDM5B antibody to a different epitope (Santa Cruz sc-
67035) at negative control regions (Up and Down) and ChlP-Seq peaks (Peak). Each
dot represents a distinct ChlP-Seq locus (pairwise comparisons to Peak data p<0.01).
(C) ChIP-PCR analysis of a random subset of KDM5B ChlIP-Seq peaks. Tag counts

denote peak amplitude.
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Supplemental Figure 2.5 Histogram of Nanog ChIP-Seq peak tag density relative to
microarray data following Kdm5b knockdown. The black profile above the heat map
depicts average number of ChIP-Seq KDM5B peak tags found per gene. The gray
profile represents a single randomized control and the blue line delineates an FDR of

p<0.01 (permutation statistic).

70



m siCon

12 - m siKDM5B
» 1
[
3
< s 08 -
= o
3%
'fé 0.6 -
g9
£% 04 -
k=]
e
0.2 -
0 |
KDM5B Pola1 Cenb1 Cdc25a Ccna2 Cdc45 Mcm4 Mcem6 Orc2l Orc3l ATM
1 -
mgG
[
05 - KDM5B
)
S 06 -
<
=]
o
£ 04 -
o
N
&)
2 02 -
0 i
& N (S % \o) ™ © N A\ QD
S O T Y

Supplemental Figure 2.6 (A) RT-PCR analysis of selected KDM5B target genes. (B)
KDM5B ChIP-gPCR analysis of selected Kdm5b target genes at intragenic KDM5B

ChlP-Seq peak regions.
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Supplemental Figure 2.7 (A) H3K4me3 ChIP-PCR signal at negative control regions
(Up, Prom, Down) and Kdm5b peaks following knockdown of Setd2 (siSetd2). Data are
expressed as the ratio of H3K4me3 ChIP signal of siSetd2 over siCon. Each dot
represents a distinct locus. (B) ESCs were treated with 50uM DRB for 2-6 hours. Kdm5b
total protein level was examined by immunoblot. (C) ChIP-PCR analysis of Ser2P,
Ser5P, and KDM5B at KDM5B ChiP-Seq peaks and associated promoters after 6hr
DRB treatment. Data is expressed as fold change versus untreated (0 hr). Each dot

represents a distinct ChlP-Seq locus.
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Supplemental Figure 2.8 ChIP analysis of H4Ace (A) or H3K36me3 at KDM5B peaks

at the 3’ end of target genes following Kdm5b siRNA treatment in J1 ESCs. Primers

towards 3’end of Hprt gene body was used as a control.
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Supplemental Figure 2.9 (A-C) ChIP-Seq tag density relative to the top (A), middle (B)
, and bottom third (C) of RefSeq genes expressed in J1 ESCs (Affymetrix microarray
data). All Ref-Seq gene lengths were scaled to 1. The left Y-axis corresponds to

H3K36me3 and H3K27me3 ChIP-Seq data while the right Y-axis corresponds to KDM5B

and MRG15 ChIP-Seq data.
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Supplemental Figure 2.10 J1 ESCs were transfected with control or Kdm5b siRNA and
reverse transcription was performed using strand-specific primers towards TET1 or

Unc45b intronic region.

75



Methods

Plasmids

Mouse Kdm5b was amplified using PCR from murine cDNA and cloned into pUB6-V5
(Invitrogen). HA-tagged MRG15 vector is from Dr. Kaoru Tominaga and Dr. Olivia M.

Pereira-Smith. All vectors were verified by sequencing.

Cell culture and reagents

J1 and ZHBTc4 mouse ESCs were cultured at 37°C with 5% CO2. All cells were
maintained on gelatin-coated dishes in Dulbecco’s modified Eagle medium (Invitrogen),
supplemented with 10% ESC-tested fetal bovine serum (PAA), 0.1 mM MEM NEAA
(Invitrogen), 2 mM L-glutamine (Invitrogen), 100U/ml/100ug/ml Pen Strep (Invitrogen),
0.055 mM B-mercaptoethanol (Invitrogen), and 1000 U/mL LIF (Chemicon). Human
ESCs (H1) were cultured on matrigel-coated plates in mTeSR1 medium (StemCell
Technologies) and passaged using collagenase IV according to the manufacturer’s
protocol (StemCell Technologies). 5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole
(DRB, 50 uM; Sigma) was directly applied to ESC medium for indicated periods of time.
AP activity was monitored using the commercial alkaline phosphatase Detection Kit

(Millipore) according to the manufacturer’s instructions.

Antibodies

Antibodies used for immunoblotting include: KDM5B ( abcam 50958 or Santa Cruz sc-

67035), Oct4 (Santa Cruz sc-5279), Nanog (Chemicon AB5731), Histone 3 (Abcam
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ab1791) H3K4me3 (Active Motif 39159), H3K9me3 (Abcam ab8898-100), H3K27me3
(Abcam ab6002-100), H3K36me3 (Abcam ab9050-100), MRG15 (gift from Dr. Kaoru
Tominaga and Dr. Olivia M. Pereira-Smith), RbBP5 (Bethyl A300-109A), WDR5 (Abcam,
ab22512-100), Ash2L (Bethyl A300-112A). Antibodies utilized for ChIP or IP: Kdmbb
(Abcam ab50958 and Santa Cruz sc-67035), Nanog (Chemicon, AB5731), Oct4 (Santa
Cruz, sc-5279), Histone 3 (Abcam, abl1791), H3K4me3 (Active Motif, 39159),
H3K36me3 (Abcam, ab9050-100), MRG15 (AVIVA Systems Biology, ARP32832-T100),
Ser2P RNAP (abcam ab5095-100 and Covance H5), Ser5P RNAP (Covance H14),

WDRS5 (Abcam, ab22512-100), Ash2L (Bethyl A300-112A),

RNA interference

RNA-interference of J1 ESCs was conducted as previously described (Loh et al, 2006).
The following 19 mer sequences were cloned into the pSUPER.puro backbone
according to the manufacturer's instructions (Oligoengine). Kdmb5b-1: 5'-
TCTTTGCCCTCGGTGTGAC-3’; Kdm5b-2: 5-GAGATGCACTCCGATACAT-3’; Mrgl5-
1: 5- GAGTACCATCGGAAAGCCG-3’; Mrgl5-2: 5- ACAATATGCAGAGGGCAAG-3;
Setd2-1: 5- GTCTTAAGCTCATTCAGAA-3’, Setd2-2: 5'- GGGAGTGTCTGATGTTGAA-
3. 19-mer sequences for GFP, Oct4, and Nanog were previously described (Loh et al,
2006). Puromycin (Sigma) selection was introduced 1 d after transfection at 1ug /mL,

and maintained for 2-3 days prior to harvesting.

RNA isolation, reverse transcription and quantitative real-time PCR
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Total or nuclear RNA was isolated using the Trizol (Invitrogen) method following
manufacture’s protocol and reverse-transcribed using MMLV (Invitrogen). Real time
PCR was conducted as described previously (Impey et al, 2004). All RT-PCR data

utilized standard curve real-time PCR. Primers will be provided upon request.

Proliferation assay and Cell Cycle Analysis

Equal numbers of J1 ESCs (500,000) were plated in 6-well plates and transfected with
the indicated siRNAs. Three wells were counted with a hemocytometer at the indicated
times. For FACS analyses, ESCs were trypsinized, washed with PBS, fixed with 70%
ice-cold ethanol, and stained with propidium iodide (10 pg/ml, Sigma). DNA cell cycle
analysis was conducted using a FACS Calibur instrument (Becton Dickinson) in the
Oregon Stem Cell Center Flow Cytometry Core. Cell cycle compartments were
deconvoluted from single-parameter DNA histograms of 20,000 cells and cell cycle data

was analyzed using ModFit (Verity Software House).

Chromatin Immunoprecipitation assay

ChIP was conducted as described previously (Impey et al, 2004). Briefly, ESCs were
fixed with 1% formaldehyde for 10 min at room temperature. Chromatin was sonicated
and immunoprecipitated using indicated antibodies overnight. All ChIP-PCR analysis

was conducted using real-time PCR. Primers will be provided upon request.

Microarray analysis
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Control and Kdm5b siRNA (designed from Darmacon) treated samples were run on
MOE430 2.0 Affymetrix chips using standard procedures. ESC retinoic acid time course
microarray data were obtained from GEO (GSE2972). CEL file data was processed
using RMA and significant genes were isolated using the limma (heatmap analysis) or

SAM (gene lists) R packages.

ChlIP-Seq and RNA-Seq analysis

For RNA-Seq ~10 ng of Poly(A) RNA was converted to double stranded cDNA as
described previously (Nagalakshmi et al, 2008). ChIP and cDNA samples were
sequenced using standard Solexa protocols. 25 bp reads were mapped to the mouse
genome (UCSC mm9) and unique tags were selected for analysis. For ChIP-Seq, areas
of enrichment at an FDR of 0.05 were determined using a custom sliding-window
approach based on previous work (Fejes et al, 2008) but implemented in C++. For RNA-
Seq analyses, counts of mapped tags in RefSeq exons were determined and
significantly-regulated genes were selected using an FDR-adjusted chi-square statistic.
Statistical analyses were carried out in the R programming environment. H3K36me3 and
H3K36me27 ChlIP-Seq data used in this study were generated from Solexa/lllumina

output from a previous study (Mikkelsen et al, 2007)

Bioinformatic and Statistical Analyses

Microarray heatmaps were generated by selecting significantly-regulated genes at an
FDR of 0.1 using the Bioconductor limma package and sorting based on fold-change

(Gentleman et al, 2004). The RNA-Seqg heatmap was generated in R by selecting genes
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with an FDR < 0.001 and a fold-change >2 and sorting based on the FDR-adjusted chi-
square p-value. All heatmap data was log-scaled and row-scaled. Pie charts were
generated using custom annotation scripts and statistical significance was assessed with
the Wilcoxon rank-sum test. Profile plots of ChIP-Seq data relative to RefSeq
geneswere generated in R by setting all gene lengths equal to 1 and plotting tag density.
Profile plots of histone methylation relative to Ref-Seq genes sorted by KDM5B Peak
area were generated by selecting equal sets of histone methylation ChlP-Seq peaks and
plotting peaks counts that either overlap with a Ref-Seq gene or are within 1kb of a gene
end. ChIP-Seq profile plots relative to heatmaps were generated by displaying averaged
ChIP-Seq peak counts that overlap with at least 1 bp of a Ref-Seq genes present in the
heatmap (black profile). A “background” for ChIP-Seq profile plots was generated by
randomizing the position of ChIP-Seq peaks and the blue significance line was
generated using a permutation test. The UCSC genome browser was used to visualize
RNA-Seq and ChlIP-Seq data. Gene ontology analysis was conducted using DAVID
(Dennis et al, 2003). Comparison of low-throughput biological data utilized the Student’s
t-test or ANOVA followed by a post-test where appropriate. The Storey Q-value was
used for all FDR adjustments (Storey & Tibshirani, 2003). ChIP-Seq, RNA-Seq and

microarray data have been deposited in GEO (accession humber will be added).
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Abstract

Nanog is believed to orchestrate an epigenetic program critical for the establishment and
maintenance of embryonic stem cell (ESC) pluripotency. Nevertheless, the molecular
mechanisms by which Nanog target genes regulate epigenetic programming remain
obscure. We utilized RNAi knockdown and functional overexpression assays to identify
the histone H3 lysine 4 demethylase KDM5B as a chromatin modulator important for
ESC identity. Ectopic expression of Kdm5b is sufficient to support ESC pluripotency in
the absence of LIF signaling for over two months and preserves the capacity for
teratoma formation. Epistasis experiments demonstrate that overexpression of Kdm5b
can compensate for loss of Nanog. We utilized KDM5B ChlIP-Seq and Kdm5b siRNA
RNA-Seq to identify KDM5B regulated ESC self-renewal associated gene network. We
find that cell cycle and DNA replication genes Mcm7 and Orcl contribute to KDM5B-
mediated ESC self-renewal. Moreover, proteomics analysis reveals that KDM5B
interacts with the DNA ore-replication complex We propose that KDM5B is a major
mediator of ESC self-renewal and functions by maintaining a high rate of mitosis that

contributes to the naive epigenetic state.
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Introduction

Self-renewing ESCs derived from the inner cell mass (ICM) of pre-implantation
embryos have the capacity to give rise to all three germ lineages (Orkin & Hochedlinger,
2011). Understanding the genetic and epigenetic programs governing ESC identity is
important for their use in regenerative medicine. The ESC epigenome has an open,
hyperdynamic chromatin structure (Niwa, 2007b; Orkin & Hochedlinger, 2011) and
accumulates overlapping active H3K4me3 and repressive H3K27me3 (Bernstein et al,
2007). The unique ESC chromatin architecture not only facilitates core pluripotency
factors to access and execute the genome but also regulates ESCs cell fate (Orkin &
Hochedlinger, 2011). Moreover, chromatin modulators have been shown to facilitate or
inhibit acquisition of pluripotency in somatic reprogramming (Onder et al, 2012; Singhal
et al, 2010). These studies strongly suggest that reprogramming of the epigenome by

chromatin modulators is critical for the induction of the pluripotent state..

Forced expression of core pluripotency transcription factor Nanog can support
indefinite ESC self-renewal in the absence of LIF signaling (Chambers et al, 2003; Mitsui
et al, 2003) Nanog null embryos show peri-implantation lethality and cannot mature into
epiblasts, the founder tissue of somatic lineages (Mitsui et al, 2003). Silva and
colleagues show that Nanog deletion failed to reprogram somatic cells into the ground
pluripotent state (Silva et al, 2009). These studies suggest an indispensable role for
Nanog in both embryonic and induced pluripotency (Silva et al, 2009). Moreover, cell
fusion-mediated reprogramming is promoted by and dependent on Nanog (Silva et al,
2006; Silva et al, 2009). During Nanog induced fusion-mediated reprogramming,
extensive remodelling of the somatic epigenome occurs, including DNA demethylation, X

inactive chromosome reactivation, re-setting of the bivalent modifications (Hochedlinger
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& Plath, 2009). This has led to the proposal that Nanog coordinates a genetic and
epigenetic program that induces naive pluripotency. Although previous studies have
reported genome-wide Nanog occupancy (Chen et al, 2008; Loh et al, 2006), the role of

Nanog target genes that regulate chromatin function has not been well studied.

We identified KDM5B as a regulator of ESC self-renewal via a functional
expression screen of Nanog target genes. KDM5B is also markedly upregulated in
multiple human cancers and has been linked to cancer cell proliferation and self-renewal
(Hayami et al, 2010; Lu et al, 1999; Roesch et al, 2010; Xiang et al, 2007; Yamane et al,
2007). Kdm5b null embryos display peri-implantation lethality and Kdm5b null ESCs
cannot be derived (Catchpole et al, 2011), suggesting Kdm5b plays a critical role in early
embryonic development and pluripotent stem cell specification. Acute depletion of
Kdm5b by siRNA compromises the ability of ESCs to proliferate and self-renew (Xie et
al, 2011). Interestingly ectopic Kdm5b expression can increase H3SerlO
phosphorylation in ESCs and reduce neural progenitor cell differentiation (Dey et al,
2008). Here, we show that forced expression of Kdm5b can mimic Nanog to sustain
ESC pluripotency in the absence of LIF for over 20 passages. Moreover, we show that
ectopic Kdm5b expression can bypass the requirement for Nanog to support ESC
maintenance. Forced expression of Kdm5b also enhanced reprogramming efficiency.
Bioinformatic analyses of ChIP-Seq and RNA-Seq data suggested KDM5B promotes
self-renewal by directly regulating genes involved in DNA replication. Interestingly,
KDMB5B interacts with many of the same regulators of DNA replication that it targets
suggesting a conserved positive feedback loop that mediates self-renewal. We propose
that KDM5B is an important epigenetic regulator of ESC self-renewal and represents a

major effector of the Nanog self-renewal phenotype.
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Results

Functional expression assay identifies novel Nanog-regulated chromatin

modulator genes in ESC maintenance

Nanog was discovered by virtue of its ability to support ESC self-renewal without the LIF
signaling but downstream targets that mediate this phenotype have not been well-
characterized (Chambers et al, 2003). We performed a bioinformatic analysis of Nanog
ChiIP-Seq and Nanog knockdown RNA-Seq libraries to identify genes that are both
targeted and transcriptionally-regulated by Nanog (Figure 3.1A). Gene ontology analysis
identified 26 putative Nanog target genes that regulate chromatin structure or

modification (Figure 3.1B).

We next tested whether forced expression of these 26 candidate genes could
mimic Nanog’s ability to support ESC maintenance in the absence of LIF. We generated
ESC lines stably expressing each of the 24 (out of 26) chromatin regulatory genes
(Supplemental Figure S3.1A). Under normal growth conditions, all clones show normal
ESC morphology and strong staining for alkaline phosphatase (AP), a marker of the
undifferentiated state. 6 days after plating these cell lines at low density in the absence
of LIF, only the Myst4, Phf1l5, Kdm5b and Wdr82-expressing cell lines still contained
detectable AP-positive colonies while the other lines had a flattened differentiated
morphology and undetectable AP activity (Figure 3.1C and 3.1D, Supplemental Figure

S3.1B).
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RNAI assay identifies critical chromatin regulators in ESC maintenance

We next tested whether these candidate self-renewal genes were required for
ESC self-renewal using RNAi. Knockdown of 6 chromatin regulators (Myst4, Phfl5,
Kdmbb, Wdr82, Setd5 and Arid5b) that have not been linked to self-renewal triggered a
loss of AP staining and/or a deficit in proliferation (Figure 3.1.E and Supplemental Figure
S3.1D). Another six candidates (Tetl, Wdr5, Aridlb, Kdm3a ,Rcor2, Phcl) also showed
self-renewal phenotypes and were previously linked to ESC self-renewal (Ang et al,
2011; Freudenberg et al, 2012; Ito et al, 2010; Loh et al, 2007; Walker et al, 2007; Yan
et al, 2008; Yang et al, 2011). Importantly, we showed that all RNAi knockdowns
decreased target transcription (Supplemental Figure S3.1C). Importantly we confirmed
that depletion of Myst4, Phfl5, Wdr82 decreased expression of pluripotency-associated
genes with a concomitant increased expression of differentiation-associated markers
(Supplemental Figure S3.1E). Both loss- and gain-of-function assays converge on an
overlapping set of novel chromatin regulator genes. In this study, we focused on Kdm5b
because Kdm5b is one of the best Nanog ChlIP-Seq targets and has been implicated in
the proliferation and self-renewal of a variety of human cancers (Hayami et al, 2010; Lu

et al, 1999; Roesch et al, 2010; Xiang et al, 2007; Yamane et al, 2007).

Expression of KAm5b in pluripotency associated cells and tissues

We next tested whether Kdm5b expression was restricted to pluripotent cells and
tissues like its upstream regulator Nanog. In pre-implantation mouse embryos, Kdm5b
transcript becomes detectable at the 2-cell stage with peak expression at the late morula

and Dblastocyst stages (Figure 3.2A and Supplemental Figure S3.2A).
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Immunofluorescence analysis showed that KDM5B protein is confined to the ICM of
mouse blastocysts, where pluripotent stem cells are derived (Figure 3.2B). Expression of
Kdmb5b is highly abundant in pluripotent ESCs and embryonic carcinoma cells but not in
somatic cells or tissues, except for the testis, a reservoir of pluripotent cells (Kee et al,
2010) (Figure 3.2C). Retinoic acid-induced differentiation of mouse and human ESCs
results in the rapid loss of Kdm5b expression, but not other KDM5 family members

(Figure 3.2D and Supplemental Figure S3.2B and 3.2C).

Among the four mammalian Kdm5 family members, Kdm5b is most enriched in
ESCs whereas Kdm5d expression is not detectable. Knockdown of Kdm5a or Kdm5c did
not affect ESC proliferation or pluripotency (Supplemental Figure S3.2E and S3.2F).
Nanog knockdown reduced Kdm5b expression but had no effect on others (Figure 3.2E).
Kdm5b knockdown also did not alter the expression of other KDM5 family members
(Supplemental Figure S3.2D). Thus, Kdm5b’s expression pattern suggests a role in

pluripotent stem cells.

Overexpression of Kdmbb supports undifferentiated ESC maintenance

independently of LIF signaling

Our functional expression assay revealed that Kdm5b overexpression appeared
to reduce the requirement for LIF for ESC undifferentiated self-renewal. Quantification
of AP positive colonies derived from ESCs overexpressing Kdm5b without LIF for 5 days
yielded approximately the same number of undifferentiated colonies as Nanog (Figure
3.3A). Moreover, forced expression of Kdmbb increased ESC proliferation and the

percentage of cells in the S phase (Supplemental Figure S3.3A-C). Similarly,
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overexpression of wild type but not a catalytic-inactive mutant Kdm5b, maintained
proliferation to the same degree as forced expression of Nanog in the absence of LIF
(Figure 3.3B). Ectopic expression of Kdm5b prevented down-regulation of pluripotency-
associated genes to the same degree as forced-expression of Nanog (Figure 3.3C).
Secondary ESC replating assays confirmed that Kdm5b overexpressing ESCs could still
form undifferentiated colonies after 6 days (Figure 3.3D). Forced expression of Kdmbb
was also able to inhibit ESC differentiation even when induced by stronger differentiation
paradigms (Supplemental Figure S3.3D-G). Taken together, these data suggest that
ectopic expression of Kdm5b promotes the undifferentiated pluripotent state even in the

presence of differentiation signals.

KDM5B promotes indefinite self-renewal of undifferentiated ESCs in the absence

of LIF

To address whether Kdm5b can support ESC pluripotency following long-term
LIF withdrawal, we generated stable cell lines that express Kdm5b (termed E5B). Similar
to Nanog stable cell lines, E5B cells grown in the absence of LIF for 16 passages (~8
weeks) continue to show strong AP staining (Figure 3.4A). Moreover, maintenance of
the undifferentiated state depends on the Kdm5b catalytic activity (Supplemental Figure
S3.4B). Cytogenetic analysis demonstrates that these E5B cells are karyotypically
normal (Figure 3.4C). Cre-recombinase mediated excision of Kdm5b in E5B cells (E5BC
cells) triggered expression of a DsRed transgene and caused E5BC cells to rapidly
differentiate in the absence of LIF (Supplemental Figure S3.4A). Importantly,
differentiation of ESBC cells can is blocked by addition of LIF (Fig 3.4A), suggesting that

sustained expression of Kdm5b is able to preserve endogenous ESC self-renewal
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pathways. Analysis of pluripotency marker genes in E5B cells grown in the absence of
LIF confirmed that an undifferentiated gene profile while Cre-mediated excision of
Kdmb5b triggered a marked reduction of pluripotency markers (Figure 3.4B). These data
strongly suggest that ectopic expression of Kdm5b promotes cell autonomous ESC self-

renewal.

Kdm5b stable cells support teratoma formation

A hallmark of ESCs is their ability to differentiate into all three somatic lineages.
To examine whether E5B cells are pluripotent following long-term culture without LIF, we
used Cre recombinase to delete exogenous Kdm5b, cultured briefly in LIF medium and
injected these cells into immunodeficient mice for teratoma formation assay. 3 weeks
after injection, E5BC cells formed tumors of as the same size as parental ESCs
(Supplemental Figure S3.4C). Hematoxylin and eosin staining of E5BC cell-derived
tumors revealed representative sections of all three somatic layers (Figure 3.4D). These
data show that Kdm5b expression can maintain ESCs pluripotency even after prolonged

culture in the absence of LIF.

Kdm5b compensates for loss of Nanog and is required for Nanog-mediated self-

renewal

Because Kdm5b can support LIF-independent self-renewal similar to Nanog, we
examined the epistatic relationship between Nanog and Kdmb5b. If Kdm5b functions
downstream of Nanog, forced expression of Kdm5b would be expected to rescue the

Nanog knockdown phenotype. ESCs stably expressing wild-type Kdmb5b, but not
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catalytically inactive Kdmb5b, attenuated differentiation-mediated loss of AP activity
following Nanog depletion (Figure 3.5A). This suggests that Kdm5b can compensate for
loss of Nanog. Gene expression analyses confirmed that Kdm5b expression attenuated
induction of differentiation markers following Nanog knockdown (Figure 3.5B).
Consistent with the idea that Nanog is upstream of Kdmb5b, constitutive Nanog
expression significantly increased Kdm5b levels in both differentiating ESC and
undifferentiated cells (Figure 3.3C and Supplemental Figure S3.5B). We next asked
whether Kdmbb function was required for Nanog-mediated self-renewal. Knockdown of
Kdmb5b impaired ESC self-renewal in cells that constitutively express Nanog (Figure
S3.5C). Importantly, stable Nanog expression in the same cell line blocked differentiation
triggered by LIF withdrawal and retinoic acid treatment (Figure 3.3A-C). Kdmbb
depletion triggered similar increases in lineage-associated markers in wild-type cells and
Nanog expressing ESCs (Figure 3.5D). Our data suggests that Kdm5b is downstream of

Nanog and is required for Nanog-mediated self-renewal.

Niwa et al. proposed that LIF signaling regulates ESC self-renewal through
parallel signaling pathways: a Klf4-Sox2 pathway and a Thx3-Nanog pathway (Niwa et
al, 2009). We found no induction of Kdm5b after Klf4 overexpression (Supplemental
Figure S3.5B). Moreover, knockdown of Klifs (Jiang et al, 2008) can readily differentiate
ESCs stably expressing Kdm5b, as evidenced by loss of ESC morphology and induction
of lineage-associated genes expression (Supplemental Figure S3.5E-F). Conversely,
Kdm5b knockdown can still produce a proliferation defect even when Klif4 is
overexpressed (Supplemental Figure S3.5C-D). This data suggests that KIf4 and Kdm5b

represent parallel pathways.
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Kdm5b enhances reprogramming of somatic cells to pluripotency

Forced expression of Nanog enhances the induction of pluripotency and
epigenetic reprogramming (Silva et al, 2006; Silva et al, 2009; Takahashi et al, 2007).
Our data suggests that Kdm5b is an important downstream effector of Nanog and raises

the question whether Kdm5b can contribute to the induced pluripotency.

Because retrovirus vectors do not express large proteins well (~170KD for full
length KDM5B protein), we utilized a retrovirus vector expressing a shorter C-terminal
truncated Kdm5b which preserves the intact demethylase activity (Yamane et al, 2007).
Strikingly, we found that Kdmb5b could significantly enhance AP positive ESC-like
colonies formation in conjugation with Oct4 alone from neural stem cells (Kim et al,
2008b). In Oct4/KIf4/Kdm5b condition, reprogramming efficiency was greatly boosted
(Figure 3.5E). Ectopic expression of catalytic inactive Kdm5b mutant did not enhance
reprogramming efficiency, suggesting that the H3K4me3/me2 demethylase activity is
required for induced reprogramming. The gene expression signatures of these iPSC

lines and their ability to form teratomas are being assessed.

KDM5B does not regulate upstream self-renewal signaling

We next examined the molecular mechanisms by which KDM5B supports ESC
pluripotency. First, we examined whether KDM5B modulates the major growth factor-
mediated signaling pathways that support ESC pluripotency, namely, the LIF-Stat3 and
BMP4-Smad-Id pathway (Niwa et al, 1998; Ying et al, 2003). Kdm5b overexpression

does not alter the kinetics of phosphorylated Stat3 activation or Id gene induction (Figure
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3.6A-B). These data are consistent with the idea that KDM5B functions as an epigenetic

effector rather than via feedback regulation on intracellular signaling pathways.

KDMBS5B directly upregulates DNA replication and pre-replication machinery

We previously showed that KDM5B is a positive regulator of transcriptional
elongation and targets to a subset of genes involved in self-renewal (Xie et al, 2011).
Interestingly, most KDM5B-regulated genes are not targets of core pluripotency-
associated transcription factors, suggesting that KDM5B represents a distinct epigenetic
node downstream of Nanog. By analyzing KDM5B ChIP-Seq and newly generated
Kdm5b knockdown RNA-Seq libraries, we obtained a list of KDM5B activated self-
renewal associated genes (Figure 3.6C). Interestingly, many of the KDM5B targets are
associated with cell cycle control and DNA synthesis, including Polal, Cdc45, Mcm3-7,
Orcl/2/3/5/6, Cdc25a, Ccnbl etc (Xie et al, 2011). Mcm4 and Mcm6 contribute to the
rapid proliferation in the early embryo (Coue et al, 1996) and both Mcm4 and Cdc25a
null embryos fail to develop the inner cell mass (Lee et al, 2009a; Shima et al, 2007).
Many KDM5B target genes, including Kdm4c, Kdm3a, and Smcla have recently been

implicated in ESC self-renewal (Hu et al, 2009; Ito et al, 2010; Loh et al, 2007).

To examine whether these KDM5B target genes contribute to KDM5B-mediated
ESC proliferation and self-renewal, we performed gain and loss of function experiments.
Consistent with an earlier report (Fazzio & Panning, 2010), siRNA knockdown of Orcl or
Mcm7 reduced the proliferation rate of ESCs but not MEFs (Figure 3.6D), suggesting
that these genes regulate ESC-specific self-renewal. Interestingly, overexpression of

Orcl or Mcm7 can partially rescue the proliferation defect produced by Kdmb5b
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knockdown (Figure 3.6E). On the other hand, knockdown of these DNA replication
machinery genes markedly decreased ESC proliferation even when Kdm5b is
overexpressed (Figure 3.6D). These data suggest that cell cycle control/DNA synthesis

machinery genes contribute to KDM5B-mediated self-renewal.

Characterization of the KDM5B demethylase complex in ESCs

To further elucidate KDM5B’s mechanism in regulating ESC identity, we affinity
purified KDM5B-associated complexes using an antibody that recognizes endogenous
KDM5B (Figure 3.7A) followed by mass-spectrometry sequencing. Flag antibody-
mediated affinity purification of 3XFlag-KDM5B complexes in ESCs generates large
amount of overlap between the two data sets. Many of the polypeptides including
NCOR1, HDACS, LSD1, CHD4 and MTAL were reported by other labs that interact with
KDMS5B (Barrett et al, 2007; Li et al, 2011). The predicted KDM5B-interacting proteins
showed significant enrichment for regulators of mRNA processing, ATP dependent
chromatin remodeling complexes/histone modifications, and regulators of cell cycle
progression/DNA synthesis (Figure 3.7B and Appendix Figure 2). Moreover, a significant
fraction of these targets are direct transcriptional targets of KDM5B (e.g. Mcm5/7, Orcl,
Chd4 etc.), suggesting a positive-feedback regulatory loop to reinforce KDM5B’s

regulatory role in cell cycle/DNA synthesis control.

Consistent with the observation that KDM5B highly correlates with H3K36me3,
KDM5B proteomic analysis pulled down the H3K36 HMT protein NSD3 (Vermeulen et al,
2010; Vermeulen et al, 2007). NSD3 can specifically recognize H3K36me3 via its

PWWP domain and has been linked to transcription elongation (Fang et al, 2010; Lucio-
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Eterovic et al, ; Rahman et al, 2011; Rayasam et al, 2003; Wang et al, 2007). Reciprocal
Co-IP confirmed the interaction between of KDM5B and NSD3 (Appendix Figure 3B).
Furthermore, Nsd3 shRNA knockdown reduces KDM5B occupancy at intragenic regions
of KDM5B target genes and decreases KDM5B target gene expression, suggesting that
NSD3 is another H3K36me3 reader protein that can direct KDM5B to actively

transcribed chromatin (Appendix Figure 3C-D).

KDM5B interacts with many of the same DNA-replication components it targets

Surprisingly, a large set of gene categories from our KDM5B interaction data
associate with cell cycle control and DNA synthesis, including DNA replication complex
component ORC1 and MCM5/7; kinases involved in cell cycle progression including
CDK1 and PLK1; regulators of cohesin and condensin complex such as PDS5A and
RCC1/2. At G1/S boundary, the origin recognition complex (ORC1-6) recognizes
replication origins and recruits minichromosome maintenance (MCM2-7) complex and
other auxiliary proteins for subsequent DNA polymerase loading and replication firing.
FACT (facilitates chromatin transcription) is an evolutionarily conserved H2A-H2B
chaperone implicated in transcriptional elongation (Belotserkovskaya & Reinberg, 2004).
Interestingly, FACT was also shown to stably interact with the MCM complex (Gambus
et al, 2006; Tan et al, 2006) and facilitates chromatin DNA replication, presumably
through its nucleosomal reorganization activity. Co-IP confirmed that KDM5B physically
interacts with components of the ORC, MCM and FACT complex (Figure 3.7C).
Importantly, KDM5B Drosophila homolog Lid also interacts with the MCM complex
(Moshkin et al, 2009), suggesting an evolutionarily conserved binding between KDM5

family members and the DNA replication machinery. We propose that KDM5B can
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transcriptionally activate a cell cycle/DNA synthesis-associated gene network and can
directly interact with the cell cycle/DNA replication machinery to sustain a highly

proliferative state of ESCs permissive to naive pluripotency (Figure 3.7D).
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Discussion

Nanog is required for the initiation and establishment of naive pluripotency
(Chambers et al, 2003; Mitsui et al, 2003; Silva et al, 2009) and is believed to
orchestrate epigenetic machinery that can reprogram the somatic cell epigenome
(Chambers et al, 2007). In the current study, we identified Kdm5b as a Nanog
downstream target important for ESC self-renewal and pluripotency via unbiased gain

and loss of function studies.

Kdm5b expression is highly enriched in the ICM, pluripotent stem cells and testis
(Figure 3.2B-C). Both the ICM and testis are a reservoir for naive pluripotent cells
(Dejosez & Zwaka, 2012). Similar to Nanog, Kdm5b null embryos are peri-implantation
lethal and Kdm5b homozygous mutant ESCs cannot be derived (Catchpole et al, 2011).
In addition, Dey and colleagues reported that knockdown of Kdmbb in ESC triggered
senescence (Dey et al, 2008). We also showed that acute Kdm5b knockdown by siRNA
compromised ESC proliferation and self-renewal (Xie et al, 2011). In contrast, Kdm5b
null ESCs could be established via in vitro genetic selection (Schmitz et al, 2011).
Interestingly, Nanog null ESCs can also be generated and maintained in vitro
(Chambers et al, 2007). It would be interesting to determine whether Kdm5b null ESCs

show some of the same gene expression and pluripotency deficits as Nanog null ESCs.

We show here that Kdm5b expression can sustain ESC self-renewal even
following long-term culture in the absence of LIF. Importantly, Kdm5b-expression cells
grown in the absence of LIF maintained pluripotency-marker genes expression and were
able to form all somatic lineages in a teratoma assay. Consistent with Dey et al.’s study,
these data suggest that KDM5B is important to ESC fate control by stimulating

proliferation and repressing differentiation (Dey et al, 2008). Remarkably, we show that
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ectopic Kdm5b compensates for loss of Nanog and is required for Nanog-mediated self-
renewal, suggesting that Kdm5b is a major downstream effector of Nanog. This
observation echoes the proposal by Niwa and colleagues that Tbx3-Nanog and KIf4-

Sox2 represent parallel pathway downstream of LIF to support ESC pluripotency.

Nanog is required for somatic reprogramming to switch to ground pluripotent
state and forced expression of Nanog can greatly enhance fusion mediated
reprogramming (Silva et al, 2006; Silva et al, 2009). Our data shows that ectopic Kdm5b
expression can also enhance reprogramming efficiency of NSCs. We are currently
testing whether Kdm5b can replace Nanog to enhance fusion-mediated reprogramming
between ESCs and NSCs and whether KAm5b is required for generating ground state
iPSCs. In support to Kdm5b’s role in somatic reprogramming, the ability of Nanog to
increase ESCXMEF fusion-mediated reprogramming correlates with a concomitant
increase of Kdmbb expression (Han et al, 2010). KDM5B is also among the protein
fractions from pluripotent cells that can reactivate Oct4-GFP in differentiated cells and

boost the reprogramming process (Singhal et al, 2010).

Our previous study demonstrates that KDM5B occupies the transcribed region of
highly active genes in ESCs and contributes to productive transcriptional elongation.
Kdm5B has also been reported to negatively regulate developmental regulator at gene
promoters (Schmitz et al, 2011). Thus, Kdm5b may have dual roles in regulating
pluripotency by functioning as an activator of self-renewal-associated and/or by

functioning as gene-promoter bound repressor.

ChiP-Seq data show that KDM5B expression is not enriched at core
pluripotency transcription factors and suggest that it doe not play a redundant role in the

core pluripotency pathway. Interestingly, KDM5B significantly targets a gene-network
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involved in cell cycle control and DNA synthesis (Figure 3.6C), suggesting that KDM5B
may directly regulate self-renewal. Moreover, epistasis experiments suggest that cell
cycle/DNA synthesis genes can partially rescue ESC proliferation and self-renewal
following Kdm5b knockdown (Figure 3.6D-E). ESCs show atypical cell cycle regulation
characterized by an extended period in S phase and a short or undetectable G1 phase
(White & Dalton, 2005). A shortened G1 phase has been proposed to facilitate ESC self-
renewal by limiting responsiveness to an external differentiation signal (Lange &
Calegari, 2010; Singh & Dalton, 2009). During rapid cell cycle progression in ESCs,
accurate genetic and epigenetic information is duplicated and inherited. Perturbing the
rapid and ordered ESC cell cycle structure should interfere with ESC fate control.
Indeed, knockdown of Cdk2 (Koledova et al, 2009; Neganova et al, 2009), Cdkl (Zhang
et al, 2010) or overexpressing p21, pl15, p16 (Ruiz et al, 2010) can slow ESC cell cycle
progression, causing ESC to exit self-renewal and irreversibly differentiate. Moreover,
modulating cell cycle regulators by ectopic expression of c-Myc (Takahashi &
Yamanaka, 2006), Cdk4/cyclinD1 (Ruiz et al, 2010) or repression of Rb (Ruiz et al,
2010), p53/p21 (Marion et al, 2009), Ink4/Arf (Li et al, 2009) can boost somatic
reprogramming. These studies suggest that the KDM5B-targeted DNA synthesis gene

network described here may play essential roles in ESC self-renewal and pluripotency.

Interestingly, proteomic analysis of KDM5B-associated polypeptides identified
proteins directly involved in cell cycle control and DNA synthesis, including pre-
replication complex (Pre-RC) components MCMs, ORCs and FACT component SSRP1.
Consistent with our data, purification of the Drosophila Lid complex also identified an
association with multiple MCM proteins (Moshkin et al, 2009), suggesting a conserved
association of KDM5 family members with the DNA replication machinery. Moreover,

H3K36me3/MRG15 can recruit KDM5B to transcriptionally active chromatin (Xie et al,
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2011) and H3K36me3/MRG15 demarcates a distinct chromatin architecture that
correlates with higher ORC binding and earlier replication timing (Filion et al, 2010). The
physical interaction of KDM5B with DNA replication machinery may function to ensure

faithful epigenetic inheritance and to limit exposure to differentiation signals.

Finally, KDM5B is also upregulated in multiple human cancers and positively
regulates cancer cell proliferation and self-renewal (Hayami et al, 2010; Roesch et al,
2010; Xiang et al, 2007; Yamane et al, 2007). The direct regulation of DNA-replication
machinery described here may also contribute to Kdmbb'’s role in cancer oncogenesis.
To gain further insight into how KDM5B regulate gene expression a more detailed
understanding of how KDM5B is recruited to chromatin is necessary. Likewise, it is also
important to dissect the KDM5B-associated multiprotein complexes and understand their
biological function in transcription, splicing, DNA repair and DNA replication in both stem

cells and human cancers.
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Figures and Figure legends

Figure 3.1 Functional genomics assays identify novel Nanog-regulated chromatin

modulator genes regulating ESC identity.

A. Flow chart depicting the intersection between Nanog ChIP-Seq and siNanog RNA-
Seq libraries. Gene ontology analysis specifically filtered out chromatin modulators that
are bound within 10kb of Nanog peaks and significantly down-regulated (p<107) by
Nanog siRNA knockdown. B.Top Nanog-regulated chromatin modulator genes from (A)
are rank-ordered by fold change and the top 26 genes are shown using 1.4 fold
decrease (-1.4) as cut-off. Red color indicates reported genes that are required for ESC
maintenance. Black color indicates genes that have been studied by genetic knockout or
siRNA knockdown that do not affect mice early development or ESC self-renewal. Green
color indicates novel chromatin modulator genes whose functions have not been studied
or not well understood in ESCs. C. Mouse ESCs stably expressing indicated Nanog
target genes were subjected to LIF withdrawal for 5 days before alkaline phosphatase
(AP) positive colonies were quantified. Quantification of undifferentiated, mixed and
differentiated colonies based on AP activity staining. D. Representative images of AP
staining from (C). E. Representative AP images of novel chromatin modulator genes that

are required for ESC maintenance in RNAI assay.
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Figure 3.2 Kdm5b is highly enriched in pluripotent cells and tissues. A. Real time
RT-PCR analysis of Oct4, Nanog and Kdm5b expression in pre-implantation embryos at
oocytes, 2-cell, morula and E3.5 dpc blastocysts. Data was normalized to Chuk gene.
Error bar represents Mean+/-SD (n=2). B. Immunohistochemical analysis of KDM5B in
3.5dpc pre-implantation mouse embryo shows restricted expression in the inner cell
mass. C. gqRT-PCR analysis of Kdm5b cDNA levels in ES cellls (J1, CGRS8), EC cells
(P19), neural stem cells (NSC), terminally differentiated cell lines (MEFs, NIH3T3),
indicated tissues and whole embryo day 7, 11, 15and 17. D. Western blot analysis Oct4,
Nanog and KDM5B following RA induced ESCs differentiation at designated time points.
Beta-actin is used as a loading control. E. Gene expression analysis of KDM5 family

members after Nanog knockdown.
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Figure 3.3 Kdm5b expression maintains ESC self-renewal in the absence of LIF. A.
ESCs transfected with Kdm5b, Nanog, or Gus control expression vectors were
transiently exposed to medium without LIF for 6 days and quantification of AP positive
colonies are shown. B. Proliferation assay for individual transgenic ESCs in the absence
of LIF. 10,000 ESCs were seeded in 6-well tissue culture plate in triplicates in the
presence of puromycin and the number of cells was counted on day 5. Error bars
indicate standard deviation (n=3). C. gPCR analysis of pluripotency-associated genes in
individual transgenic ESCs cultured without LIF for 4 days. The expression level of each
transcript in control ESCs cultured with LIF was set to 1. Error bars indicate standard
deviation (n=2). D. Secondary ESC replating assay for control, WT-Kdm5b, MT-Kdm5b
expressing ESCs after LIF withdrawal for 6 days from (3A). 10,000 cells were replated
and cultured in the presence of LIF for 5 days followed by AP staining. Representative

images of AP staining from were shown (left) and quantification of AP positive colonies

(right).
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Figure 3.4 Kdm5b support ESCs pluripotency in long-term LIF-withdrawal culture
A.ESCs stably expressing Cre recombinase reversible full length Kdm5b (E5B) under
CAG promoter were continuously passed without LIF for more than 16 passages in 8
weeks. E5B cells were transfected with the pCAG-Cre-IZ vector and selected for zeocin
in medium without LIF or with LIF. Representative images of phase contrast morphology
and AP staining activity of control ESCs (LIF withdrawal for 6 days), Nanog stable ESCs,
E5B cells without LIF at week 8 passage 16, Cre-treated E5BC cells without LIF or with
LIF are shown. DsRed fluorescence indicates Kdm5b transgene excision. All cells are
maintained in medium with 1.5ug/ml puromycin to select for stable transgene
expression. B. gPCR analysis of pluripotency-associated genes in E5B cells without LIF
for 16 passages and 8 weeks, E5B cells treated with Cre without or with LIF for 3 days.
The expression level of each transcript in control ESCs cultured with LIF was set to 1.
Error bars indicate standard deviation. C. Cytogenetic analysis of karyotype test for E5B
cells cultured without LIF for 20 passages at week 10 in OHSU Research Cytogenetics
Core Laboratory. D. EBBC cells at week 10 passage 20 were cultured briefly in LIF
medium before injecting into the kidney capsule or subcutaneously in Fah
immunodeficiency mice. Same amount of wide type ESCs cultured in LIF were also
injected as a control. 3 weeks after injection, tumors were surgically harvested and
histological analysis was performed using hematoxylin and eosin staining.

Representative images of three germ layers were shown.
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Figure 3.5 Kdm5b is downstream effector of Nanog. A. ESCs expressing Kdm5b or
LacZ were transfected with control (siCon) or Nanog (siNanog) siRNA. AP positive
colonies were imaged 3 days post-transfection. Right panel, percentage of AP positive
colonies was quantified. B. The expression of lineage-associated markers commonly
derepressed by Nanog siRNA treatment was analyzed by quantitative RT-PCR. C. ESCs
expressing Nanog were transfected with control (siCon) or Kdmbb siRNA
(sikdmb5b).Cells were stained for AP 72 hrs post-transfection. D. RT-PCR marker gene
analysis of cDNA derived from 5C. E. Quantification of iPSC-like colonies based on
colony morphology and AP activity from NSCs by retrovirally infecting C-terminal
truncated but catalytically active Kdmbb (delta C, DC) in combination with Oct4,

Oct4+KIf4 (OK). OKM (Oct4, KIf4, and c-Myc) was used as positive control.
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Figure 3.6 Cell cycle and DNA synthesis pathways mediate KDM5B-regulated ESC
self-renewal. A. LIF was removed from control or Kdm5b stable ESC culture for 60
minuets and was added back. Cell lysates at indicated time points were collected and
blotted with individual antibodies. B. BMP signaling was removed from control or Kdm5b
stable ESC culture for 24 hours and was added back. Total RNA was extracted at
indicated time points and the kinetical expression of BMPs-Smad2/3 target genes Id1
and 1d3 was analyzed by gRT-PCR. C. KDM5B ChlIP-Seq and siKdm5b RNA-Seq
identified a KDM5B activated gene-network implicated in transcription, chromatin
modification, cell cycle progression, DNA synthesis et al. A KDM5B repressed gene
network primarily implicated in lineage commitment is also shown. D. ESCs expressing
Kdm5b or Gus control were transfected with control (siCon) or Mcm7 (siMcm7) or Orcl
(siOrcl) siRNA. AP positive colonies were imaged 3 days post-transfection. E. ESCs
stably expressing Gus control or Mcm7 or Orcl were transfected with control (siCon) or
Kdm5b siRNA (siKdmb5b). 72 hrs post-transfection cells were stained for AP activity and

representative images are shown.
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Figure 3.7 Characterizing the KDM5B demethylase complex. A. Affinity purification
and mass spectrometric analysis of endogenous KDM5B complex. Sypro ruby stain of
IgG and KDM5B ESC immunoprecipitates. A complete list of KDM5B-associated
polypeptides identified by mass spectrometry is shown in Appendix Figure 2. A large
portion of overlapping polypeptides was also identified by Flag antibody-mediated pull
down. B. Gene ontology analysis of list of peptides with >2 hits from proteomic analyses
of KDM5B immunoprecipitates. C. Reciprocal Co-IP analysis of KDM5B with proteomics
pulled down polypeptides within the cell cycle/ DNA synthesis category. Vectors
expressing tagged Kdm5b and individual cell cycle/DNA synthesis genes were co-
transfected in 293 cells. Immunoprecipitation was carried out using Flag (M2) antibody
and western blotting was detected using anti-Myc tag (9E10) antibody. D. Proposed

model of KDM5B in regulating ESC identify, reprogramming and/or tumorigenesis.
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Supplemental Figure and Figure legends

Supplemental Figure S3.1 (S1A) Western blot analysis of stable expression of Nanog-
regulated chromatin modulators in E14Tg2a ESCs using anti-Flag (M2) antibody.The
predicted protein length encoded by RefSeq genes (amino acid, aa) is indicated at the
bottom of each blot. (S1B) Individual stable ESC clone corresponding to Nanog-
regulated chromatin modifying genes was seeded at clonal density of 50/cm? in
duplicates at 6-well tissue culture plate coated with gelatin with or without LIF for 6 days
followed by AP staining. Representative images are shown. (S1C) Loss-of-function RNAI
assay to test the Nanog-regulated chromatin modulator genes in ESC maintenance
examined by ESC morphology and AP activity. (S1D) RNAi knockdown of Myst4, Phfl5
or Wdr82 decreases pluripotency gene (Oct3/4, Nanog) expression and increases the

expression of lineage --associated marker genes (Cdx2, Fgf5, T).
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Supplemental Figure S3.2 (S2A) EST profiles of KDM5 family histone demethylases.
EST counts (transcripts per million) were collected from NCBI Unigene expression
resources (http://www.ncbi.nim.nih.gov/sites/entrez) and plotted for individual KDM5
family member in different developmental stages of mouse early embryogenesis. (S2B)
gPCR analysis of human OCT4, NANOG, KDM5B at different time points following RA
induced human ESCs differentiation. (S2C) gPCR analysis of mouse KDM5 family
members at different time points following RA induced mouse ESCs differentiation.
(S2D) gPCR analysis of gene expression of other KDM5 family members in mouse
ESCs following acute Kdm5b knockdown by siRNA. (S2E) Phase contrast and AP
staining pattern of mouse ESCs treated with Kdm5a or Kdm5c siRNA. (S2F) Kdmba

(left) and Kdmb5c (right) siRNA efficacy examined by qPCR.
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Supplemental Figure S3.3 (S3A) J1 ESCs were transfected with empty vector, wild-
type Kdmb5b (WT-Kdmb5b), or catalytically inactive Kdm5b (MT-Kdm5b) and protein
extracts were immunoblotted with the indicated antibodies. (S3B) J1 ESCs were
transfected with control, WT-Kdm5b, MT-Kdm5b and cell number was counted at the
indicated time points. Error bar represents standard deviation (n=3). (S3C) FACS
analysis of cell cycle phase from J1 ESCs transfected with control, WT-Kdm5b, MT-
Kdmbb expression plasmids. Error bar represents standard deviation (n=3). * denotes
p<0.05 using one-tailed student t test. (S3D) J1 ESCs transfected with wild type Kdm5b
or LacZ control expression vectors are transiently exposed to medium containing RA for
3 days. Representative images of AP staining are shown (left) with quantification of AP
positive colonies (right). (S3E) Q-PCR analysis of pluripotency-associated genes and
lineage commitment associated genes in control, WT-Kdm5b, MT-Kdm5b ESCs
exposed to RA for 3 days. The expression level of each transcript in control ESCs
cultured with RA at day 3 was set to 1. Error bars indicate standard deviation. (S3F)
Western blot analysis on the protein level of key pluripotency associated transcription
factors in control, WT-Kdm5b, MT-Kdm5b ESCs exposed to RA for 3 days. RNA Pol Il
and B-actin were used as loading control. (S3G) Secondary ESC replating assay for
control, WT-Kdmbb, MT-Kdm5b expressing ESCs treated with RA to induce
differentiation.10,000 cells were replated and cultured in the presence of LIF for 5 days
followed by AP staining. Representative images of AP staining from were shown (left)
and quantification of AP positive colonies (right). Error bar represents standard deviation

(n=2).
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Supplemental Figure S3.4 (S4A). PCR analysis of Cre excision efficiency in E5SB cells
(passage 16 at week 8). Different combination of primers was illustrated on the right
cartoon picture. (S4B). Growth rate analysis of E5B cells from passage 16 week 8
compared with ESCs stably integrating wide type and catalytic mutant C-terminal
truncated Kdm5b (Kdm5b-Nt) culture without LIF for 2 weeks. Parental ESCs with LIF
are included for comparison. (S4C). Gross tumor appearance and size from E5BC cells
from Figure 3.4D (passage 20, week 10) compared to that from wide type ESCs with
LIF. In each picture, the left side tumor is from subcutaneous injection while the right

side from kidney capsule.
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Supplemental Figure S3.5 (S5A) Schematic test of Kdm5b in LIF-activated parallel
signaling pathway. (S5B) Overexpressing Nanog but not KIf4 increases Kdm5b
expression in ESCs. (S5C) ESCs stably expressing Klf4 were transfected with control
(siCon) or Kdmbb siRNA (siKdmbb). 72 hrs post-transfection cells were stained for AP.
(S5D) QPCR marker gene analysis of cDNA derived from S5C. (S5E) ESCs stably
expressing Kdm5b or Gus control were transfected with control (siCon) or triple Klfs
SiRNAs (KIf2+KIf4+KIf5,siKIfs). AP positive colonies were imaged 3 days post-
transfection. (S5F) The expression of Klf4, Nanog and Klf4-repressed lineage marker

Fgf5 was analyzed by quantitative RT-PCR following triple KIf SIRNA treatment.
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Methods

Cell culture

Feeder-free J1 and E14Tg2a mouse ESCs were cultured at 37°C with 5% CO2. All cells
were maintained on gelatin-coated dishes in Dulbecco’s modified Eagle medium
(DMEM; GIBCO), supplemented with 10% ESC-tested fetal bovine serum (FBS; New
Zealand), 0.1 mM MEM NEAA (Invitrogen, Catalog #11140), 2 mM L-
glutamine(Invitrogen, Catalog #25030), 100U/mlI/100ug/ml Pen Strep(Invitrogen, Catalog
#15140), 0.055 mM -mercaptoethanol (Invitrogen, Catalog#21985), and 1000 U/mL LIF

(Chemicon).

Functional Expression Screen

cDNA encoding the top 24 chromatin modifying genes downstream of Nanog were PCR
amplified using Phusion DNA polymerase and inserted into pENTR-D/TOPO vector
(Invitrogen) to generate Entry clones before subsequently shuttling into pBRCAG-
3XFlag-GW-DsRed-IP Destination vector (original CAG expression vector obtained from
Dr. Hitoshi Niwa) via Gateway LR reaction (Invitrogen). Individual expression plasmid
was transfected into E14Tg2a ESCs to generate stable ES cell lines under the selection
of puromycin (1.5ug/ml). Overexpression of individual chromatin modifier genes was
examined by western blot by anti-Flag antibody (M2, Sigma). Individual ESC clone for
corresponding Nanog-regulated chromatin modifying genes was seeded at clonal
density of 50/cm? in 6-well tissue culture plate coated with gelatin without LIF for 6 days
before AP staining procedure was performed according to manufacture’s instructions

(Milipore).
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RNA interference screen and transfection

RNAI experiments were performed using shRNA expression vectors as described
previously (Xie et al, 2011). Three shRNA sequences were designed for each chromatin
modulator genes and pool transfected into ESCs with 1:1:1 ratio using

Lipofectamine2000 (Invitrogen).

For transfection, E14Tg2a ESCs were transfected with 2 ug shRNA in 6 well plates or 20
Mg in 150mm plates using Lipofectamine2000 or Lipofectamine LTX with PLUS
(Invitrogen) according to manufacture’s protocol. Puromycin (Sigma) selection was
introduced 1 d after transfection at 1.5ug /mL, and maintained for 2-3 days prior to
harvesting. Plasmid DNA was also introduced into ESCs using the Nucleofector mouse
ES Cell Kit from Amaxa Biosystems (Cologne, Germany Cat. No VPH-1001) according

to the manufacturer's instructions and selected with puromycin where indicated.

Teratoma formation assay

E5B cells passaged for more than 8 weeks in the absence of LIF were treated with Cre-
recombinase and briefly cultured in ESC medium with LIF. These E5BC cells were
mixed with cold matrigel at a density of 1X10%ul and 2 ul droplet of cells were
microinjected into the left kidney capsule or the subcutaneous tissue in immunodeficient
C57BL/6 mice (Fah mice as a kind gift from Dr.Markus Grompe’s lab). Wide type
parental E14Tg2a cells were used as a positive control. Three weeks after microinjection
teratomas were harvested and fixed in 4% paraformaldehyde overnight and transferred
to 70% ethanol before analysis. Samples were immersed in 30% sucrose in PBS

overnight and embedded in O.C.T (Tissue-Tek) under methylbutane-dry ice bath.

127



Cryosections were obtained using Cryostat and microtombed at a thickness of 10 um for

hematoxylin/eosin staining.

Reprogramming assay

We generated pMXs retroviral constructs that express both full length/C-terminal
truncated wild-type and mutant Kdm5b in conjugation with classical Oct4/Sox2/Klf4/c-
Myc cocktail using standard procedure as described previously (Takahashi &
Yamanaka, 2006). NSCs were derived from Oct4-EGFP stable ESCs in the presence of
EGF and FGF. All NSCs were negative for EGFP expression. Positive iPSCs were

EGFP positive and stained with strong AP activity.

RNA isolation, reverse transcription, and real-time PCR analysis

Total ESCs RNA was extracted using TRIzol (Invitrogen), dissolved in DEPC-treated
water (Ambion), and treated with DNAse | (Invitrogen) before reverse transcription. First
strand cDNA synthesis was carried out with 150ng of total RNA using random priming
and M-MLYV reverse transcriptase (Invitrogen) at 37 °C for 50 minutes. In all experiments,
a no MMLYV control was included and no signal was detected. Endogenous mRNA levels
were measured by quantitative real-time PCR analysis based on SYBR Green detection
with the IQ™5 Multi-Color Real-Time PCR Detection System (Bio-Rad). Quantification of
gene expression level was calculated based on the AACt method normalized by
housekeeping gene Gapdh or Hprt. Experimental data were presented as Mean + SEM
between biological replicates. Student t-test was performed to obtain statistical

significance.
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Mouse embryo culture and Immunofluorescence

Mouse embryos were derived from CD1 mice. Briefly, 3 to 5 week old female mice were
superovulated with 5 IU PMSG and 5 IU hCG 46 hours later. Then females were mated
with background matched males and checked for the presence of a copulation plug the
following morning. Fertilized embryos were collected by harvesting the oviducts into M2
medium (Sigma, Catalog # M7167), tearing the ampulla and releasing them into a
hyaluronidase (Sigma, Catalog # H4272)/M2 solution for dissociation from cumulus
cells. Embryos were maintained in gassed KSOM (Millipore, Catalog # MR-020P-5F) in
a water-jacketed, 5% CO, incubator at 37°C and 95% humidity. mRNAs from two groups
each with at least 20 embryos at different developmental stages (Oocyte, 2-Cell, Morula,
Blastocyst) were isolated by Oligotex® Direct mRNA Mini Kit (QIAGEN, catalog #
72022), followed by reverse transcription via Superscript lll (Invitrogen, catalog # 18018-
051) and gRT-PCR analysis. For immunochemistry, 3.5d.p.c embryos were fixed in 4%
paraformaldehyde for 10 min, permeabilized with 0.1% Triton X-100 for 5 min and
blocked with 5% BSA in TBST for 1 hr. Primary antibodies were applied in 5%BSA in
TBST overnight at 4 °C as follows: KDM5B 1:500 (Abcam ab50958), Oct3/4 1:200
(Santa Cruz sc-5279). Embryos were then incubated for 1hr with the appropriate Alexa
Fluor-conjugated secondary antibodies (Molecular Probes, Eugene, OR) diluted 1:1000
in 5% BSA in TBST. Hoechst staining was used for visualization of nuclei. Fluorescence

was visualized using a Zeiss microscope.
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Cell cycle analysis

Kdm5b overexpression J1 ESCs were trypsinized, washed with PBS, fixed wit 70% ice-
cold ethanol and DNA cell cycle analysis was measured by propidium iodide (10 pg/mi
Pl, Sigma)-stained nuclei using a FACS Calibur machine (Becton Dickinson) in Oregon
Stem Cell Center Flow Cytometry Core. Cell cycle compartments were deconvoluted
from single-parameter DNA histograms of 20,000 cells and the cell cycle data was

analyzed by ModFit program.

Solexa/lllumina next-generation sequencing library preparation

ChIP DNA or cDNA derived from reverse transcription of rRNA-depleted mRNA were
prepared for Solexa sequencing as follows: DNA fragments were repaired to blunt ends
by the T4 DNA polymerase and were phosphorylated by the T4 polynucleotide kinase
using the DNA Terminator Kit (Lucigen). ‘A’ tailing was performed by adding a single ‘A’
base to 3' ends with the Exo-minus Klenow DNA polymerase (Epicentre). Double-
stranded Solexa genomic adaptors or in-house designed bar code adaptors were ligated
to the DNA fragments with T4 DNA ligase (Invitrogen). Ligation products were purified
with 1.5 volumes AMPure XP beads (Beckman Coulter) to get rid of unligated adaptors,
and subjected to 18 (13-20) PCR cycles of amplification using Phusion Hotstart 1l DNA
polymerase (NEB). Completed libraries were quantified using Qubit 2.0 fluorometer and
High Sensitivity DNA quantification kit (Invitrogen).DNA sequencing was carried out
using the lllumina/Solexa Genome Analyzer sequencing system (GAIll and HiSeq) at
OHSU Massively Parallel Sequencing Shared Resource. Sequence reads from each

ChIP-Seq or RNA-Seq library are compiled, post-processed and aligned to the reference
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genome. ChIP-Seq or RNA-Seq data was verified by real-time PCR. The Impey lab has
developed a software pipeline that annotates tags within RefSeq genes and identifies
significantly regulated genes using the chi® statistic and the Storey Q-test FDR
adjustment (Storey & Tibshirani, 2003). Sequence tags that fall outside of RefSeq genes
will be analyzed using a sliding-window method with a random background model (Fejes
et al, 2008). Custom scripts will be used to identify genes significantly-regulated by
Nanog or Kdm5b knockdown (FDR p<0.01) and these genes will be annotated based on
Nanog ChIP-Seq tags or intragenic KDM5B ChIP-Seq tag occupancy. Putative targets
genes will be selected for further study based on gene ontology and pathway (KEGG2)
categories using script-based tools (Gominer, Subpathwayminer) and web-based

platforms (David2, ArrayXPath).

Affinity purification of Kdm5b complex followed by mass-spectrometry

For Flag IP, nuclear extracts from 5X14 cm dishes of 3xFlag-Kdm5b and control ESCs
were prepared (Dignam et al, 1983) and dialyzed to buffer C-100 (20 mM HEPES [pH
7.6], 0.2 mM EDTA, 1.5 mM MgCI2, 100 mM KCI, 20% glycerol) according to (van den
Berg et al, 2010). 60 pl of anti-FLAG M2 agarose beads (Sigma) were added to 1.5 ml of
nuclear extract in No Stick microcentrifuge tubes (Alpha Laboratories) and incubated for
3 hr at 4°C in the presence of 225 units of Benzonase (Novagen). Beads were washed
five times for 5 min with buffer C-100 containing 0.02% NP-40 (C-100%) and bound
proteins eluted four times for 15 min at 4°C with 0.2 mg/ml FLAG-tripeptide (Sigma).
Elutions were pooled and analyzed by mass spectrometry. For immunoprecipitation of
endogenous KDM5B complexes, 10 ug of rabbit polyclonal KDM5B antibody (ab50958,

abcam) or IgG were added to 1 ml of nuclear extracts made from J1 ESCs containing
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Benzonase overnight at 4°C in No Stick microcentrifuge tubes. Samples were incubated
with100ul Protein A beads for an additional 3 hrs, washed five times for 5 min with C-
100+ at 4°C, boiled in SDS-PAGE buffer followed by Mass Spectrometry analysis at

OHSU Proteomics Shared Resources.
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Chapter Four

Summary, Discussion and Conclusion
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Summary

Embryonic stem cells (ESCs) derived from the inner cell mass of pre-implantation
mouse embryos have an unlimited capacity for self-renewal, can differentiate into all
somatic lineages (pluripotency), and are associated with unique chromatin signatures
including decondensed euchromatin, hyperdynamic chromatin protein binding, and
bivalent histone modifications (Bernstein et al, 2007; Meshorer & Misteli, 2006; Niwa,
2007b). Both embryo-derived and induced pluripotent stem cells show global remodeling
of the epigenome including loss of DNA methylation, re-establishment of bivalent histone
modifications and re-activation of silenced X chromosomes (Maherali et al, 2007). These
studies suggest that a specific epigenetic program is important to establish and maintain

the pluripotent state.

The core pluripotency transcription factor Nanog is required for naive
pluripotency (Silva et al, 2009; Theunissen & Silva, 2011), a pluripotent state that strictly
depends on LIF signaling and can readily contribute to chimaerism (Nichols & Smith,
2009). Moreover, forced Nanog expression can support ESCs self-renewal in the
absence of LIF (Chambers et al, 2003; Mitsui et al, 2003) and elevated Nanog
expression promotes transfer of pluripotency after cellular fusion between ESCs and
NSCs (Silva et al, 2006). It is believed that Nanog choreographs an epigenetic program
that erases the somatic epigenome and instills naive pluripotency. Although Nanog was
shown to interact with multiple chromatin modifying complexes in ESCs (Liang et al,
2008), the downstream targets of Nanog that specify the ESC naive puripotency are

elusive.

We carried out bioinformatics analyses of Nanog ChIP-Seq and siNanog RNA-

Seq libraries and identified 26 chromatin modulator genes that are positively regulated
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by Nanog. Functional overexpression of these chromatin modulator genes was
performed to examine their ability to mimic Nanog in sustaining ESC pluripotency in the
absence of LIF. We also performed a complementary RNAI assay to test the role of the
individual chromatin modulator gene in maintaining pluripotency. Both gain- and loss-of-
function studies converged on an overlapping set of novel chromatin modulator genes
important for ESC identity. We focused on the H3K4me3/me2 demethylase gene Kdm5b
because Kdmbb is one of the top Nanog binding targets in two independent Nanog
ChIP-Seq libraries and because KDM5B is involved in the proliferation and self-renewal
of a variety of human cancers (Hayami et al, 2010; Roesch et al, 2010; Xiang et al,

2007; Yamane et al, 2007).

We show that Kdm5b expression is highly enriched in the inner cell mass of pre-
implantation mouse embryos and pluripotency-associated cells and tissues. Acute
depletion of Kdm5b compromises ESC proliferation and increases the expression of
lineage marker genes. Importantly, forced expression of Kdmbb, like Nanog, markedly
diminishes the requirement of the LIF signaling for ESC maintenance.  Moreover,
transient overexpression of Kdmbb is able to maintain pluripotency-associated gene
expression similar to Nanog following LIF withdrawal. Stable Kdm5b expression can also
sustain long-term ESC self-renewal for more than two months in the absence of LIF.
These cells are karyotypically normal and can contribute to teratoma formation,
suggesting that forced expression of Kdmb5b confers LIF independent pluripotency.
Epistasis experiments demonstrate that overexpression of Kdm5b can compensate for
loss of Nanog and can rescue the loss of pluripotency phenotype. Ectopic Kdm5b
expression can also boost reprogramming efficiency in conjunction with Oct4 or

Oct4/KlIf4 from neural stem cells. Taken together, we propose that KDM5B can mimic
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the action of Nanog to support ESC pluripotency and that KDM5B is a major epigenetic

effector downstream of Nanog.

Although KDM5B is believed to function as a promoter-bound repressor,
microarray/RNA-Seq analysis of Kdm5b knockdown in ESCs shows that it paradoxically
functions as an activator of a gene network associated with self-renewal. Unbiased
ChIP-Seq reveals that KDM5B predominantly targets to intragenic regions and that it
colocalizes with elongating RNA Pol Il and H3K36me3, a histone modification marking
active transcriptional elongation. We demonstrate that the intragenic occupancy of
KDM5B depends on the co-transcriptional deposition of H3K36me3 by H3K36 HMT
Setd2 and requires the physical interaction with the chromodomain protein MRG15.
Genome-wide MRG15 ChIP-Seq analysis shows high degree of overlap with KDM5B.
MRG15 is an ortholog of Eaf3, a component of the yeast Rpd3S complex which
functions to repress the cryptic intragenic transcription. KDM5B also physically interacts
with the mammalian Rpd3S-like complex components. H3K4me3 ChIP-Seq analysis
demonstrates that depletion of Kdmbb selectively increases intragenic H3K4me3 at local
zones of occupancy. H3K4me3 is believed to recruit the basal transcription machinery
component TFIID and to mark active transcriptional initiation (Vermeulen et al, 2007).
Consistent with this, knockdown of Kdm5b or Mrgl5 significantly increases the cryptic
intragenic transcription, promotes the unphosphorylated RNA Pol Il recruitment and
reduces the elongation-associated RNA Pol Il occupancy selectively at KDM5B target
genes. We propose a model in which KDM5B activates a unique self-renewal-associated
gene network by repressing intragenic cryptic initiation and maintains an epigenetic

gradient important for productive transcriptional elongation.
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Gene ontology analysis of the intersection of KDM5B ChIP-Seq and siKdm5b
microarray/RNA-Seq libraries identified significantly enriched gene categories involved in
transcription, cell cycle/DNA synthesis, chromatin modifications and mRNA processing.
Interestingly, knockdown of genes involved in DNA replication and mitotic chromosome
condensation specifically impaired the maintenance of ESCs but not fibroblast cells
(Fazzio & Panning, 2010). Therefore, we examined the role of KDM5B-targeted cell
cycle control/DNA synthesis genes in ESC identity. Similarly, we found that depletion of
the DNA replication machinery components Mcm7 or Orcl impairs the proliferation of
ESCs but not fibroblasts in conditions when Kdmb5b is overexpressed. On the other
hand, forced expression of Mcm7 or Orcl can partially rescue the proliferation defect by
Kdm5b knockdown, suggesting that genes regulating the cell cycle control/ DNA
synthesis can partially mediate Kdm5b functionality in ESC self-renewal. Surprisingly,
proteomic analyses of the KDM5B demethylase complex revealed that KDM5B interacts
with components of the DNA replication machinery including components of the the
ORC and MCM complex. A similar interaction was reported for the KDM5B homologue
Lid in Drosophila (Moshkin et al, 2009), suggesting an evolutionarily conserved physical
interaction between KDM5 family members and the DNA replication machinery.
Therefore, | propose that KDM5B can transcriptionally activate a self-renewal associated
gene network and can directly interact with DNA replication machinery to sustain ESCs

in a highly proliferative state favorable to naive pluripotency.

Proteomic analysis of the KDM5B complex identified the H3K36 methylation
writer and reader proteins NSD3 and NSD1, elongating RNA Pol |l interacting protein
THOC1/4, HDAC6, NPM1, and the FACT component SSRP1. In particular, preliminary
data shows that NSD3 interacts with both KDM5B and MRG15 and can regulate the

recruitment of KDM5B to the intragenic regions of actively transcribed genes. Further
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study should reveal the mechanisms by which KDM5B is recruited to intragenic active

chromatin and clarify the precise roles of KDM5B during transcriptional elongation.

KDMB5B is significantly up-regulated in a wide spectrum of human cancers
(Hayami et al, 2010; Xiang et al, 2007; Yamane et al, 2007). One of the hallmarks of
tumorigenesis is uncontrolled proliferation (Hanahan & Weinberg, 2011). It would be
interesting to determine whether the mechanisms by which KDM5B regulates ESC cell
self-renewal also contribute to the self-renewal of human cancers. This hypothesis is
being explored via gain and loss of function studies with the eventual goal of developing

therapeutic small molecules that target KDM5B.
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Discussion

KDMB5B is believed to regulate the proliferation and self-renewal of multiple
human cancers (Hayami et al, 2010; Roesch et al, 2010; Yamane et al, 2007). In ESCs,
forced expression of KdAm5b also increases ESC mitotic rate (Dey et al, 2008). We show
that Kdm5b plays an important role in ESC self-renewal and pluripotency. Moreover, we
propose that KDM5B occupies intragenic regions associated with H3K36me3 and

activates an ESC self-renewal-associated gene network.

1. Role of Kdm5b in ESC proliferation and self-renewal

Kdm5b homozygous knockout embryos are embryonic lethal at the peri-
implantation stage and Kdm5b null ESCs can not be derived, suggesting that Kdm5b
plays an important role in early embryogenesis and the specification of pluripotent cells
(Catchpole et al). Similarly, the Wynder lab reported that constitutive Kdm5b shRNA
knockdown ESCs (E14) could not be generated due to cellular senescence (Dey et al,
2008). The Wynder lab also reported that day 9 embryonic bodies (EBs) from gene-
trapped Kdm5b heterozygous ESCs showed significantly reduced expression of the core
pluripotency transcription factors Oct4 and Nanog and derepression of differentiation
marker Egrl (Dey et al, 2008). These studies are consistent with our observation that
acute Kdm5b depletion in ESCs compromised their ability to proliferate and self-renew.
In contrast, the Helin lab reported that transient Kdm5b shRNA knockdown did not alter
ESC proliferation or self-renewal (Schmitz et al, 2011). Moreover, Schmitz et al. showed
that EBs from Kdm5b shRNA knockdown ESCs maintained normal levels of Oct4 and
Nanog expression and were defective for the induction of multiple lineage markers

(Schmitz et al, 2011). They also reported that transient Kdm5b knockdown induced a 2-
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fold increase of Nanog expression. This result was not seen in two earlier studies (Dey
et al, 2008; Xie et al, 2011). The unexpected increase in Nanog reported by Schmitz et
al. could mask the phenotype observed by other labs. These conflicting observations

merit further experimental clarification.

There were several methodological differences between Schmitz et al. and our
previous study (Xie et al, 2011). First, Schmitz et al. used E14Tg2a ESCs while we used
J1 ESCs. E14Tg2a ESCs were a subclone of E14 ESCs from strain 129/Ola male
mouse blastocysts deficient for Hprt (hypoxanthine guanine phosphoribosyl transferase)
gene. In human males, HPRT deficiency causes Lesch-Nyhan syndrome characterized
by mental retardation and self-mutilation (Hooper et al, 1987). J1 ESCs were derived
from a male agouti 129/terSv strain with normal genotype (Li et al, 1992). Second,
Schmitz et al. utilized pLKO viral transductions followed by puromycin selection while we
used non-integrating Kdm5b siRNA nucleofection for proliferation assays and microarray
gene profiling. Rapid siRNA-mediated knockdown also avoids potential homeostatic
compensation imposed by antibiotic selection, which could mask phenotypic observation
(Freudenberg et al, 2012). Third, in Schmitz et al. ESCs appeared flattened and irregular
(Supplementary Figure 1C) while the ESC colonies in our study had a three dimensional
dome-like morphology with strong AP activity. It is known that different types of
pluripotency exist and that naive pluripotent ESCs are dome-like round colonies
whereas primed pluripotent ESCs (EpiSCs or human ESCs) have a flattened epithelial-
like morphology. Mouse EpiSCs express approximately 50% of Kdm5b compared to
mouse ESCs (Tesar et al, 2007) and proliferated slower than naive ESCs. In human
ESCs, NANOG does not preferentially bind KDM5B (Supplementary Figure S2.1A).
Schmitz et al did not test whether their cells retain marker gene expression associated

with naive pluripotency. Kdm5b siRNA rescue experiments and generation of Kdm5b
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conditional knockout ESCs from gene trapped Kdm5b ESC lines should help resolve the

phenotypic differences between Schmitz et al. and our study.

Schmitz et al. also generated conditional Kdm5b null ESCs in vitro and reported
that deletion of Kdm5b did not affect ESC morphology, growth rate and pluripotency
marker expression (Schmitz et al, 2011). On the other hand, Kdm5b knockout mice are
embryonic lethal and Kdm5b homozygous mutant ESCs could not be derived (Catchpole
et al). The basis for this discrepancy is not clear. One possibility is that Kdm5b might be
required for the establishment of ESC pluripotency but dispensable for its maintenance.
Interestingly, Nanog null embryos show peri-implantation lethality and transient Nanog
knockdown in ESCs triggers rapid differentiation (lvanova et al, 2006). Surprisingly,
Nanog homozygous mutant ESCs can be generated in vitro by genetic deletion
(Chambers et al, 2007). This observation led to the hypothesis that Nanog is not
required for ESC maintenance, but essential for specifying and stabilizing a naive
pluripotent state (Silva et al, 2009; Theunissen & Silva, 2011). The similarity between
Nanog and Kdmb5b null phenotypes is potentially consistent with our proposal that
KDMB5B is a major Nanog effector. Therefore, it will be interesting to examine whether
Kdm5b null ESCs also show germ line maturation defects and gene expression changes
as seen in Nanog null ESCs. Further studies are needed to clarify whether Kdm5b is
strictly required for maintenance of self-renewal or establishment and stabilization of

naive pluripotency.

On the other hand, we found that forced expression of Kdm5b increased ESC
proliferation rate and sustained long-term ESCs self-renewal in pluripotent state in the
absence of LIF signaling. This observation is consistent with Dey et al.’s finding that

ectopic Kdm5b expression can increase markers of mitosis and suppress differentiation-
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associated gene expression during EB formation (Dey et al, 2008). Therefore, my work
and Dey et al.’s study agree that KDM5B positively modulates ESC proliferation and
pluripotency. This is consistent with a wide body of work linking KDM5B to the

proliferation and self-renewal in multiple cancer types.

2. KDM5B regulates ESC pluripotency

Kdmb5b is one of the top Nanog binding targets identified in two Nanog ChlP-Seq
libraries and transcription of Kdm5b is positively regulated by Nanog (Xie et al, 2011).
Like Nanog, forced Kdm5b expression conferred LIF-independent pluripotency. Kdm5b
overexpression also enhanced the efficiency of somatic reprogramming towards
pluripotency. Importantly, we used epistasis experiments to show that ectopic Kdm5b
expression could support ESC self-renewal even when Nanog is depleted, suggesting
that KDM5B is a major epigenetic effector of Nanog. Because Nanog has been
suggested to specify and stabilize the naive pluripotent state, we argue that KDM5B is
an important epigenetic regulator of naive pluripotency. We plan to test whether forced
Kdm5b expression can, similar to Nanog, promote conversion of primed EpiSCs to
naive ESCs (Silva et al, 2009). It would also be interesting to examine whether ectopic
Kdm5b expression can push human ESCs into a ground pluripotent state, as has been
demonstrated for Nanog-overexpressing hLR5 cells (Buecker et al, 2010). In addition,
we plan to examine whether Kdm5b depletion would abolish Nanog’s ability to promote

transfer of pluripotency in fusion-mediated reprogramming (Silva et al, 2006).

3. KDMS5B is an activator of gene expression

Nanog is a transcriptional activator that incorporates into an ESC-specific

enhanceosome (Chen et al, 2008). To test whether KDM5B is also an activator of
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transcription, we carried out ChIP-Seq, RNA-Seq and microarray gene profiling
experiments. Our microarray gene profiling and RNA-Seq experiments showed that the
majority of significantly regulated genes were down-regulated after Kdm5b knockdown in
ESCs, suggesting that KDM5B, like Nanog, is an activator of gene expression in ESCs.
Although Schmitz et al proposed KDM5B is a repressor of developmental regulators,
they surprisingly reported that knock down of Kdm5b predominantly decreased, rather
than increased the expression of significantly regulated genes in ESCs (Schmitz et al,
2011). Consistent with our proposal that KDM5B is an activator of gene expression, the
Swaroop lab identified Kdm5b as a downstream target of NRL, the core transcription
factor and transcription activator specifying rod photoreceptor cell fate. They reported
that the majority of significantly regulated genes were down-regulated after knocking
down Kdmb5b in vivo and were associated with rod photoreceptor function (Hao et al,
2012). It is difficult to reconcile these observations with the Helin lab’s proposal that

KDMB5B functions largely as a repressor.

4. Genome-wide occupancy of KDM5B in ESCs

We reported that KDM5B predominantly occupies intragenic regions of actively
transcribed genes associated with ESC self-renewal. Although Schmitz et al. also
reported intragenic KDM5B occupancy, they proposed that KDM5B predominantly binds
transcription start sites (TSS) and argued that our ChIP-Seq antibody is not specific
(Schmitz et al, 2011). However, we have multiple lines of evidence to suggest that the
KDM5B antibody (abcam 50958, recognizes N-terminal of KDM5B) we used is specific.
First, IP-WB analysis showed a distinct band at the predicted KDM5B protein size
(Appendix Figure 4). Second, WB analysis showed that multiple Kdm5b siRNA

effectively decreased KDM5B protein levels (Appendix Figure 4). Third, Kdm5b siRNA
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significantly decreased KDM5B occupancy at KDM5B intragenic peak regions (Appendix
Figure 4 and Figure 2.2C). Moreover, we showed that KDM5B ChIP-Seq tags
predominantly and significantly accumulate at genes down-regulated by Kdmb5b
knockdown (Figure 2.2H-J). The highly significant link between ChlIP-Seq occupancy
and direct regulation by KDM5B knockdown strongly suggests that our ChIP approach is
specific for KDM5B. We have also verified the KDM5B ChIP-Seq signal using an
antibody that recognizes a different epitope (Supplemental Figure S2.4B) and on
randomly selected intragenic regions (Supplemental Figure S2.4B). To further test the
specificity of our KDM5B ChlIP-Seq signal at intragenic regions, we plan to obtain the
Kdmb5b inducible knockout ESCs from Schmitz et al. (Schmitz et al, 2011) and examine
whether our intragenic KDM5B ChIP-Seq signal is lost following Cre-mediated Kdm5b
deletion. We have also purchased Kdm5b gene trapped ESCs and plan to generate a
tetracycline-regulated Kdm5b knock out ESC line according to the methodology of Niwa
et al. (Niwa et al, 2000). Interestingly, Schmitz et al. also performed KDM5B ChIP-Seq in
E14Tg2a ESCs using an in-house generated KDM5B antibody recognizing the C-
terminus and reported that 34.8% of KDM5B peaks were found at TSS and 32.7% of
peaks intragenically (Schmitz et al, 2011). They reported that H3K4me3 was selectively
increased at KDM5B target genes both at TSS and intragenic regions. These results are
consistent with our finding that KDM5B has intragenic occupancy. We recently
sequenced our KDM5B ChlP-Seq library more deeply and found additional evidence of
KDM5B occupancy at promoter regions (Appendix Figure 5), consistent with our
proposal that KDM5B may occupy both promoter and intragenic regions. Additional
KDM5B ChlP-Seq using different antibodies that recognize distinct KDM5B epitopes
revealed that KDM5B occupies both intragenic and TSS regions (Appendix Figure 5).

Moreover, the dual localization of KDM5B (promoter and gene bodies) is anticipated
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based on its evolutionarily conserved interaction with MRG15 (Hayakawa et al, 2007;
Lee et al, 2009b; Xie et al, 2011). MRG15 incorporates into both the promoter-
associated NuA4 complex (Doyon et al, 2004) and the gene-body associated Rpd3S
complex (Lee et al, 2009b). It is likely that KDM5B may have dual roles in regulating
pluripotency: gene-body bound activator of self-renewal associated genes by facilitating
transcriptional elongation as well as gene-promoter bound repressor of differentiation
associated genes by inhibiting transcriptional initiation. The difference in KDM5B
enrichment at promoter and gene bodies in the two studies may reflect the presence of
KDMB5B in distinct protein complexes in vivo. Accordingly, the usage of different epitope-
specific antibodies may reveal non-overlapping genomic occupancy (Schmitz et al,
2011). We plan to test this hypothesis by performing KDM5B ChIP-Seq using anti-V5

antibody directed towards both N terminal and C terminal tagged KDM5B in ESCs.

Multiple lines of evidence suggest an intragenic localization of KDM5B. First,
functional genomic analysis showed that accumulation of intragenic KDM5B peak tag
density positively correlated with rank-ordered down-regulated KDM5B target genes
following Kdmb5b depletion using microarray analysis (Figure 2.2J). We recently
confirmed this association using RNA-Seqg with different Kdm5b siRNAs. Non-specific
intragenic occupancy would not produce this genome-wide correlation. Second, both Lid
(Lee et al, 2009b) and KDM5A (Hayakawa et al, 2007) are integral components of the
MRG15-Rpd3S like complex in Drosophila and mammalian cells, respectively,
suggesting an evolutionarily conserved partnership of KDM5 family members with
MRG15. Reciprocal Co-IP showed that KDM5B bind to MRG15 in both ESCs and
heterologous 293 cells (Figure 2.5A-B). Third, MRG15 is an evolutionarily conserved
chromodomain-containing protein that specifically recognizes H3K36me3/me2 (Carrozza

et al, 2005; Joshi & Struhl, 2005; Keogh et al, 2005; Zhang et al, 2006) and genome-
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wide mapping of MRG15 binding revealed that MRG15 significantly occupied coding
regions of active chromatin and correlate with H3K36me3 (Filion et al, 2010; Sural et al,
2008; Xie et al, 2011). Moreover, mutation of the MRG15 Drosophila homologue MSL3
chromodomain abolished its ability to recognize H3K36me3 (Sural et al, 2008). Fourth,
MRG15 ChIP-Seq analysis revealed highly similar genome-wide binding pattern as
KDM5B (Figure 2.51-K and Appendix Figure 5). Depletion of MRG15 in ESCs
significantly decreased intragenic KDM5B occupancy, selectively increased H3K4me3 at
KDMB5B binding peaks, and decreased the expression of KDM5B activated target genes
(Figure 2.5E-G). Fifth, both DRB-mediated inhibition of transcriptional elongation or
knockdown of H3K36me3 HMT Setd2 significantly and selectively decreased KDM5B
occupancy at intragenic regions of activated target genes (Supplementary Figure S2.7C
and Figure 2.4G-H). Setd2 siRNA knockdown also increased intragenic H3K4me3 at
KDMB5B target peak regions (Supplementary Figure S2.7A). Taken together, these
studies support our proposal that KDM5B is localized to intragenic regions associated

with active transcription.

5. Biological significance of KDM5B intragenic occupancy

We showed that KDM5B can incorporate into a mammalian Rpd3S-like complex
and occupy intragenic regions of actively transcribed genes associated with ESC self-
renewal. Whether KDM5B yeast homologues interact with the canonical Eaf3-Rpd3S
complex is not known. Genetic deletion of Eaf3, Set2, Rcol, Sin3 all resulted a robust
increase of H3K4me3 at the FLO8 ORF region (Carrozza et al, 2005), suggesting that
KDM5 family-mediated intragenic H3K4me3 demethylation may be evolutionarily
conserved. In mammalian cells, knockdown of Setd2, Mrg15 or Kdm5b all led to a robust

increase in H3K4me3 at zones of KDM5B occupancy (Figure 2.3D-E, 2.5F,
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Supplementary Figure S2.7A). The increase of intragenic H3K4me3 selectively at
KDMB5B intragenic peaks further supports KDM5B gene-body occupancy. Functional
genomic studies documented that H3K4me3 marks active gene promoters and
H3K4me3 could selectively anchor the basal transcriptional machinery component TFIID
for transcriptional initiation (Barski et al, 2007; Vermeulen et al, 2007). Accordingly, we
proposed that KDM5B could suppress intragenic H3K4me3/me2, cryptic transcriptional

initiation, and could play a role in sustaining productive transcription elongation.

Transcriptional elongation co-transcriptionally engages other nuclear processes
including pre-mRNA splicing, poly-adenylation and mRNA export. Intragenic KDM5B
occupancy suggests that KDM5B may regulate alternative splicing, antisense
transcription, or non-coding RNAs. Luco and colleagues demonstrate that SETD2-
dependent H3K36me3 marks exon lllb of FGFR2 in mesenchymal cells, recruits MRG15
and polypyrimidine tract-binding protein PTB to suppress exon lllb inclusion (Luco et al,
2010). Interestingly, H3K4me3 remains low at the Illb exon in mesenchymal cells (Luco
et al). It remains to be determined whether KDM5B or other KDM5 family members
could regulate alternative splicing via their evolutionarily conserved interaction with
MRG15. Antisense transcription can interfere with splice site choice by forming double
stranded RNAs with sense transcripts (Morrissy et al, 2011). We also showed that some
of the intragenic cryptic transcripts induced by Kdm5b or Mrg1l5 knockdown originated
from antisense strand (Supplementary Figure S2.10). Moreover, we found that KDM5B
occupied the 3’ region of many developmental regulator genes including Cdx2 and Sox1.
Preliminary data showed that knockdown of Kdm5b increased the expression of the
sense transcripts of Cdx2 and Sox1l with a concomitant decrease of corresponding
antisense transcripts. Our observation echoes the study in fission yeast that shows the

Rpd3S complex mutation derepresses antisense production (Nicolas et al, 2007).
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Therefore, antisense regulation may be an evolutionarily conserved function of the
Rpd3S complex. Recently, Dr. Eric Lander’s group reported that KDM5B interacts with
several long non-coding RNAs (Guttman et al, 2011). It should be noted that many RNA-

binding proteins have also been linked to transcriptional regulation.

The ability of KDM5B to activate a self-renewal associated gene network via
suppression of intragenic cryptic transcription may provide a partial explanation for our
observation that ectopic Kdm5b expression can enhance somatic reprogramming.
Kdm5b overexpression in somatic cells may promote transcriptional elongation of self-
renewal associated genes and generate a chromatin landscape favorable to the
pluripotent state. We do not rule out the possibility that KDM5B binding at promoters and
suppressing developmental regulators may also contribute to acquisition of pluripotency.

The detailed molecular mechanisms await future studies.

6. Specificity of KDM5B-regulated gene network

Gene ontology analysis of KDM5B ChlIP-Seq and siKdm5b microarray/RNA-Seq
identified highly similar gene categories enriched in broad metabolic processes including
‘nuclear lumen’, ‘nucleotide binding’, ‘DNA metabolic’, ‘cell cycle’ /RNA splicing’ and
‘DNA repair (Figure 2.2A and 2.2D). Importantly, genome-wide KDM5B occupancy
gradient correlates with rank-ordered Ref-Seq genes that are downregulated after
Kdm5b knockdown (Figure 2.2J). This genomic association suggests that KDM5B
occupancy density anticipates the transcriptional outcome of KDM5B target genes, a
pattern similar to the elongating RNA Pol Il and H3K36me3 (Figure 2.2K-M, Figure 2.4C-
E). We propose that KDM5B regulates a specific set of actively transcribed genes in

ESCs, many of which are important for ESC maintenance and identity.
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Although we propose that H3K36me3 contributes to the docking of KDM5B to
actively transcribed chromatin, we did not find perfect overlap suggesting that other
mechanisms for KDM5B recruitment exist. A recent study proposed that chromatin
proteins can define five principle chromatin types in Drosophila (Filion et al, 2010).
Active euchromatin can be classified into two subtypes—BRM-marked RED chromatin
and MRG15-marked YELLOW chromatin. Unexpectedly, MRG15 enriched chromatin is
specifically enriched for H3K36me3, while H3K36me3 is largely absent on BRM-marked
RED chromatin, even though transcriptional activity is similar in the two chromatin types.
Strikingly, the two active forms of chromatin mark different types of genes. Genes on
MRG15-enriched chromatin are associated with metabolic pathways (DNA metabolic
processes, structural molecule activity, DNA repair etc.) while genes on BRM-enriched
chromatin are linked to signaling pathways (receptor binding, signal transduction,
defense response etc.). Given that the Drosophila KDM5 homologue Lid forms a stable
complex with MRG15 (Lee et al, 2009b; Moshkin et al, 2009), it is conceivable that Lid is
also recruited to H3K36me3/MRG15 enriched chromatin. In support to this notion, gene
ontology analysis from KDM5B targeted and regulated genes in ESCs shows very
similar gene categories as MRG15-demarcated chromatin in Drosophila. These results
support our model that KDM5B demarcated chromatin regulates specific set of genes

important for ESC maintenance.

The differential enrichment of H3K36me3 on MRG15-marked and BRM-marked
euchromatin is surprising given that both chromatin types have similar transcriptional
activity (Filion et al, 2010). H3K36me3 is believed to be co-transcriptionally deposited by
elongating RNA Pol Il (S2P) that physically interacts with H3K36 HMT Setd2 (Wagner &
Carpenter, 2012). It has been reported that some genes do not require Ser2P for

productive elongation. We speculate that three intrinsic gene features may explain the
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differential H3K36me3 marking on the two types of euchromatin and thus the gene

specific regulation of the H3K36me3-MRG15 pathway.

In yeast, the Set2/Rpd3S pathway appears to target to infrequently transcribed
long genes to repress cryptic transcriptional initiation for accurate transcription (Li et al,
2007b). The passage of RNA Pol Il along long genes involves multiple rounds of
configuration of the transcribed nucleosomes through histone eviction and redeposition
(Workman, 2006). The principle function of the Set2/Rpd3S pathway in yeast is to
restore the chromatin status (histone acetylation) behind transcribing RNA Pol 1l (Li et al,
2007b). Thus, long genes have higher probability on the requirement for the S2P RNA
Pol Il associated-Set2/Rpd3S pathway to safeguard the transcriptional fidelity. It would
be interesting to examine whether MRG15-enriched YELLOW chromatin in Drosophila is
enriched for long genes compared to BRM-marked RED chromatin. It is also known that
many genes do not require S2P for productive elongation but instead rely on S5P
(Hargreaves et al, 2009; Saha et al, 2011). Interestingly, many of these genes play
important signaling roles and are represented in the RED chromatin. It has been
reported that H3K36me3 is significantly enriched in intron-containing genes compared to
intronless genes, regardless of transcriptional activity (de Almeida et al, 2011). Inhibition
of splicing can decrease Setd2 occupancy and H3K36me3 (de Almeida et al, 2011).
Because genome-wide H3K36me3 does not completely mirror that of S2P RNA Pol |,
de Almeida et al. proposed that co-transcriptional spliceosome assembly and splicing
additionally enhance recruitment of Setd2, leading to enrichment of H3K36me3
associated with splicing (de Almeida et al, 2011). Taken together, gene length, gene
function and splicing requirement could all contribute to the deposition of H3K36me3 to
specific subsets of genes. It is conceivable that intron-containing long genes carrying

specific set of functions have evolved to require the coating of H3K36me3 histone mark
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to maintain the fidelity of transcription elongation and splicing. One prediction of this
hypothesis is that KDM5B regulated genes are characterized by these gene features,

which will be examined in further studies.

7. Potential role of KDM5B in DNA replication

Gene ontology analysis of KDM5B regulated genes from both the Kdmb5b
knockdown microarray and RNA-Seq experiments revealed highly overlapping sets of
genes involved in cell cycle control and DNA synthesis. We and other labs demonstrated
that knock down of many of these KDM5B target genes produced an ESC-specific
proliferation defect (Fazzio & Panning, 2010), suggesting they are important to ESC self-
renewal. Ectopic expression of genes involved in DNA replication could partially rescue
the proliferation defect after Kdm5b knock down (Figure 3.6D-E), providing a functional
link between KDM5B and ESC proliferation. Interestingly, affinity purification of KDM5B
demethylase complex in ESCs pulled down proteins directly involved in cell cycle control
and DNA synthesis including pre-replication complex (Pre-RC) components origin
recognition complexes (ORC), minichromosome maintenance complex (MCM), and the
histone chaperone FACT (Figure 3.7B-C). The ORC complex recognizes replication
origins and recruits DNA helicase MCM2-7 complex and FACT components. FACT can
disassemble the nucleosome barrier ahead of the replication fork and permit the MCM
complex to unwind DNA (Abe et al, 2011; Gilbert, 2010). Interestingly, many of these
KDMb5B-interacting proteins are encoded by KDM5B targets, suggesting a positive
feedback loop that reinforces robust DNA synthesis and proliferation. Similarly, the
KDM5B Drosophila homologue Lid also interacts with multiple Mcm proteins (Moshkin et
al, 2009), suggesting an evolutionarily conserved role for KDM5 family members in cell

cycle control by directly interacting with DNA replication machinery. Pre-RC may load
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many replication origins on chromatin but many binding sites are dormant. It is not clear
which sites determine replication firing as well as replication timing kinetics (Gilbert,
2010). Because chromatin marked by MRG15 and H3K36me3 showed early replication
timing and higher Pre-RC binding (Filion et al, 2010), it is tempting to speculate that
KDM5B’s association with Pre-RC may contribute to replication firing and timing.
Moreover, DNA replication entails global disassembly and reassembly of nucleosomes
in the wake of the DNA replication fork. The association of KDM5B with histone
chaperone proteins FACT and Asflb (Figure 3.7C) (Moshkin et al, 2009) may facilitate
the resetting of histone modifications and preservation of epigenetic memory. The ability
of KDM5B to directly interact with DNA replication machinery echoes its role in
regulating the ESC cell cycle and high proliferative rate. ESCs show atypical cell cycle
regulation characterized by high portion of S phase and short G1 phase (White & Dalton,
2005). We propose that KDM5B regulated high rate of proliferation and S phase entry
can forcibly establish and maintain a self-renewal associated transcriptional program
and epigenetic landscape, which is important to achieving naive pluripotency. We are

testing these hypothesises in follow up experiments.

8. Further evidence linking KDM5B to intragenic H3K36me3

Proteomics analysis of the KDM5B demethylase complex provides additional
evidence linking KDM5B to transcriptional elongation. We used reciprocal Co-IP to
validate these interactions (Appendix Figure 2-3). HDAC6 has been found to interact
with KDM5B (Barrett et al, 2007) as well as elongating RNA Pol Il (Wang et al, 2009b).
MRNA export adaptor protein THOC4/Yral/ALY has been shown to bind directly to the
hyperphosphorylated CTD of RNA Pol Il and to avert premature mRNA export

(MacKellar & Greenleaf, 2011). SSRP1 is a component of the FACT complex required
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for productive transcription elongation on chromatin templates in vitro (Orphanides et al,
1998). The FACT complex possesses histone chaperone activity and could promote
H2A-H2B eviction in front of RNA Pol Il and facilitates elongating Pol Il passage

(Orphanides et al, 1999).

Our identification of the H3K36 methylation writer and reader protein NSD3 as a
KDM5B interacting protein provides additional evidence connecting KDMS5B to
transcriptional elongation. NSD3 is a SET domain containing protein that can catalyze
methylation of H3K36 and contains a PWWP domain that specifically recognizes
H3K36me3 (Wagner & Carpenter, 2012). Knockdown of Nsd3 also decreases
H3K36me3 in vivo (Rahman et al, 2011). Interestingly, NSD3 is also part of another
intragenic histone demethylase complex associated with elongating Pol Il and P-TEFb,
further suggesting a role in transcription elongation (Fang et al, 2010). Moreover, the
Nsd3 gene is amplified in human breast cancer cell lines (Angrand et al, 2001) in which
Kdmb5b is often up-regulated (Lu et al, 1999; Yamane et al, 2007). We previously
reported that MRG15 could recruit KDM5B to intragenic regions. Kdmbb knockout
embryos are peri-implantation lethal (Catchpole et al, 2011) whereas Mrgl5 knockout
mice die at later embryonic stage (~E14.5) (Tominaga et al, 2005). This suggests that
additional KDM5B recruitment mechanisms exist. We examined whether NSD3
contributes to intragenic recruitment of KDM5B. First, we confirmed KDM5B-NSD3
interaction in ESCs and 293 cells. Second, our preliminary data suggest that knock
down of Nsd3 decreased KDM5B intragenic occupancy selectively at Kdm5b target
sites. Third, Nsd3 knockdown selectively decreased the expression of several KDM5B
target genes (Appendix Figure 3). These observations suggest additional mechanisms

by which KDM5B can be recruited to gene bodies and echo our previous observation
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that KDM5B is an important regulator of transcriptional elongation at transcribed

chromatin.

In summary, proteomics analysis of KDM5B-associated interactions reveals that
KDM5B may be a multifunctional chromatin modification enzyme participating in a
variety of chromatin-based nuclear processes, including transcription, DNA replication,
MRNA processing (splicing, poly-adenylation, mRNA export) et al. We have provided
multiple lines of evidence that KDM5B is targeted to actively transcribed chromatin via its
tight association with H3K36me3. MRG15 and NSD3 also interact and recruit KDM5B to
H3K36me3-enriched chromatin. Accumulating evidence suggests that H3K36me3
machinery can actively modulate transcription (Carrozza et al, 2005; Joshi & Struhl,
2005; Keogh et al, 2005; Lin et al, 2008; Morris et al, 2005), DNA replication (Filion et al,
2010; Kim et al, 2008a; Pryde et al, 2009), mRNA processing (Kolasinska-Zwierz et al,
2009; Luco et al, 2010; Schwartz et al, 2009; Spies et al, 2009). We propose that
H3K36me3 is a major mechanism linking KDM5B to transcriptional elongation, mRNA
processing and possibly DNA replication. Moreover, we propose that Nanog
downstream target Kdmbb is an important epigenetic regulator of ESC self-renewal
associated gene-network and DNA replication, which contributes to the highly

proliferative state and naive pluripotency.
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Conclusion

As summarized in Figure 4.1, | propose that KDM5B is the major epigenetic
module downstream of Nanog to mediate Nanog functionality in establishing and
maintaining naive pluripotent state. KDM5B uniquely activates a pluripotency-associated
gene network by repressing intragenic spurious initiation and shaping a H3K4me3
gradient important for productive transcriptional elongation. KDM5B sustains high
proliferative rate of ESCs by activating the cell cycle progression and DNA synthesis
gene-network module and possibly by directly interacting with DNA replication

machinery, in which the naive pluripotent state is forcibly established and inherited.
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Figure 4.1 Model of KDM5B in regulating naive pluripotent state.
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APPENDICES

Figures
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Appendix  Figure 1: Inhibiton of one zebrafish Kdmbb paralogue
(ENSDARGO00000003098) on chromosome 8 by two antisense morpholino
oligonucleotides (MO)—one blocking translation (MO_TB8) and the other blocking
splicing (MO_SB8). The effect of MO_SB8 was confirmed by RT-PCR that resulted in
the exclusion of exon 11 and production of a 633 amino acid truncated protein lacking
the catalytic JmjC domain. Similar results were obtained using a translation blocking MO
targeting to another zKdmb5b paralogue (ENSDARGO00000057093) on chromosome 11.
Injection of high doses of anti-zKdm5b MO resulted in a severe pre-gastrula
developmental arrest. Injection of lower dosage of MO caused a significant
developmental arrest, characterized by a smaller eye and body length, curved tail and
heart edema (left). No zKdm5b MO treated fish survived beyond 3 days post-fertilization

and co-injection of human Kdm5b mRNA could rescue the developmental defect (right).
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Appendix Figure 2: Functional classification and graphical visualization of components
of the KDM5B demethylase complex identified by mass spectrometry proteomics
analysis. KDM5B-associated proteins can be categorized into the following major
groups: transcription, chromatin modification, chromatin structure and dynamics, cell

cycle and DNA synthesis and mRNA processing or RNA binding.
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(A) List of potential Kdmbb-interacting polypeptides involved in

transcriptional elongation and mMRNA processing. (B) Reciprocal Co-IP confirmation of

Kdmb5b interaction with Nsd3, Ssrpl and Thoc4. (C) Nsd3 and Kdm5b ChIP analysis on

the intragenic Kdm5b ChIP-Seq peak region after shRNA-mediated Nsd3 knockdown.

(D) gRT-PCR analysis of the expression of Kdm5b activated target genes following Nsd3

knockdown.
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Appendix Figure 4. (A) IP-WB of Kdm5b in J1 ESCs using ab50958 anti-Kdm5b
antibody (affinity purified). (B) WB analysis of Kdm5b from J1 ESCs transfected with
multiple Kdm5b shRNAs (5B-1,2,5,6). 5B-2-Mut indicates a shRNA point mutant that
abolishes its RNAI activity. Nanog was used as loading control. (C) WB analysis of
Kdmb5b following Kdm5b knockdown in J1 ESCs. Nuclear extract was harvested. (D)
ChIP-gPCR of Kdmb5b intragenic ChIP signal following Kdm5b shRNA knockdown at
indicated ChlP-Seq peak regions. 18S promoter was used as a negative control. Kdm5b

ab50958 affinity purified antibody was used for all above experiments.
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Appendix Figure 5: Gene scaled tag profiles of deep sequenced Kdm5b ChIP-Seq
using abcam50958 antibody in ESCs (A). Kdm5b ChlIP-Seq was also performed using
Bethyl A301-813A anti-Kdm5b antibody in ESCs (C) and neural stem cells (D). Deep

sequenced MRG15 ChIP-Seq gene scaled tag profile in ESCs was also plotted in (B).
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Contributions to Figures

Carl Pelz developed the pipeline to analyze high-throughput sequencing data and
performed most of the bioinformatics analysis and gene-scaled ChIP-Seq visualization

using R in Chapter Two.

Soren Impey did immunofluorescence staining of Kdm5b in early mouse embryos in

Figure 3.2B.

Annelis Haft did the surgical injection of wide type ESCs and Kdm5b stable ESCs into
the kidney capsule and subcutaneously of Fah immunodeficient mice in Figure 3.4D.
Amir Bashar helped with taking representative pictures of three germ lineages from H.E.

staining section.

Soren Impey contributed to the Kdm5b reprogramming data in Figure 3.5E.
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