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Abstract Embryonic stem (ES) cells are derived from
blastocysts and are pluripotent. This pluripotency has
attracted the interest of numerous researchers, both to
expand our fundamental understanding of developmental
biology and also because of potential applications in
regenerative medicine. Systems biological studies have
demonstrated that the pivotal transcription factors form a
network. There they activate pluripotency-associated
genes, including themselves, while repressing the devel-
opmentally regulated genes through co-occupation with
various protein complexes. The chromatin structure char-
acteristic of ES cells also contributes to the maintenance of
the network. In this review, I focus on recent advances in
our understanding of the transcriptional network that
maintains pluripotency in mouse ES cells.

Keywords Pluripotency - ES cells -

Transcriptional network

1 Introduction

Pluripotency is defined as the capability of a cell to dif-

ferentiate into all the types of cells that make up an indi-
vidual [1]. Tests for pluripotency include the formation of
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embryoid bedies in vitro that will differentiate into the
three germ layers and in vivo contribution in chimeric mice
and confirmation of germline transmission. Another test is
teratoma formation, in which the cells are injected into
nude mice to determine whether such injection leads to the
development of tumors containing cells of all three germ
layers. Embryonic stem (ES) cells, first reported in 1981
from the inner cell mass (ICM) of mouse E3.5 blastocysts
[2, 3], can be stably cultured in vitro while maintaining
pluripotency, and the properties of ES cells have allowed
detailed analysis of the molecular mechanism maintaining
pluripotency. Because the area is progressing rapidly, in
this review, I focus on recent advances related to the
transcriptional network that maintains pluripotency in
mouse ES cells.

2 ES cells and other types of pluripotent stem cells

Before looking into the mechanism in detail, 1 briefly
introduce other types of pluripotent stem cells that have
recently been reported, and summarize their points of dif-
ference from mouse ES cells. Epiblast stem cells (EpiSCs)
are derived from post-implantation embryos (E5.5-7.75),
which contain the epiblast, a pluripotent derivative of the
ICM [4, 5]. EpiSCs require fibroblast growth factor 2
(Fgf2, Mouse Genome Informatics, also known as bFgf)
for growth. They have been shown to rely on Activin/nodal
signaling, but do not show dependency on leukemia
inhibitory factor (Lif) [4, 5], which is essential to maintain
pluripotency in ES cells (sce below). These features of
EpiSCs are similar to those of human ES cells [6], and
there may be a correspondence between the two.
Although EpiSCs can form teratomas, they provide only
a very limited germline contribution in chimeric mice, and
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the gene expression pattern of EpiSCs is slightly different
from that of ES cells, suggesting that the transcriptional
network maintaining EpiSC pluripotency is regulated by a
different mode [4, 5). In fact, the expression of the central
transcription factor gene Oct3/4 is regulated by different
regulatory regions in ES cells and EpiSCs (see below) [5].
Upon stimulation by Activin and Fgf2. ES cells can con-
vert/ditferentiate to EpiSCs, while EpiSCs are unable to
revert/dedifferentiate to ES cells with the addition of Lif.
This suggests that EpiSCs are in a more advanced or
committed developmental stage than are ES cells {7].

FAB-SCs, another form of pluripotent stem cell, are
derived from blastocysts (E3.5) by culturing with three
designated factors: Fgf2, Activin, and the GSK3f inhibitor
BIO, which is an agonist of wingless-related MMTV
integration site (Wnt) signaling [8]. Although common
molecular markers for pluripotency are expressed. FAB-
SCs do not differentiate. However, upon stimulation by Lif
and by bone morphogenetic protein 4 (Bmp4) and through
cell—cell interaction including E-cadherin signaling, these
cells can acquire differentiation capability similar to that of
ES cells. This suggests that the FAB-SCs are in a “latent”
state of pluripotency [8], which is probably maintained by
somewhat different transcriptional network from that of the
ES cells. To avoid confusion by integrating information
derived from different types of pluripotent stem cells, in
the following sections, 1 focus on mouse ES cells, and
particularly on the transcriptional network in those cells, to
understand the molecular mechanism maintaining
pluripotency.

3 Extracellular signaling that regulates self-renewal
of ES cells

Several soluble factors have been identified that exert
either positive or negative effects on ES cell self-renewal
(cell proliferation while maintaining pluripotency) (Fig. 1).
ES cells secrete an unidentified stem cell autocrine factor
(SAF) to promote proliferation [9]. Presumably, this
activity can be mimicked by high concentrations of adre-
nocorticotropic hormone (ACTH), which is known to
induce proliferation in some types of cells. ACTH pro-
motes proliferation in ES cells, probably through the
inhibition of adenylyl cylase (AC) activity regulated by G-
protein coupled receptors {GPCR). Alternatively, the SAF
could be BNP known to be involved in cellular prolifera-
tion. In ES cells, BNP promotes proliferation through the
activation of the E26 avian leukemia oncogene 1, 5
domain (Ers]) and through repression of gamma-amino-
butyric acid receptor A (GABAaR) [10], which negatively
regulates proliferation by activating the phosphatidylino-
sitol-3-OH kinase-related kinase (PIKK) family including
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ataxia telangiectasia mutated homolog (Atm) [11]. The
above soluble factors might contribute to the characteristic
cell cycle profile of ES cells, with few cells in the G phase
and most of the cell population in the S phase. In this mode
of cell cycle, a pivotal role is played by phosphatidylino-
sitol-3-OH  kinase-Akt (PH3)K/Akt). That pathway is
activated by Ras (Eras), a constitutively active form of
Ras-family small GTPase that is expressed specifically in
ES cells [12]. Several factors are essential in ES cell self-
renewal, including T-cell lymphoma breakpoint 1 (Tcll)
[13-15] and myeloblastosis oncogene-like 2 (Mybl2, also
known as b-Myb) [16-18], known to be involved in the
regulation of the PI(3)K/Akt pathway (for details, see the
excellent available reviews) [19, 20].

Lif, a member of the IL-6 family, is known to strongly
promote self-renewal in ES cells [21]. Lif binds to leuke-
mia inhibitory factor receptor (LIFR) to dimerize with
interleukin 6 signal transducer (/l6st, also known as
gp130)., resulting in the phosphorylation of signal trans-
ducer and activator of transcription 3 (Stat3) via Janus
kinase (Jak) activation [22]. Phosphorylated Stat3 dimer-
izes and translocates to the nucleus to activate a variety of
downstream genes, including myelocytomatosis oncogene
(Myc, also known as c-Myc) and Kriippel-like factor 4
(Kif4) [23, 24]. Repression of Stat3 results in differentia-
tion [25], whereas artificial activation of Stat3 is sufficient
to maintain pluripotency without Lif in the media [26]. In
addition to Stat3, Lif signaling pathways are transduced to
the PI(3)K/Akt pathway through which T-box3 (Thx3) is
activated, while activity is repressed by the mitogen-acti-
vated protein kinase (MAPK) pathway which is also acti-
vated by the Lif signal [24, 27]. Repression of Thx3 results
in differentiation [28]. Forced expression of Thx3 blocks
differentiation in the absence of Lif, by maintaining Nanog
homeobox expression (Nanog, see below) [24].

In combination with the Lif-Stat3 pathway, the pluri-
potency of ES cells is modulated by wransforming growth
factor f# (TGFf5) superfamily members. These include Bmp
and Activin, which generally play diverse roles in cellular
homeostasis [29]. In the ES cells, Bmp4 activates the MAD
homolog 1 (Smadl). This upregulates the expression
inhibitor of DNA-binding genes (/d), which suppress dif-
ferentiation in combination with the Lif signal [30]. Acti-
vin/nodal signaling, which is known to have generally the
opposite effect on Bmp4 [29], also contributes to promote
the growth of ES cells [31]. In the latter siudy, Bmpd
signaling was shown to be dispensable for maintaining
pluripotency. This finding, which appears contradictory,
may reflect differences in the media components. That
would affect the composition of the ES cell subpopulation
based on the gene expression profile, as represented by the
expression of the zinc-finger protein 42 gene (Zfp42, also
known as Rexl) {32].
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Fig. 1 External signals

2N

contributing to seif-rencwal of Wnt
ES cells. Wat, Lif, and Fgf4 act 1
to modulate the transcriptional
nctwork regulating Fz
pluripotency/differentiation, as Cytoplasm
well as to modulate cell cycle l
progression through the
regulation of genes including GSK3p Jak
Eras and Tcll. The molecules
Apc 1

shown in white and black boxes
represent, respectively, positive
and negative regulation (as a
main function) for self-renewal.
Popular terms for these factors
have been used here for the case

of understanding Kif4

1

Stat3

1
B-catenin / \

UIFR/gp130 = FgiRZ2 == GPCR = GABAaR —— NPR =

LI\

Grb2 AC PIKK GABAaR

Ll

Mek e Cell cycle progression
Myc Tbx3 Nanog

L

]

Core transcriptional network —» Eras, Tcll etc.

Pluripotency maintenance  =—————ee————p

Wat signaling also contributes to the maintenance of
pluripotency. In the canonical Wnt pathway, the Wnt
receptor Frizzled (Fzd) transduces the signal to glycogen
synthase kinase 3f (GSK3f) and adenomatosis polyposis
coli (Apc). This enables catenin beta I (Cinnbl, also
known as f-catenin) to translocate into the nucleus to form
the Ctnbl/Tcf complex, which in turn activates the
downstream genes [33]. Repression of Apc in ES celis
causes resistance to differentiation in the media in the
absence of Lif [34]. Administration of Wnt proteins, such
as Wnt3a, WntSa and Wnt6, or BIO can contribute to
maintaining the pluripotency of ES cells [35-37]. Inhibi-
tion of GSK3f, in combination with Fgt and Erk signaling
inhibitors (see below), enhances the self-renewal of ES
cells in a defined culture system [38]. In fact, in the pres-
ence of Wat signaling, transcription factor 3 (Tef3) acti-
vates the downstream genes that promote pluripotency
maintenance by collaborating with the pivotal transcription
factors Oct3/4, Sox2 and Nanog (sce below).

ES cells secrete fibroblast growth factor 4 (Fgf4) in an
autocrine manner, which stimulates a Ras-Erk signaling
cascade to induce differentiation. ES cells lacking Fgf4
show resistance to differentiation [39]. The tyrosine kinase
receptor of Fgfd transduces the signal to Ras and Grb2,
which are necessary to induce differentiation [40]. Loss of
Erk2 suppresses differentiation in ES cells [39]. Moreover,
ES cells can be maintained in a pluripotent state in the
absence of growth factors or cytokines through the inhi-
bition of differentiation cues. This is done using inhibitors
that target the Fgf receptor tyrosine kinases and the MAPK
kinase 1/2 (Mekl/2, Erk activating enzymes) [38]. The
downstream genes for Fgl signaling are largely unclear, as
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the target molecules of the activated Erk show coensiderable
divergence, while Thx3 might be involved in the negatively
regulated targets [24].

4 Transcription factors

As described above, extracellular signaling is transduced to
the nucleus through transcription factors including Stat3
and Tcf3. Those factors listed below are part of the tran-
scriptional network and play a central role in maintaining
pluripotency.

Oct3/A4, also known as PouSf1, was initially described as
either Oct3 or Oct4 by three different research groups [41-
431, so the official designation includes both names. Oct3/4
consists of a POU domain as a DNA-binding domain, and
two transactivation domains which lie on the N terminus
and the C terminus, respectively [44). The expression of
Oct3/4 is restricted in pluripotent cell lineages such as ICM
and germ cells in vivo and undifferentiated ES cells in
vitro, where it plays an indispensable role in maintaining
pluripotency [41-43, 45, 46]. The regulatory regions of
Oct3/4 described to date consist of the proximal promoter
(PP), proximal enhancer (PE), and distal enhancer (DE).
DE activity is prom:nent in ICM, germ cells and ES cells,
whereas in the post-implantation epiblast, EC cells and
EpiSC, there is a decrease in DE activity and PE activity is
dominant [3, 47]. DE activity depends on both the Oct—Sox
motif and another motif bound by unknown ubiquitous
factor(s) [48]. PE is activated by Nr3a2 (also known as
liver receptor homolog |, Lril), and Nr3a2 knockout
embryos show loss of Oct3/4 expression in the epiblast
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[49]. PP is regulated by a variety of nuclear receptors. The
activators include Nr5al (also known as steroidogenic
factor 1, §f1) [50]. Rxrb (retinoid x receptor beta) and
Nr5a2 [49. 51]. The repressive factors include Nr2fI (also
known as chicken ovalbumin upstream promoter-tran-
scription factors 1, Coup-tfl) [51], Nr2f2 (also known as
Coup-tflly [51], and Nr6al (also known as germ cell
nuclear factor, Genf) [52]. Nr6al repression in the embryo
results in de-repressed Oct3/4 expression in somatic lin-
eages of that embryo, indicating that Nr6al is necessary to
restrict Oct3/4 expression in pluripotent cell lineages [52].

Qct3/4 regulates a broad range of target genes. From a
developmental perspective, the main target is caudal type
homeo box 2 (Cdx2). repression of Oct3/4 in ES cells
results in differentiation into trophectoderm through
upregulation of Cdx2, and forced expression of that gene
induces differentiation into trophectoderm [53]. Oct3/4 has
been known to activate downstream genes by binding to
enhancers carrying the octamer-sox motif (Oct-Sox
enhancer), for synergistic activation with the SRY-box
containing gene 2 (Sox2).

Sox2 expression is detected in pluripotent cell lineages
and in the nervous system [54]. Sox2 consists of a DNA-
binding HMG domain and a transactivation domain that
can be divided into three subdomains [55]. The involve-
ment of Sox2 in pluripotency maintenance was first sug-
gested by the occupation of an enhancer consisting of
octamer and sox binding motifs (Oct-Sox enhancer) in the
regulatory region of Fgf4 [56]. Oct-Sox enhancers are
found in the regulatory region of most of the genes that are
specifically expressed in pluripotent stem cells, such as
Oct3/4, Sox2, Nanog, Utfl, Lefty and Fbxl5 [48, 57-62].
Repression of Sox2 in vivo will result in early embryonic
lethality due to the failure of ICM maintenance, indicating
that Sox2 is necessary for the maintenance of pluripotent
stem cells [54]. On the other hand, repression of Sox2 does
not affect the activity of the Oct—Sox enhancer in ES cells,
suggesting that Sox2 and other Sox members expressed in
these cells, including Sox4, Sox11 and Sox!5. might be
redundantly involved in Oct—Sox enhancer activation [63,
64]. Because the differentiation induced by repression of
Sox2 can be rescued by forced expression of Oct3/4, the
primary role of Sox2 in ES cell self-renewal is to maintain
Oc13/4 expression [64].

Nanog, named after Tir Na Nog (land of the ever
young)., was discovered through digital differential
screening based on the expression patterns confined to ES
cells [65], and by functional screening based on the capa-
bility to maintain pluripotency in the absence of Lif [66].
Nanog consists of three domains: a homeodomain similar
to the NK-2 family, which acts as a DNA-binding domain,
and the transactivation domains at the N-terminal and C-
terminal, through which Nanog dimerizes to exert its full
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activity [67, 68]. Loss of Nanog in vivo results in early
embryonic lethality [65]. However, Nanog-null ES cells
can be established and still maintain pluripotency, albeit
with an increasing tendency to differentiate, indicating that
Nanog is not absolutely required to establish the pluripo-
tency transcriptional network [69]. Nevertheless, because
forced expression of Nanog increases the tendency toward
undifferentiation under conditions that would normaily
favor differentiation, the function of Nanog can be seen as
stabilization of pluripotency [69]. From a developmental
point of view, one major role of Nanog might be the
repression of GATA-binding protein 6 (Gara6), the forced
expression of which induces differentiation into ExEn cells
[70]. In the blastocyst, Gata6 is first expressed in some
cells of the ICM, most of which differentiate into extra-
embryonic endoderm cells. Nanog expression and Gata6
expression are mutually exclusive, suggesting that Nanog
suppresses differentiation into extraembryonic endoderm
cells [71].

KIif4, containing C2H2-type zinc-finger motifs, regulates
numerous processes including proliferation and differenti-
ation in general [72]. In ES cells, K1f4 participates in the
activation of an Oct-Sox enhancer in cooperation with
Oct3/4 and Sox2 [62], and forced expression of K4
maintain pluripotency in the absence of Lif. KIf4 might
regulate transition between different states of pluripotency.
Kif4 is strongly expressed in ES cells, but not in EpiSC,
and forced expression of Kif4 in EpiSC can convert/
reprogram some (although not many) of these cells to ES
cells [7]. The KIf4 function in pluripotency may be sup-
ported by redundant KIf family members. Although loss of
Kif4 does not seem to cause any defects in the pluripotency
of ES cells or in the early embryo [62, 73], differentiation
is induced by the simultaneous repression of Kif2, Kif4, and
KIf5. This outcome suggests that these three molecules act
redundantly to maintain pluripotency [74]. In fact, each of
the three Kif factors in combination with Oct3/4, Sox2, and
Mye can reprogram somatic cells into pluripotent stem cells
(see below) [75]. On the other hand, KIf¢ and KIf5 have
slightly different functions in the proliferation of ES cells.
Kif4 suppresses that proliferation, while KIf5 promotes it
via the Tcll-Akt pathway [15].

Myc is a potent oncogene, and is known to strongly
promote proliferation {76]. In ES cells, Myc expression is
regulated by Lif-Stat3 signaling. Stat3 activated by Lif
signaling binds directly to the regulatory region of Myc to
activate expression [23]. The sustained expression of a
constitutive active form of Myc is sufficient to maintain
pluripotency in the absence of Lif, whereas its dominant
negative form antagonizes the maintenance of pluripotency
and promotes differentiation [23].

The sal-like 4 (Sall4) gene belongs to the spalt family
(CZH2 zinc-finger protein genes), conserved from
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drosophila to human and playing a variety of important
roles in development [77]. Repression of Sall4 in the early
embryo results in lethality due to ICM/epiblast defects [78,
79], although in rare cases ES cells can be established from
the homozygote blastocysts [80]. Although Sall4 may
promote Oct3/4 expression [81], Sall4 might not be abso-
lutely necessary for the maintenance of pluripotency, since
Sall4-null ES cells are still pluripotent [ 79, 82]. In ES cells,
repression of Sall4 prolongs the G1 phase and thus retards
proliferation [79, 821. In the nucleus, Sall4 localizes in the
heterochromatin region, implying a genome-wide repres-
sive function [79]. In fact, Sall4 is involved in the NuRD
complex (see below) to repress developmentally regulated
genes including Cdx2 [82, 83]. Collectively, Sall4 pro-
motes self-renewal of ES cells through promoting prolif-
eration and repression of the target genes.

Estrogen-related receptor beta (Esrrb) has been known to
play an essential role in placenta formation [84]. The Esrrb
function is also necessary in ES cells, as differentiation is
induced by the repression of Esrrb [28]. Esib directly
interacts with Oct3/4 to activate various downstream genes,
including Nanog, in which the regulatory region carries the
Esmrb-binding site, the degenerated 9-bp estrogen-related
receptor response element (ERRE). The expression of Esrrb
is in turn regulated by Oct3/4 and Nanog.

REI silencing transcription factor (Rest, also known as
NRSF) is a transcriptional repressor that targets a group of
neuronal genes by binding to the REl element in non-
neural cells [85]. Rest may be essential for pluripotency
maintenance in ES cells, as repression of Rest reduces the
expression level of transcription factors such as Oct3/4 and
Nanog, derepressing the expression of several microRNAs
including miR21 to suppress the pluripotency maintenance
mechanism [86]. However, other researchers have reported
that Rest-null ES cells can be established and that those
cells express normal levels of pluripotency markers
including Oct3/4 and Nanog [87], hence, the contribution
of Rest within the core transcriptional circuit is still con-
troversial [88, 89].

Tcf3 belongs to the T-cell factor/lymphoid enhancer
factor (TCF/LEF) family, which binds to Wnt-response
elements (WRE: C/T-C-T-T-T-G-A/T-A/T) via their HMG
domain [90]. In the absence of Wnt signaling, or where
such signaling is only present at low levels, TCF/LEFs acts
as a component of a repressive complex, while in the
presence of Wnt, TCF/LEF -forms an activating complex
with Ctnnbl to promote the expression of downstream
genes [90]. This is the canonical Wnt signaling pathway, in
which Tef3 positively or negatively regulates pluripotency
in ES cells. T¢f3 repression derepresses Nanog, producing
resistance to differentiation. while stimulation of Wnt
signaling upregulates the expression of genes for pivotal
transcription factors such as Oct3/4 and Nanog [91-94].

C2H2-type zinc-finger protein Zfx is involved in the
proliferation of ES cells and hematopoietic stem cells {95].
In ES cells, repression of Zfx compromises proliferation
while retaining differentiation capability. Forced expres-
sion of Zfx promotes ES cell proliferation by antagonizing
differentiation through activation of Thx3 and T¢ll. both of
which play essential roles in pluripotency maintenance and
proliferation {95].

Ronin, whose products contain a DNA-binding THAP
domain for epigenetic silencing of gene expression [96,
971. is expressed primarily during the earliest stages of
embryonic development, and its absence is lethal at the
peri-implantation stage in knockout embryos due to ICM
defects [98]. Ronin repression in ES cells induces prolif-
eration defects, while forced expression of Ronin allows ES
cells to maintain pluripotency in the absence of Lif via an
unknown pathway independent of Star3 [98]. Ronin also
acts on pluripotency maintenance through a pathway
independent of the core transcription factors, as forced
expression of Ronin partially rescues the differentiation
induced by Oct3/4 repression, and the regulation of Ronin
expression does not depend on Oct3/4, Sox2 or Nanog (thus
the designation Ronin, named after masterless Japanese
samurai) [98]. Although the Ronin function is largely
unclear, it involves the repression of global transcription,
probably through the formation of a complex with HCF-1,
a transcriptional regulator that has a variety of functions
including transcriptional repression and cell proliferation
[98, 99].

5 Protein complexes regulating transcription

The functions of the transcription factors discussed above
are controlled by associated co-activators and co-repressors
(Fig. 2). Nanog physically interacts with transcription
factors such as Oct3/4, Salld, the dosage-sensitive sex-
reversal adrenal hypoplasia congenital critical region on
the X-chromosome gene | (NtObl, also known as Daxl),
the BTB-domain containing protein related to Drosophila
bric-a-brac/tramtrack (Naccl) and Zfp281 (also known as
the mouse homolog of human zinc-finger protein ZBP99),
each of which are involved in distinct protein complexes
contributing to transcriptional regulation by Nanog [100].
Naccl, NrObI, and Zfp281 are necessary to maintain plu-
ripotency [100, 101]. Nacc! and Salll/4 interast with the
nucleosome remodeling and histone deacetylation (NuRD)
complex to repress the downstrcam genes [82, 83, 100,
102]. On the other hand, NuRD is not necessary for the
self-renewal of ES cells, since repression of the gene for a
NuRD component, methyl-CpG binding domain protein 3
(Mbd3), results in failure to commit to developmental
lineages [103]. Nanog (and Oct3/4) interact with another
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Fig. 2 Transcriptional network
maintaining pluripotency while
keeping differentiation
capability. Core transcription
factors including Oct3/4, Sox2,
and Nanog co-operated with
various protein complexces to
positively or negatively regulate
the target genes. Many core
transcription factors co-operate
to activate genes for
pluripotency, whereas in the
developmentally regulated
genes only a few of these factors
are used for the repressing
mechanism. This presumably
includes the recraitment of
PRC2, which is responsible for
H3K27me3 modification where
PRCI is recruited to repress the
target genes. Curved arrows
indicate modification on
histones. Protein complexes are
shown in circles. Thin broken
{ines with and without
arrowheads indicate association
with and involvement with
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Hdac1/2- and Mtal/2-containing complex, NODE (for
Nanog and Oct3/4 associated deacetylase), to co-occupy
and repress Nanog-target genes [104]. Repression of Mtal
derepresses the expression of developmentally regulated
genes and induces ES cell differentiation {104].

Nanog and Oct3/4 co-occupy the downstream genes
with Pol Il-associating factor | complex (PaftC) [105].
PaflC is generally known to be involved in multiple pro-
cesses, such as transcription initiation and elongation,
transcript start site selection, and histone modification
[106]. The components of PaflC, including Cu9, are
expressed at higher levels in ES cells, and are downregu-
lated during differentiation. Repression of Cu9 causes
expression changes similar to Oct3/4 or Nanog depletions.
and induces differentiation, whereas forced expression of
Cu9 blocks ES cell differentiation. In ES cells, PafiC
binds to the promoters of pluripotency genes, where it is
required to maintain a transcriptionally active chromatin
-sirticture through the maintenance of H3K4me3. On the
other hand, in the lineage-control genes being repressed in
ES cells, PaflC is required not for the maintenance of
H3K4me3, but instead for the maintenance of histone H3
lysine 27 trimethylation (H3K27me3, repressive chromatin
mark), indicating that PaflC supports pluripotency by
maintaining the chromatin structure characteristic of ES
cells (see below) [105].
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Nanog recruits the Tip60-p400 histone acetyltransferase
(HAT) and nucleosome remodeling complex (Tip60-p400)
[107], which is normally involved in DNA repair and
proliferation [108]. Localization of ElA-binding protein
p400 (Ep400, also known as p400) to the promoters of both
silent and active genes is dependent on histone H3 lysine 4
trimethylation (H3K4me3, active chromatin mark) and the
presence of Nanog, since depletion of either Ash2l (a
component of the H3K4me3 catalytic complex) or Nanog
reduces Ep400 binding to target promoters. Repression of
Ep400 deregulates the genes for developmental regulators,
which significantly overlap with the downstream genes of
Nanog, so that Tip60-p400 is necessary to maintain pluri-
potency. At the target promoters, Tip60-p400 acetylates
histones including H4 for the proper regulation of gene
expression [107].

ES cells express specific components of BAF (Brg/
Brahma-associated factors), also called SWISNF ATP-
dependent chromatin-remodeling complexes, to form es-
BAF [109]. The components of esBAF include Smarcad
{also known as Brgl) and Smarccl (also known as
BAFI155). The repression of these components induces
differentiation in ES cells, indicating that esBAF is
essential to maintain pluripotency. Although BAF complex
is also found in differentiated cells, its composition in those
cells differs from that in esBAF. Smarcc2 (also known as
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BAF170) is found in the BAF complex in differentiated
cells, but not in esBAF, and the forced expression of
Smarcc? induces differentiation, suggesting that a specific
subunit composition is required for pluripotency mainte-
nance {109]. Smarcad physically interacts with Oct3/4 and
Sox2, and they co-occupy promoter regions of the pluri-
potency genes and developmentally regulated genes.
Depending on the genetic context, esBAF functions as
either a repressor or an activator in controlling the ES cell
transcriptional circuit [109, 110].

6 Epigenetic factors

To initiate the differentiation process in precise timing, the
developmentally regulated genes need to be poised for
transcription in ES cells. Most transcriptionally silent
developmentally regulated genes, such as the Hox family
are repressed by polycomb repressor complexes (PRCs). In
general, PRC2 catalyses trimethylation of H3K27, which is
thought to provide a recruitment site for PRC1 (Fig. 2)
[111]. In ES cells, PRCI and PRC2 components co-occupy
most of the target genes, where PRCs may be recruited by
the core transcription factors such as Qer34 [112, 113].
Repression of both RinglA and RinglB, the components of
PRCI, results in complete differentiation of ES cells [112],
whereas repression of either SuzI2 or Eed, the components
of PRC2, derepresses the expression of the target genes and
compromises differentiation capability [114, 115], indi-
cating that PRCs are necessary for maintenance and exe-
cution of pluripotency [20]. Target regulation by PRCs
involves the histone H2A variant H2AZ, which in general
is implicated from yeast to human in many DNA-mediated
processes, including gene regulation [116]. In ES cells,
H2AZ and PRCs co-occupy the promoter regions of
developmentally regulated genes, which are derepressed in
the H2AZ-repressed ES cells, as seen with either Suz/2 or
Fed, resulting in failure to undergo differentiation [117].
These target genes often have a “bivalent” chromatin
structure, consisting of both H3K4me3 and H3K27me3 and
poised for the initiation of expression [113, 117-119]. In
fact, at the promoter regions, the bivalent gene RNA
polymerase I (RNAP) complexes are assembled and
phosphorylated on Ser 5, which marks inactive or poised
genes, and are actually transcribed at low levels [120]. The
mechanism of the repression involves histone H2A ubig-
pitination by PRCI, as repression of RinglA and RinglB
results in the sequential loss of H2A ubiquitination, the
release of poised RNAP, and subsequent gene derepression
[120].

CpG methylation is also known to play important roles
in epigenetic gene silencing and development. CpG DNA

methylransferases, Dnmtl, Dnmt3a  and Dnmt3b,

~

coordinately regulate CpG methylation in the genome
[121]. In ES cells, CpG methylation is dispensable to the
maintenance of pluripotency, as triple knockout ES cells
(Dnmtl, Dnmt3a, and Dnmit3b) are capable of self-renewal
[122]. However, a subset of developmentally regulated
genes that are methylated at promoters in wild-type mES
cells are derepressed in the triple knockout ES cells, while
these genes lack either bivalent chromatin structure or
association with PRC components or core transcription
factors. These findings suggest that, within the promoter
region of ES cells, CpG methylation represents a distinct
epigenetic program that complements other regulatory
mechanisms to ensure appropriate gene expression [123].
On the other hand, in distant regions (outside the promaot-
ers) such as the highly conserved non-coding clements
(HCNE), which tend to be regulatory regions of develop-
mentally regulated genes carrying a bivalent chromatin
structure [118], the CpG methylation level is differentially
regulated during cellular differentiation, probably regulat-
ing the accessibility of transcription factors to ensure the
transcriptional network [124].

In addition to regulation in genic regions, transcription
in ES cells is regulated at a genome-wide level. Intergenic
sequences are broadly transcribed to express large inter-
vening non-coding RNAs (lincRNAs), evolutionally con-
served multi-exonic RNAs [125]. There are more than a
thousand lincRNAs among different cell types. In ES cells,
the core transcription factors regulate the expression of
some lincRNAs, which play a role in pluripotency main-
tenance and differentiation [125]. Moreover, the synthesis
of global mRNA is enhanced in ES cells. Transcriptional
hyperactivity is accomplished by the elevated expression of
chromatin-remodeling genes, such as Smarca4 and the
general transcription machinery including TATA box-
binding protein (Thp) [126]. In fact, normally silent repeat
regions are active in ES cells, and tissue-specific genes are
sporadically expressed at low levels [126]. The mechanism
for regulation of these normally repressed regions may
involve the proteasome system. Inhibition of proteasome
activity by either chemical (MG132) or siRNA targeting to
26S proteasome components (such as B4) increases the
binding of transcription factors and RNAP in regulatory
regions of normally repressed genes in ES cells, resulting
in the activation of cryptic promoters in intergenic regions,
This suggests that these factors restrict permissive tran-
scriptional activity while keeping the genes in a potentiated
state, ready for activation at later stages via assembly of the
26S proteasome [127].

This hyperactive transcription in ES cells might be
supported by the hyperdynamic chromatic structure, which
is potentially permissive of transcription. There is loose
binding of the heterochromatin component HP1, the linker
histone HI, and core histones. and these factors display
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highly dynamic movement in ES cells as compared to
differentiated cells [128)]. Repression of histone cell cycle
regulation defective homolog A (Hira), the nucleosome
assembly factor, results in elevated levels of unbound
histones, and differentiation is accelerated. In contrast,
differentiation arrest is displayed in ES cells expressing
either mutant H! with increased chromatin-binding
capacity or shRNA targeting Chdl thal is required for
maintain euchromatin, indicating that the hyperdynamic
chromatin structure is essential to pluripotency mainte-
nance [128, 129]. Widespread in ES cells, transcription
becomes restricted as differentiation proceeds. This may
involve the formation of large organized chromatin K9
modifications (LOCKs), the histone H3 lysine 9 dimethy-
lation (H3K9me2, repressive histone mark) enriched
regions encompassing up to several mega bases [130]. The
formation of LOCKs is a function of euchromatic histone
lysine N-methyltransferase 2 (Ehmt2, also known as G9a),
which catalyzes the methylation of H3K9 [130, 131].

7 Regulations at post-transcriptional level

Translation of transcripts is regulated in ES cells. At the
global level, ribosome loading on transcripts increases
during differentiation, thereby enhancing translational
efficiency through signaling pathways including the
mammalian target of rapamycin (nTOR; a downstream
effecter for PI3K/Akt-mediated regulation). This suggests
that the protein synthesis capacity in undifferentiated ES
cells is poised to allow rapid elevation of translation rate in
response to differentiation signals [132]. At specific mRNA
levels, the expression of the core transcription factor pro-
teins is regulated by microRNA (miRNA). The expression
of miR-134, miR-296 and miR-470 is upregulated upon
differentiation induction, to target the coding sequence of
Oct3/4, Sox2, and Nanog mRNA leading to the downreg-
ulation of the protein (andfor mRNA) levels, probably to
ensure the progress of the differentiation process [133].
The expression of these developmentally regulated miR-
NAs is repressed by PRCs and the core transcription fac-
tors, as seen in the transcription factors that are
developmentally regulated. The core transcription factors
also promote a subset of miRNA expression, such as miR-
290 and miR-302, through which they fine tune the
expression level of components of pluripotency mainte-
nance and proliferation [134]. The developmentally regu-
lated miRNAs include let-7, which regulates a diverse
process including differentiation and proliferation through
translational regulation of the various target mRNAs [135].
The processing/maturation of let-7 is blocked by Lin28
[136, 137], which is capable of establishing human induced
pluripotent stem (iPS) cells in conjunction with Oct3/4.
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Sox2, and Nanog [138], suggesting that let-7 negatively
regulates pluripotency maintenance.

The activity of Oct3/4 and Sox2 is regulated by the
nuclear import pathway. Nuclear proteins are known to be
selectively imported into the nucleus by transport factors,
such as karyopherin (importin) [139]. In ES cells, Oct34 is
selectively imported into the nucleus by Kpnal (karyoph-
erin alpha 1), whereas Xpo4 (exportin 4), another member
of Ran-regulated nuclear transport receptors including
karyopherin, facilitates nuclear import of Sox2, contribut-
ing to pluripotency maintenance [ 140].

The pluripotency machinery consisting of the core
transcription factors should disappear precisely on schedule
during the course of differentiation to ensure the estab-
lishment of a transcriptional network of differentiated cells.
Upon induction of differentiation, the activity of Caspase-3
is upregulated to cleave the substrates including Nanog and
presumably Ronin [98, 141]. Forced expression of the
constitutive active Casp3 (the gene of Caspase-3) induces
differentiation, whereas Casp3 knockout ES cells become
refractory to differentiation stimulus, indicating that the
regulation of caspase activity is essential in both pluripo-
tency maintenance and initiation of differentiation [141].

8 Transcriptional network to maintain pluripotency

How do these factors maintain pluripotency in the system
as a whole? Genome-wide studies have revealed that Oct3/
4. Sox2, Nanog, KIf4, Tcf3, and Stat3 tend to co-occupy the
target genes associated with cellular differentiation status,
whereas genes involved in the proliferation process seem to
be co-occupied by a distinct group of transcription factors
including Zfx and Myc [92, 142, 143]. With greater binding
of the transcription factors categorized in the former group,
the target genomic regions tend to carry enriched
H3K4me3 to function as an ES cell-specific enhancer,
possibly corresponding to those substances previously
identified as Oct—-Sox enhancers, while binding of a single
transcription factor marks the repressive transcriptional
state, H3K27me3 (Fig. 2) [142, 143]. This mechanism may
involve recruitment of PRCs and/or several other protein
complexes that contribute to activating/repressing activities
of the core transcription factors as described above. The
expression of these epigenetic factors. including PRC
components and histone modification enzymes, is regulated
by the core transcription factors to self-stabilize an entire
molecular network consisting of transcriptome and epige-
nome. The example studied in detail includes Juijdla and
Jmjd2c, histone H3K9me2 and H3K9me3 (repressive
marks) demethylase genes, whose expression is regulated
by Oct3/4, thereby promoting the expression of the target
genes including Tell and Nanog, respectively [13, 14],



