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Summary. Oct4 is one of the most important
transcription factors required to maintain an
undifferentiated state (self-renewal) and pluripotency of
human and mouse embryonic stem (ES) cells as well as
early embryonic cells. In addition, Oct4 is the only
known transcription factor that has to be exogenously
introduced into differentiated cells to make induced
pluripotent stem (iPS) cells. Therefore, it is of great
importance to understand how Oct4 transcription is
regulated in ES cells and embryos and how it becomes
activated during iPS cell formation. In this article, we
will review the regulation of the mouse Oct4 gene from
the viewpoint of DNA methylation, binding of orphan
nuclear receptors, histone modifications and synergistic
effects with other pluripotency factors. We will also raise
several key questions that need to be addressed in future
work to improve our understanding of Oct4 gene
regulation and its essential role in self-renewal and
pluripotency.
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Introduction

Oct4, Sox2 and Nanog constitute a triad of
transcription factors that are critical for self-renewal and
pluripotency of human and mouse embryonic stem (ES)
cells and blastocyst inner cell mass (ICM) cells (Pesce
and Scholer, 2001; Chambers and Smith, 2004; Boiani
and Scholer, 2005; Niwa, 2007). The Oct4 protein
contains a POU domain that binds to the octamer
sequence, ATGCAAAT, or its inverse complement DNA
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located in the promoter or enhancer regions of its target
genes. Oct4 is specifically expressed in pluripotent cells,
including mouse and human ICM cells, ES cells, germ
cells, embryonic carcinoma cells and embryonic germ
cells. The ICM cells in Oct4”- mouse embryos lose
pluripotency and tend to differentiate into the trophoblast
lineage (Nichols et al., 1998). The concentration of Oct4
within a cell needs to be tightly regulated to allow for
self-renewal of ES cells because even a twofold increase
of the Oct4 protein induces differentiation toward
primitive endoderm and mesoderm and a 50% decrease
causes differentiation into trophectoderm (Niwa et al.,
2000). Although little is known about how the protein
level of Oct4 is precisely controlled in ES cells, there
should be a highly sensitive sensor mechanism that is
capable of detecting the level of the Oct4 protein and
sending suppression signals for its expression as the first
step in a negative feedback loop.

The importance of Oct4 for pluripotency has been
further highlighted by the recent invention of induced
pluripotent stem (iPS) cell technology (Takahashi and
Yamanaka, 2006; Maherali and Hochedlinger, 2008).
This technology creates pluripotent ES-like cells by
introducing up to four transcription factors, including
Oct4, into differentiated cells. Among the several
combinations of transcription factors needed to make
iPS cells, Oct4 is the only one that is always required to
be introduced from the outside. The majority of iPS
protocols do not require exogenous Nanog, which is
activated by Oct4 and other introduced factors.
Exogenous Sox2 can be also omitted if target cells, such
as neural stem cells, already express this protein (Kim et
al., 2009). A large number of original articles and review
papers have been published in the past few years on the
molecular mechanism of self-renewal and pluripotency;
however, large pieces are still missing from our
understanding of Oct4 gene regulation. This article will
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review the regulatory mechanism of Oct4 transcription,
focusing on chromatin modifications and other proteins
directly bound to the Oct4 locus.

Cis-regulatory elements and DNA methylation of the
Oct4 locus

The upstream of the transcriptional initiation site of
the mouse Oct4 gene contains three regulatory elements
for its transcription, including distal enhancer (DE),
proximal enhancer (PE) and proximal promoter (PP)
(Yeom et al., 1996; Niwa, 2007) (Fig. 1). The two
enhancers are differentially active depending on the
developmental stage of the mouse embryo. The DE
drives Oct4 expression in the ICM, ES cells and
primordial germ cells, while the PE activates Oct4
expression in epiblast cells. These three elements serve
as landmarks for protein binding and DNA methylation.
DNA methylation of these three elements reflects the
transcriptional status of the Oct4 gene. While they are
unmethylated in ES cells, these elements are methylated
in somatic cells which do not express Oct4 (Hattori et
al., 2004). The de novo DNA methyltransferases
Dnmt3a and Dnmt3b are responsible for the methylation
during differentiation of ES cells (Li et al., 2007). The
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transcription of Dnmt3a and Dnmt3b is indirectly
facilitated by ES cell-specific microRNAs, miR-290
through miR-295, which have been proposed to suppress
a transcriptional repressor for Dnmt3a and Dnmt3b, such
as Rbl2 (Sinkkonen et al., 2008).

When somatic cells are dedifferentiated and acquire
pluripotency, their Oct4 locus is expected to become
active, accompanied by DNA demethylation. Thus,
DNA demethylation of the Oc#4 locus has been routinely
monitored in several models of cell or nuclear
dedifferentiation. For instance, the Oct4 locus of somatic
cells undergoes demethylation when the cells are fused
with ES cells and reprogrammed to a pluripotent state
(Kimura et al., 2004). Demethylation is also observed
upon injection of somatic nuclei into oocytes (Byrne et
al., 2003) and upon incubation of somatic nuclei in
embryonal carcinoma cell extract (Freberg et al., 2007).
The demethylation of the three regulatory regions is
commonly examined to evaluate the similarity and
difference between iPS cells and ES cells. The first
protocol used to selectively grow iPS cells demonstrated
only partial demethylation of the Oct4 regulatory regions
(Takahashi and Yamanaka, 2006), which was one of the
challenges to improving the protocol. Subsequent
protocols enabled selection of iPS cells with fully
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Fig. 1. Regulation of Oct4 transcription through
DNA methylation and binding of orphan nuclear
receptors. During differentiation of mouse ES
cells, miR-290 through mir-295 indirectly
facilitate transcription of Dnmt3a and Dnmt3b,
which in turn methylate the DNA in the three
regulatory regions of the Oct4 gene. As a

% separate mechanism, retinoic acid induces
GCNF (early period) and ARP-1/COUP-TFII
Late and EAR-3/COUP-TFII (late period), both of

which bind to the PP. GCNF recruits Dnmt3a
and Dnmt3b to the PP, contributing to
suppression of the Oct 4 gene. In contrast,

activates Oct4 in undifferentiated ES cells
through an uncharacterized mechanism.
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demethylated Oct4 and other pluripotency genes
(Maherali et al., 2007; Okita et al., 2007; Wernig et al.,
2007).

Orphan nuclear receptors that regulate Oct4
transcription

Several nuclear orphan receptors bind to the
aforementioned three regulatory elements to activate or
suppress Oct4 transcription in mouse ES cells (Mullen et
al., 2007) (Fig. 1). The best characterized orphan nuclear
receptor involved in the regulation of Oct4 transcription
is germ cell nuclear factor (GCNF). This protein is
rapidly upregulated during differentiation of ES cells by
retinoic acid and suppresses Oct4 transcription through
binding to the PP and recruiting Dnmt3a and Dnmt3b
(Gu et al., 2005b; Sato et al., 2006). The suppressive role
of GCNF is physiologically important to restrict Oct4
expression in the germ cell lineage in mouse embryos
(Fuhrmann et al., 2001). Two other orphan receptors,
ARP-1/COUP-TFII and EAR-3/COUP-TFI, also bind to
the PP and suppress Oct4 transcription (Schoorlemmer
et al., 1994; Sylvester and Scholer, 1994; Ben-Shushan
et al., 1995). These two proteins are also increased upon
treatment of embryonal carcinoma cells with retinoic
acid. However, they may not be the primary regulators
of Oct4 suppression since they are expressed after Oct4
has already begun to be downregulated by retinoic acid
(Ben-Shushan et al., 1995; Mullen et al., 2007). Another
orphan receptor LRH-1, which stands for liver receptor
homolog 1, activates Oct4 transcription through binding
to the PP and the PE but the mechanism of gene
activation remains unknown (Gu et al., 2005a).
Consistent with its specific binding to the PE, disruption
of the LRH-1 gene leads to the loss of Oct4 expression
in the epiblast but not in the ICM. In addition, ES cells
derived from the ICM of LRH-17 blastocysts can remain
undifferentiated. However, their expression of Oct4
decreases more rapidly than that of wild-type ES cells
when leukemia inhibitory factor (LIF), a key cytokine
for self-renewal, is removed from the culture medium.
Collectively, several orphan nuclear receptors have been
validated for their roles in regulating Oct4 expression
but their connections with epigenetic modifications, in
particular histone modifications and binding of other
chromatin proteins, have not been fully elucidated.

Histone modifications and Oct4 regulation

Several histone modifications take place at the PP
when Oct4 becomes inactive during early differentiation
of mouse ES cells and embryonal carcinoma cells (Fig.
2). Acetylation of lysine 9 and 14 and methylation of
lysine 4 on histone H3 are generally markers of
transcriptionally active genes, and these histone
modifications begin to be removed within 24 hrs after
retinoic acid is added to the culture medium to induce
differentiation (Feldman et al., 2006). In contrast,
methylation of lysine 9 on histone H3, which is a marker

of inactive genes, increases during the same period.
DNA methylation of the regulatory elements occurs
later, between 72 and 96 hrs after addition of retinoic
acid, and is therefore thought to stabilize already
inactivated Oct4.

The best characterized histone modifying enzyme in
the context of Oct4 suppression is the methyltransferase
GY9a, which is necessary for di- and trimethylation of
histone H3 at the PP (Tachibana et al., 2002; Feldman et
al., 2006). G9a directly induces primarily dimethylation
of lysine 9; therefore, the trimethylation of lysine 9
could be an indirect effect through recruitment of
another unidentified histone methyltransferase to the PP.
These lysine methylations attract the heterochromatin
protein HP1, resulting in heterochromatin formation and
silencing of Oct4. G9a also induces DNA methylation at
the regulatory elements but this is independent of lysine
9 methylation. This is because G9a with an inactivated
methyltransferase domain (SET domain) can still induce
DNA methylation by recruiting Dnmt3a and Dnmt3b to
the regulatory elements depending on the ankyrin repeat
sequence on G9a (Epsztejn-Litman et al., 2008). The
two independent functions of G9a have been also
reported with retrotransposons and other target genes of
G9a (Dong et al., 2008; Tachibana et al., 2008).

When LIF is removed from the culture medium of
mouse ES cells, the cells become differentiated and Oct4
becomes inactive. But Oc#4 can be readily reactivated in
differentiated cells derived from G9a’- ES cells once
LIF is added back to the culture medium, unlike wild-
type ES cells (Feldman et al., 2006). In addition, G9a’-
ES cell nuclei are more easily reprogrammed than wild-
type nuclei to support early development in somatic cell
nuclear transfer experiments (Epsztejn-Litman et al.,
2008). These in vivo findings indicate a key role of G9a
in suppressing Oct4 and potentially other pluripotency
genes.

Mechanistic link between cytokine signaling and
Oct4 transcription

LIF is the best characterized cytokine essential for
self-renewal of mouse ES cells (Burdon et al., 1999;
Chambers and Smith, 2004). LIF, a member of the IL-6
family of cytokines, binds to its receptor and induces
dimerization of the receptor with the membrane protein
gp130. This heterodimer activates receptor-associated
Janus kinases (JAKSs), which phosphorylate tyrosine 705
of STAT3. Phosphorylated STAT3 then enters the
nucleus and binds to promoters of its target genes to
regulate their expression. Phosphorylation of STAT3 is
sufficient for self-renewal of mouse ES cells without LIF
but this requires other components derived from serum
(Niwa et al., 1998; Matsuda et al., 1999). Currently,
target DNA sequences for phosphorylated STAT3 in
mouse ES cell are not well characterized. It is also
unknown whether phsophorylated STAT3 is directly
involved in the regulation of Oct4 transcription. Given
the central role of LIF and Oc#4 for self-renewal and
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pluripotency of mouse ES cells, the missing link
between these two molecules appears to be one of the
most important unanswered questions in the field. Even
less clear is the connection between Oct4 transcription
and two other cytokine signaling pathways, the BMP
pathway and the Wnt pathway, whose contributions to
self-renewal and pluripotency are poorly characterized
compared to the LIF pathway in mouse ES cells
(Chambers and Smith, 2004; Boiani and Scholer, 2005).

Although many differences may exist in Oct4
regulation between mouse and human ES cells, there is
clear evidence of such differences in cytokine signaling.
In stark contrast to mouse ES cells, the LIF-STAT?3
signaling pathway, though active in human ES cells, is
not necessary for self-renewal of these cells (Daheron et
al., 2004; Humphrey et al., 2004). Virtually nothing is
known as to why this is the case. Self-renewal of human
ES cells is more dependent on other cytokines, such as
basic fibroblast growth factor (Chase and Firpo, 2007).
How different cytokine signaling pathways converge on
the same transcriptional activation of Oc#4 is also one of
the fundamental questions in ES cell biology.

The Paf1 complex and Oct4 activation

Little was known until recently about how active
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Oct4 transcription is maintained in ES cells. This was
partly due to the lack of an effective in vitro model to
study Oct4 activation as a counterpart to the well-
established inactivation model by addition of retinoic
acid and removal of LIF. With this background in mind,
the recent discovery of the Pafl complex as an activator
of Oct4 is highly significant to efforts to uncover how
active Oct4 transcription is maintained in ES cells (Ding
et al., 2009). The Pafl complex binds to the PP of the
Oct4 locus but is lost during differentiation of mouse ES
cells, which appears to be due to the rapid
downregulation of each of the five subunits of the
complex. Knockdown of each subunit decreases Oct4
mRNA and induces differentiation of ES cells. In a
complementary approach, overexpression of a subunit
sustains Oct4 expression and blocks differentiation of ES
cells. These findings establish a key role for the Pafl
complex in Oct4 activation through direct interaction
with its promoter.

The Pafl complex was originally identified as an
RNA polymerase II-binding complex in Saccharomyces
cerevisiae (Shi et al., 1997). This complex is
ubiquitously expressed and co-localized with RNA
polymerase II at the promoters and coding regions,
regulating initiation and elongation of transcription
(Pokholok et al., 2002). Knockout mice of Hrpt2,
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Fig. 2. G9a independently induces DNA
methylation and histone H3 methylation of the
Oct4 gene through its two domains. Addition of
retinoic acid to embryonal carcinoma cells
induces DNA methylation of the Oct4 gene
through the ankyrin repeat (ANK) of G9a as
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During these processes, acetylation of lysine 9
and lysine 14 on histone H3 (H3K9ac and
H3K14ac) and methylation of lysine 4 on
histone H3 (H3K4me) are lost, which is
independent of G9a.
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encoding the Cdc73 subunit of the complex, die before
embryonic day 6.5 (Wang et al., 2008). Blastocysts of
these mice do not hatch in vitro and do not form ES cells
due to apoptosis. The roles of the Pafl complex appear
to be highly specific to selected genes since depletion of
Cdc73 upregulates or downregulates only less than 100
genes each in mouse embryonic fibroblasts (Wang et al.,
2008).

The discovery of a connection between the Pafl
complex and Oct4 locus is significant because the Pafl
complex serves as a platform to organize multiple
histone modifications during the initiation and
elongation of transcription as demonstrated mainly in S.
cerevisiae (Sims et al., 2004; Shilatifard, 2006) (Fig. 3).
First, the Paf1 complex promotes monoubiquitination of
lysine 123 on histone H2B (H2BK123ub1) at promoters
through the Rad6-Brel complex. This ubiquitination
then results in trimethylation of lysine 4 on histone H3
(H3K4me3) through the COMPASS complex and
dimethylation of lysine 79 on histone H3 (H3K79me?2)
by Dotl. In addition, the Pafl complex facilitates
trimethylation of lysine 36 on histone H3 (H3K36me3)
by Set2, which is independent of H2BK123ubl. Among
these three histone methylations, H3K4me3 has been
most extensively investigated (Sims and Reinberg, 2006;
Ruthenburg et al., 2007). H3K4me3 is primarily
localized at the 5° end of active genes and recruits a
number of downstream effectors during gene activation.
The recruited molecules include the chromatin

remodeling ATPases CHD1 and NURF and the
acetyltransferase complex NuA3, all of which lead to
gene activation (Berger, 2007). H3K79me2 and
H3K36me3 are mainly localized in the coding region of
transcriptionally active genes and are implicated in
elongation (Guenther et al., 2007). These recent
advances have enriched the tools available to investigate
how transcriptional activation of the Oct4 gene is
maintained in ES cells and how it is downregulated
during differentiation from the point of view of histone
modifying enzymes.

Synergistic Oct4 activation with other pluripotency
factors

Oct4, Nanog and Sox2 synergistically regulate
transcription of their target genes. These three factors
respectively occupy 3%, 9% and 7% of the promoter
regions of approximately 18,000 genes in human ES
cells (Boyer et al., 2005). A similar finding was reported
with mouse ES cells (Loh et al., 2006). Importantly, at
least two of the three factors co-occupy the promoters of
more than 300 genes, including the promoters or
enhancers of the Oct4, Nanog and Sox2 genes
themselves, and activate these genes (Chew et al., 2005;
Kuroda et al., 2005; Okumura-Nakanishi et al., 2005;
Rodda et al., 2005). This notion of co-occupancy is
supported by the presence of adjacent Sox2- and Oct4-
binding elements located within enhancers of their target
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coding regions of its target genes. At the
promoter it induces H2BK123ub1, which
subsequently recruits COMPASS and Dot1.
These two enzymes induce H3K4me3 and
H3K79me2, respectively. H3K4me3 triggers
binding of chromatin modifying enzymes, such
as NuA3, CHD1 and NURF, for gene activation.
The Paf1 complex also recruits Set2 to induce
H3K36me3. These cascades have been mainly
studied in Saccharomyces cerevisiae and have
not been proven to exist at the Oct4 locus in ES
cells.
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genes. Furthermore, Oct4, Nanog and Sox2 can be
present within the same protein complexes (Wang et al.,
2006; Liang et al., 2008). These findings suggest that the
three transcription factors function in close collaboration
with each other and form an autoregulatory feedback
loop to sustain their expression level for self-renewal
(Jaenisch and Young, 2008).

Recent identification of additional proteins that
interact with Oct4 or bind to the Oct4 locus has
expanded the potential members involved in the
feedback loop. For example, Oct4 and Nanog can form
several different complexes that contain histone
deacetylase HDAC2 (Wang et al., 2006; Liang et al.,
2008), which might be involved in the suppression of
Oct4 transcription when it is overexpressed. The zinc-
finger transcription factor Sall4 binds to the DE and
activates Oct4 (Zhang et al., 2006). T-cell factor-3
(Tcf3), a terminal component of the Wnt signaling
pathway, and Oct4 co-occupy more than 1,000 loci,
including the PP, and suppresses Oct4 transcription
(Cole et al., 2008). Although these factors have been
identified as synergistic regulators of Oct4, their precise
mechanism for Oct4 regulation remains unclear. Their
functions are expected to come down to epigenetic
modifications of the Oct4 locus, meaning that there must
be connections with histone- and DNA-modifying
proteins.

Conclusion

Recent progress in research on pluripotency in ES
cells has rapidly expanded our understanding of the
transcriptional regulation of the Oct4 gene; however,
several key questions remain unanswered concerning the
mechanistic links between Oct4 gene regulation and ES
cell self-renewal and pluripotency. One of the most
important unanswered questions is how LIF signaling is
related to Oct4 transcription. Another fundamental
question relates to how different cytokine signaling
pathways converge on the transcriptional activation of
Oct4 and how this may differ between species, namely
human and mouse. Although the protein level of Oct4
needs to be precisely controlled in ES cells to maintain
self-renewal, little is known about the feedback
mechanism responsible for detecting the level of Oct4
mRNA or protein and regulating the level accordingly.
Finally, our view of the regulation of Oct4 transcription
has become more complex, and it is now apparent that
many pluripotency factors are involved in the synergistic
regulation of the Oct4 gene. This raises important
questions about the combined effects of these regulators
on epigenetic modifications of the Oct4 locus.
Addressing each of these questions is important for the
sake of improving our understanding of the basic science
of pluripotency and early development of mouse and
human embryos. The discovery of iPS technology,
however, has made it even more important to answer
these questions in order to improve the efficiency and
thus practical usefulness of this highly promising

technology.
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