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Several extrinsic signals such as LIF, BMP and Wnt can support the self-renewal and pluripotency of embryonic stem
(ES) cells through regulating the “pluripotent genes.” A unique homeobox transcription factor, Nanog, is one of the key
downstream effectors of these signals. Elevated level of Nanog can maintain the mouse ES cell self-renewal indepen-
dent of LIF and enable human ES cell growth without feeder cells. In addition to the external signal pathways, intrinsic
transcription factors such as FoxD3, P53 and Oct4 are also involved in regulating the expression of Nanog. Functionally,
Nanog works together with other key pluripotent factors such as Oct4 and Sox2 to control a set of target genes that have
important functions in ES cell pluripotency. These key factors form a regulatory network to support or limit each other’s
expression level, which maintains the properties of ES cells.
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Introduction

Derived from the inner cell mass (ICM) of the blastocyst,
embryonic stem (ES) cells can proliferate indefinitely in
vitro (self-renewal) and can differentiate into cells of all
three germ layers (pluripotency). These unique properties
make them exceptionally valuable for cell replacement
therapies, drug discovery and regenerative medicine. The
ES cell era began in the early 1980s when mouse ES cells
were successfully derived [1, 2]. These cells can re-enter
the developing embryo and contribute to all cell types of
the embryo including germ line, thus making complex
genetic modifications of mice possible. More recently, the
successful derivation and propagation of human ES cells
has gained a great deal of attention for their potential in
regenerative medicine and in the study of early human
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development [3].

Why can ES cells self-renew indefinitely without loss of
pluripotency? Although ES cell research began more than
20 years ago, still little is known about the mechanisms of
this unique ability. Several extrinsic growth factors support
the pluripotency of ES cells. /n vitro, leukaemia inhibitory
factor (LIF) supports the undifferentiated state of mouse
ES cells by activating the signal transducer STAT3 [4]. LIF
withdrawal or direct inhibition of STAT3 causes mouse
ES cells to differentiate into a morphologically mixed cell
population [5]. However, LIF receptor gp130-/- mouse
embryo can develop to a stage beyond that of ES cell
derivation, suggesting that additional factors may also
be involved in maintaining pluripotent cells in vivo [6].
Another extrinsic factor known to support mouse ES cell
self-renewal is BMP4. In the presence of LIF, BMP4 can
enhance the self-renewal and pluripotency of mouse ES
cells by activating members of the /d gene (inhibition of
differentiation) family [7]. In addition to LIF and BMP4,
Wnt pathway is shown to delay the onset of differentiation
of mouse and human ES cells in short-term experiments



[8]. However, the role of Wnt/beta-catenin signaling in ES
cell self-renewal is a debatable issue as different models
have been proposed by others [9]. Interestingly, under
conditions that would promote self-renewal of mouse ES
cells, LIF is not sufficient to maintain human ES cells and
BMPs cause rapid differentiation [10, 11]. Instead, FGF
signaling and a balance between TGF/Activin and BMP
signaling appear central to the self-renewal of human ES
cells [12-14].

Functionally, external signaling eventually leads to
distinct regulation of genes that result in the pluripotent
state. The best-characterized gene of these is Oct4, which
functions to maintain pluripotency both in vivo and in vitro
(for areview see [15]). Oct4 is a POU domain transcription
factor that is specifically expressed in all pluripotent cells
during mouse embryogenesis and also in undifferentiated
ES cells. Loss of pluripotency in ES cells is often accom-
panied by Oct4 downregulation. Oct4 deficient mouse
embryos fail to develop beyond the blastocyst stage due
to the lack of pluripotent ICM [16], suggesting the critical
role of Oct4 in maintaining ES cell pluripotency in vivo.
However, Oct4 is not the only master gene that controls
ES cell pluripotency. On LIF withdrawal, Oct4 on its own
is not sufficient to prevent mouse ES cell differentiation,
suggesting that additional new factors are also required.
About 3 years ago, another “master gene” in pluripotency,
Nanog, was discovered.

Nanog, a new “master gene” of ES cell pluripo-
tency

Identification of Nanog

A more recently described gene, Nanog, plays a critical
role in regulating the cell fate of the pluripotent ICM dur-
ing embryonic development, maintaining the pluripotent
epiblast and preventing differentiation to primitive endo-
derm [17]. By using PCR to screen a mouse ES cell cDNA
library, Wang et al. [18] described an ENK gene (early
embryo specific NK) specifically expressed in ES cells.
This gene has a homeodomain with homology to members
of the NK gene family, but its function was unknown at
that time. This gene was later re-cloned and re-named as
Nanog by two independent groups that analyzed its func-
tion. Screening for critical factors that can maintain ES cell
pluripotency independently of the LIF-STAT3 pathway,
Chambers et al.[17] and Mitsui et al.[19] identified the
same transcription factor, though using different strategies
, and named it as Nanog. Nanog mRNA is first detected in
the interior cells of the compacted morulae during mouse
embryo development, then confined to the ICM, and dis-
appears in the trophectoderm in the blastocyst stage. In
later blastocysts, Nanog expression is further restricted in
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the epiblast and excluded from the primitive endoderm.
After implantation, Nanog expression is downregulated,
but can be detected in germ cells of the genital ridges
of E11.5 mouse embryos [17]. In vitro, Nanog mRNA is
enriched in pluripotent cell lines such as ES, EG and EC
(embryonic carcinoma) cells, but not in adult tissues [17].
On differentiation of these pluripotent cells, Nanog expres-
sion is downregulated. Mouse embryos lacking Nanog fail
to develop beyond the blastocyst stage due to the absence
of epiblasts [19]. Nanog-/- ES cells can be derived from
the Nanog-/- blastocyst, but display slow differentiation
to extra embryonic endoderm in vitro [19]. For mouse
ES cells, the most prominent role of Nanog is that a high
level of Nanog can maintain pluripotency in the absence of
extrinsic factor LIF, suggesting that Nanog may be a major
downstream effector for extrinsic factors. More recently,
research on human ES cells demonstrates that high levels
of Nanog in human ES cells enable them to grow well in a
feeder-free condition [20]. Further microarray data suggest
that these cells display epiblast properties, suggesting that
Nanog is beneficial to the maintenance of epiblast. In con-
trast, downregulation of Nanog can induce both mouse and
human ES cell differentiation to extra-embryonic lineages
[21, 22]. Thus, although human and mouse ES cells show
significant differences in their morphology, cell surface
markers and growth factor dependence, a central role of
Nanog appears to be conserved.

Nanog is a unique homeobox transcription factor

Mouse Nanog protein consists of 280 amino acids and
contains a homeobox domain. This homeodomain shows
some homology to that of the NK2 gene family, but the
amino acids identity is less than 50%. In addition to its
ortholog in human, rat, mouse, dog and chimpanzee, phy-
logenic analysis did not reveal other homologous proteins,
suggesting that it appears to be a unique homeobox protein.
Structurally, Nanog can be considered simply as a three-
domain protein — N-terminal domain, homeodomain and
C-terminal domain. N-terminal domain contains 96 amino
acids with serine rich, and C-terminal domain contains a
unique and well-conserved 50 amino acids tryptophan
repeat domain (Figure 1). When fused to the DNA-binding
domain of Gal4, both N- and C-terminal domains show
trans-activator function [23], but the activity of the C-ter-
minal domain is much higher (at least seven times) than
the N-terminal domain [23]. Similar analysis on human
Nanog protein reveals that only the C-terminal domain has
transcriptional activity [24], suggesting that the C-terminal
domain is functionally dominant. The prominent feature
of the C-terminal domain is the presence of a 10 penta-
peptide repeat (WR), each starting with a tryptophan (W).
This repeat is well conserved between human and mouse,
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Figure 1 Schematic structure of Nanog. The alignment of full-length Nanog from rat, mouse, dog, chimpanzee and human species
was generated by Clustal W. The functional domains are indicated as different colors.

although one of the tryptophans is replaced by a glutamine
(Q) in human Nanog. Functional analysis shows that WR
works as a strong trans-activator and the identity of W is
critical to its function [25]. Replacement of W with A (Ala)
completely abolishes its activity. In addition to WR, the

C-terminal domain also contains another trans-activator
module, the 58 amino acids region C-terminal to the WR
(CD2) [25]. Both WR and CD2 can separately trans-acti-
vate the expression of a reporter gene [25]. Thus, WR and
CD2 seem to be functionally redundant in the regulation
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of target genes, but given the structural differences, it will
be interesting to know whether these two domains func-
tion differently when Nanog binds to endogenous target
genes in vivo.

Combinatorial signaling of Nanog with other fac-
tors

Nanog and external signals

In vitro, LIF and activated STAT3 are able to maintain
the undifferentiated state in mouse ES cells. When a con-
ditionally active form of STAT3 is induced by tamoxifen,
the phenotype of mouse ES cells can be maintained in the
absence of LIF [26]. Similarly, if Nanog is overexpressed,
mouse ES cells also do not need LIF to maintain its plu-
ripotency. If Nanog is overexpressed in mouse ES cells,
the level of phosphorylated STAT3 does not change sig-
nificantly compared with wild type, and elevated STAT3
signaling seems not to affect Nanog expression [17]. These
findings suggest that Nanog is not a direct transcriptional
target of STAT3, nor does Nanog regulate STAT3. More
recently, however, analysis of the mouse Nanog 5' promoter
region reveals a STAT3 binding site 5 kb upstream of the
translation start site [27]. A putative T (Brachyury) binding
site is also found in this region [27]. Chromatin immunopre-
cipitation (Chip) assay shows that STAT3 and T can indeed
bind to this region in vivo. A luciferase reporter gene, driven
by the 5.2 kb of Nanog 5' promoter region containing these
two binding sites, can be significantly upregulated by LIF.
According to these recent findings, Nanog may be a direct
downstream effector of the LIF-STAT3 pathway in main-
taining ES cell pluripotency, which is consistent with the
fact that high levels of Nanog can bypass the requirement
for LIF to maintain the undifferentiated state of mouse ES
cells. However, this remains the only report suggesting that
Nanog is a direct target of the LIF-Stat3 pathway. More
studies are needed to confirm the direct link between Nanog
and LIF-Stat3 signaling.

Bone morphogenetic protein (BMP) signaling functions
in mesoderm-induction during embryonic development
[28], but it seems to have different effects on pluripotent
ES cells. In the absence of LIF, low concentrations of
BMPs promote mesoderm differentiation of mouse ES
cells, while in the presence of LIF the same concentration
of BMPs maintains ES cell pluripotency [7]. BMPs belong
to the TGFb super family and mediate signaling through
their downstream effectors — SMAD1 or the closely related
SMADS and SMADS. Interestingly, it was found that
Nanog can physically interact with SMAD1 and interfere
with the further recruitment of the coactivators to the active
SMADI1 complexes, thus inhibiting the activity of BMP
signaling [27]. Combined with the role of BMPs on ES
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cell pluripotency and differentiation, a negative feedback
mechanism was proposed on the relationship between
Nanog and BMPs [27]. In this model, BMPs initially pro-
mote mesoderm differentiation with upregulation of the me-
soderm marker-Brachyury and prevent the neural-ectoderm
differentiation. In the presence of LIF, activated STAT3
interacts with Brachyury and binds the Nanog promoter
(Figure 2), resulting in upregulation of Nanog expression.
Then, elevated levels of Nanog, in turn, block the activity
of BMPs by interfering with their effector — SMAD1, thus
limiting mesoderm progression and ultimately maintaining
the undifferentiated state of mouse ES cells.

Regulation of Nanog

Nanog expression is restricted to pluripotent cells and
is downregulated upon differentiation, but little is known
about how Nanog expression is regulated. Through analysis
of'its 5' promoter region, a composite Oct4/Sox2 motif lo-
calized -180 bp upstream of the transcription start site was
found to be important for Nanog regulation (Figure 2) [29,
30]. A reporter gene driven by the Nanog proximal promot-
er containing the Oct4/Sox2 motif recapitulates appropriate
Nanog expression in pluripotent and non-pluripotent cells,
and this motif is well-conserved between mouse, rat and
human [30]. Electrophoretic mobility shift and Chip assays
demonstrate that Oct4 and Sox2 indeed bind to the Nanog
promoter in vitro and in vivo [29]. Further mutagenesis
analysis of this site shows that Oct4/Sox2 motif'is required
for the activity of Nanog promoter in pluripotent cells
[30]. These findings suggest that Oct4/Sox act to promote
Nanog transcription in pluripotent cells. However, high
levels of Nanog are beneficial to ES cell self-renewal, but
overexpressed Oct4 induces differentiation. Moreover, in
Oct4 deficient embryos, Nanog expression can be readily
detected by mRNA in situ hybridization [17], suggesting
that Nanog can be maintained without Oct4. These findings
indicate that other pluripotent factors may contribute to the
regulation of Nanog expression. FoxD3, a forkhead family
transcription factor, is highly expressed in mouse ES cells
and in pluripotent cells of the early embryo [31]. FoxD3
null mouse embryos die shortly after implantation due to
the loss of the epiblast, a phenotype somewhat similar to
the Nanog deficient embryos [32], and FoxD3 is an activa-
tor of Nanog [33]. Reporter assays show that FoxD3 can
activate the Nanog promoter through an ES cell-specific
enhancer localized at —270 upstream of the transcription
start site (Figure 2) [33]. Chip assays further demonstrate
that FoxD3 indeed binds to the Nanog promoter region in
vivo [33]. FoxD3 was originally known as a transcription
repressor, but can nevertheless activate the Nanog tran-
scription, suggesting that gene context may determine the
outcome of FoxD3 regulation.
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Figure 2 Regulation of Nanog expression. FoxD3 and Oct4/Sox2 bind to the proximal region of Nanog promoter and support its
expression. TCF3 and p53 also bind to the promoter and negatively regulate Nanog expression. LIF and BMP signaling and their
downstream effectors STAT3 and T may also be involved in Nanog regulation.

Functionally, Nanog blocks differentiation. Thus, nega-
tive regulation of Nanog is required to promote differentia-
tion during embryonic development. The tumor suppressor
p53 can bind to the Nanog promoter as suggested in vitro
and in vivo evidence (Figure 2) [34]. During ES cell dif-
ferentiation, the rapid downregulation of Nanog correlates
with the induction of the transcription activity and Ser315
phosphorylation of p53 [34]. Impairing the induction of
p53 activity by knock-in of p53%'3* results in inefficient
Nanog suppression during ES cell differentiation. These
findings suggest that p53 may be one of the negative regu-
lators of Nanog during ES cell differentiation. However,
when p53-/- ES cells are treated with retinoic acid (RA),
Nanog is still downregulated during the differentiation [34].
Therefore, there must be other negative factors involved in
suppressing Nanog during ES cell differentiation. Tcf3, a
transcription factor that functions downstream of the Wnt
pathway, is highly expressed in undifferentiated mouse ES
cells. Ablation of Tcf3 in mouse ES cells leads to delayed
differentiation in favor of self-renewal with elevated levels
of Nanog protein [35]. Further Chip and reporter assays
showed that Tcf3 binds to a regulatory region on the Nanog
promoter and represses the promoter activity in ES cells
(Figure 2) [35].

The regulatory mechanisms of Nanog expression are

summarized in Figure 2. The common features that define
stem cells are the ability to self-renew, and the ability to
form other cell types. Thus, the levels of key factors that
maintain pluripotency need to be strictly controlled to
balance the maintenance of undifferentiated state and the
ability of lineage commitment. These factors together form
aregulatory network to support or limit each other’s level,
which maintains the property of ES cells (Figure 3).

Transcriptional network of key pluripotent factors in ES
cells

Up to now, several transcription factors have been iden-
tified to be essential to the ES cell identity, including two
principle homeodomain proteins, Nanog and Oct4, and
an HMG factor, Sox2. Through chromatin immunopre-
cipitation (ChIP) coupled with DNA microarrays (Chips,
so called CHIP-Chip), Boyer et al. [36] identified DNA
regions bound individually by Oct4, Nanog and Sox2 in
human ES cells. The most provocative finding in this work
is the high frequency of co-occupancy within the same
gene region by these three factors. Among Oct4 bound
genes, half of them are also bound by Sox2. Moreover,
>90% of the promoter region bound by Oct4 and Sox2 are
also bound by Nanog. In total, 352 genes are bound by
Oct4, Nanog and Sox2 simultaneously in undifferentiated
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Self-renewal and
pluripotency

00000

Figure 3 Regulatory network of key transcription factors in maintaining ES cell pluripotency and self-renewal. Regulators such as
Oct4, Nanog, Sox2 and FoxD3 bind to each other’s promoter, and support or limit each other’s expression, forming an interconnected
autoregulatory network to maintain ES cell pluripotency and self-renewal. Arrows connected to factors by solid lines indicate positive
regulation of a promoter by the factors. Broken lines linking to Oct4 indicate negative regulation.

human ES cells. Furthermore, their results show that Oct4,
Sox2 and Nanog are also bound to their own promoters,
thus forming an interconnected autoregulation loop to
maintain the ES cell identity. Indeed, this mechanism
was further confirmed by data obtained through classical
experimental approaches. In a recently published paper
in the FASEB journal, Pan et al. [33] describe a nega-
tive feedback loop formed by Nanog, Oct4 and another
pluripotent factor, FoxD3. First, Oct4 maintains Nanog
expression by directly binding to a Nanog promoter when
present at a sub-steady level, but represses it when Oct4 is
above the normal level. On the other hand, FoxD3 posi-
tively regulates Nanog to counter the repression effect of
excess Oct4 (Figure 3). Conversely, Nanog and FoxD3
function as activators for Oct4 expression (Figure 3). When
the expression level of Oct4 rises above a steady level, it
represses its own promoter as well as Nanog (Figure 3),
thus exerting a negative feedback regulation loop to limit
its own expression [33]. This negative feedback regula-
tion loop keeps the expression of Oct4 at a steady level,
thus maintaining the ES cell properties. Recently, another
group also mapped the binding sites of Nanog and Oct4
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in mouse ES cells [37]. They identified 1083 and 3006
binding sites for Oct4 and Nanog respectively in mouse
ES cells, and found a substantial portion of genes bound
by both Oct4 and Nanog. Through RNA interference inte-
grated with microarray expression profiling, they showed
that the core downstream targets of Oct4 and Nanog are
related to pluripotency, self-renewal and cell fate deter-
mination, which includes FoxD3, Oct4 and Sox2 [37].
Overall, these findings suggest that the key pluripotent
factors always work together, rather than individually, to
control a whole set of target genes, as well as each other,
to keep the properties of ES cells. During the preparation
of this manuscript, Wang et a/. [38] identified the proteins
that physically associate with Nanog in mouse ES cells.
Among Nanog-associated proteins, nuclear factors with
critical roles in ES cell pluripotency (including Oct4) are
highly enriched. Through further screening of the partners
interacting with Nanog-associated proteins, they describe a
protein interaction network dedicated to pluripotency. The
corresponding genes of numerous members in this network
are putative or direct targets of other members, thus also
forming an inter-regulation network.
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Nanog and nuclei reprogramming

Differentiated cells can be reprogrammed to the pluripo-
tent state through transferring the nucleus into oocytes or
by fusion with ES cells [39, 40]. The successful reprogram-
ming of a differentiated nucleus by ES cells indicates that
factors expressing in ES cells may confer the pluripotency
to somatic cells. The most likely candidate factor is Nanog
since it functions mainly to sustain ES cell pluripotency. It
has been recently reported that increasing Nanog levels in
ES cells can stimulate pluripotent gene activation from the
somatic cell genome through cell fusion [41]. In fusions
between ES cells and neural stem (NS) cells, overexpres-
sion of Nanog in ES cells leads to an up to 200-fold increase
in ES cell-characterized hybrid colonies [41]. Moreover,
Nanog can also improve the yield of hybrid colonies
when ES cells fuse to more differentiated cells such as
thymocytes or fibroblasts [41]. These findings suggest that
Nanog plays important roles in instating pluripotency in the
somatic genome in ES hybrid cells, probably through open-
ing the expression of pluripotent genes from the somatic
genome. One of the known pluripotency associated genes,
rex1, is reported to be the direct target of Nanog. Forced
expression of Nanog in P19 EC cells can increase the rex1
level [42]. In addition, expression of Nanog in NIH3T3
cells promotes the growth rate and a transformed phenotype
[43]. Expression microarray analysis indicates that a por-
tion of the Nanog target genes in ES cells are activated in
Nanog-expressed NIH3T3 cells. Together, these findings
suggest that Nanog has the potential to confer pluripotency
on somatic cells through activating the pluripotent genes.
Nevertheless, Nanog needs to act in conjunction with ad-
ditional ES cell machinery, rather than operating alone, to
confer pluripotency. Recently, Takahashi et al. [44] reported
that mouse fibroblasts can be induced to the pluripotent
state by introducing four factors, Oct4, Sox2, c-Myc and
Klf4. A little unexpectedly, Nanog was dispensable for the
induction. Therefore, Nanog may act as a transcriptional
organizer for the hierarchy of pluripotent gene expression
after the erasure of the differentiated epigenome by other
factors, rather than an illuminator for the reprogramming.
Indeed, expression of Nanog in neural stem cells by an
expression vector did not cause any obvious phenotype
change. However, when these cells were fused to ES cells,
they still generated more ES cell-characterized hybrid
colonies than wild-type NS cells did [41]. In the study by
Takahashi et al., introduction of four factors into fibroblasts
can trigger pluripotency in the absence of Nanog, but the
frequency is quite low. Moreover, these induced pluripotent
cells display many differences in gene expression patterns
from wild-type ES cells [44]. It will be interesting to know
whether elevating the level of Nanog can help these cells

re-organize their gene expression program to more closely
resemble that of the ES state.
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