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Pluripotency is a transient cellular state during early development which can be recreated in vitro by
direct reprogramming. The molecular mechanisms driving entry into and exit from the pluripotent
state are the subject of intense research interest. Here, we review the role of the homeodomain-
containing transcription factor Nanog in mammalian embryology and induced pluripotency.
Nanog was originally thought to be confined to the maintenance of pluripotency, but recent insights
from genetic studies uncovered a new biological function. Embryonic stem cells deficient in Nanog
alleles are more prone to differentiate but do not lose pluripotency per se. Instead, Nanog is transi-
ently required for the specification of the naive pluripotent epiblast and development of primordial
germ cells. Nanog is also essential to finalize somatic cell reprogramming during induction of plur-
ipotency. We propose that this unique transcription factor acts as a molecular switch to turn on the
naive pluripotent programme in mammalian cells. In this context, the capacity of Nanog to resist
differentiation can be regarded as recapitulation of effects normally associated with the specification
of pluripotency. Pertinent questions are how Nanog specifies naive pluripotency and whether this
mechanism is evolutionarily conserved.
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1. NANOG COUNTERACTS DIFFERENTIATION
BUT IS ULTIMATELY DISPENSABLE FOR
MAINTENANCE OF PLURIPOTENCY IN
EMBRYONIC STEM CELLS
Named after the land of the ever young, Nanog was
discovered by two groups based on its ability to main-
tain mouse embryonic stem (ES) cell self-renewal
independently of the cytokine leukaemia inhibitory
factor (LIF) [1] and by comparing expressed sequence
tag libraries from mouse ES cells with various somatic
tissues [2]. Chambers and colleagues [1] screened an
ES cell cDNA library for factors capable of main-
taining the self-renewal of ES cells deficient in the
LIF-receptor. Nanog transfectants continued to pro-
liferate as undifferentiated ES cells in the absence of
cytokines and resisted chemical induction of dif-
ferentiation in monolayer cultures. This study also
showed that cytokine-dependence and normal differ-
entiation responsiveness were restored upon excision
of the Nanog cDNA by Cre recombinase. Cre-reverted
ES cells contributed to adult chimeras upon blastocyst
injection, demonstrating formally that Nanog can
maintain the pluripotency of ES cells without LIF [1].

ES cells deficient in Nanog, generated by Yamanaka
and colleagues after targeted disruption of both
alleles, expressed markers of differentiation but also
maintained some expression of pluripotency genes
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including Oct4 and Rex1 [2]. No homozygous mutant
pups were born from crossings between heterozygous
mutant mice. At embryonic day (E) 5.5 Nanog2/2
embryos consisted of disorganized extraembryonic
tissues with no discernible epiblast. Analysis of mutant
embryos suggested that Nanog deficiency causes
embryonic lethality subsequent to the formation of the
inner cell mass (ICM) at E3.5. ICMs deficient in
Nanog did not persist as undifferentiated masses
in vitro, indicating that Nanog is required for the
successful derivation of ES cells [2].

Several gain- and loss-of-function studies in ES cells
demonstrated that Nanog counteracts differentiation-
inducing cues. In the absence of serum, ES cells nor-
mally require bone morphogenetic proteins (BMPs)
in combination with LIF to maintain self-renewal.
Forced expression of Nanog, however, could bypass
the requirements for both BMP/serum and LIF [3].
This phenotype was directly attributable to constitu-
tive expression of Nanog, as Cre-reverted Nanog
transfectants underwent rapid neural differentiation
in the absence of BMP and LIF. Thus, constitutive
expression of Nanog confers the capacity for auton-
omous self-renewal to ES cells. Nanogþ/2 ES cells
were reported to be caught in a labile undifferentiated
state that could only be propagated in optimal culture
conditions [4]. Upon withdrawal from feeders,
Nanogþ/2 ES cells differentiated into endodermal,
mesodermal and ectodermal derivatives even in the con-
tinued presence of LIF. This suggested that Nanog is a
global regulator that represses differentiation into mul-
tiple lineages. In agreement with this hypothesis,
This journal is q 2011 The Royal Society
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Figure 1. Requirement of Nanog in the specification of naive pluripotency and germ cell development. The inner cell mass
cells can develop either into the naive epiblast in the pre-implantation embryo or generate embryonic stem (ES) cells

in vitro. The former then gives rise to either somatic cells or germ cells, while the latter can be re-introduced back into embryo-
nic development. Inner cell mass cells of embryonic day (E) 3.5 blastocysts, deficient in Nanog, fail to generate a naive
pluripotent epiblast [12,19] and are not capable of giving rise to ES cells [2,12]. Deletion of Nanog in established ES cells
however does not impair ES cell self-renewal, and upon re-introduction of these in development they are competent to

efficiently contribute to all somatic lineages [8]. However, Nanog-deficient ES cells fail to contribute to the germ lineage
beyond E11.5 [8,25].
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Ivanova and colleagues found that short hairpin RNA
(shRNA)-mediated knockdown of Nanog expression
in ES cells caused derepression of markers for various
lineages, including endoderm, trophectoderm and
epiblast-derived lineages [5]. Conversely, forced
expression of Nanog could compensate for the loss of
several other pluripotency regulators in shRNA-trans-
duced ES cells [5]. These studies consolidated an
emerging view that Nanog, much like Oct4 [6] and
Sox2 [7], is central to the maintenance of pluripotency.

The dogma that Nanog performs an essential role in
the housekeeping machinery of pluripotency was chal-
lenged when Chambers and colleagues observed that
Nanog protein is undetectable in a fraction of ES
cells that express Oct4 [8]. Moreover, individually
seeded Nanog-negative cells could give rise to
Nanog-positive cells. This suggested that transient
downregulation of Nanog may predispose ES cells to
differentiation, but does not mark irreversible com-
mitment. It also prompted re-examination of the
requirement of Nanog in ES cell self-renewal using a
conditional deletion approach [8]. In agreement with
previous descriptions of homozygous and heterozy-
gous mutant ES cells [2,4] and results from RNA
interference studies [5,9], differentiated cells appea-
red upon removal of Nanog from ES cells. Crucially,
however, undifferentiated Nanog2/2 ES cells per-
sisted during repeated passaging. By applying
selection for drug resistance expressed from the
endogenous Nanog locus, it was possible to propagate
pure populations of Nanog2/2 ES cells. These cells
retained expression of other pluripotency markers,
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but expanded more slowly than wild-type cells and
had a reduced capacity to form undifferentiated colo-
nies. To determine the potential for multi-lineage
differentiation, fluorescent Nanog2/2 ES cells were
aggregated with wild-type morulae. Extensive contri-
bution of Nanog2/2 cells to mid-gestation and adult
chimeras demonstrated that Nanog is strictly dispensa-
ble for the maintenance of pluripotency in established
ES cells. However, Nanog2/2 ES cells were prone to
differentiate, suggesting that fluctuating Nanog
expression renders individual ES cells susceptible to
lineage commitment [8].
2. NANOG IS REQUIRED FOR THE FORMATION
OF NAIVE PLURIPOTENCY AND GERM CELL
DEVELOPMENT
Even though Nanog is dispensable for the mainten-
ance of pluripotency in ES cells, disruption of Nanog
resulted in peri-implantation lethality and loss of the
post-implantation epiblast [2]. It was assumed that
this reflected the failure of Nanog in maintaining the
pluripotent compartment in the embryo. However,
could it be that the pluripotent compartment had
not been specified in Nanog2/2 embryos? At E3.5,
transcripts for Nanog and Gata6, a specification
factor for the primitive endoderm, are distributed
in a ‘salt-and-pepper-like’ manner throughout the
ICM [10]. Gene-expression profiling of single ICM
cells confirms the presence of two emerging popu-
lations of cells at E3.5 with one population of cells
showing increased expression of Nanog and the other
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showing increased expression of Gata4 and Gata6
[11]. By E4.5, Nanog protein expression becomes
spatially confined to a subset of ICM cells and is
mutually exclusive with the Gata factors, which loca-
lize to the hypoblast/primitive endoderm lining the
ICM towards the blastocoel [12]. In female embryos,
Nanog expression at E4.5 correlates precisely with
the subset of cells that show reactivation of the silenced
X chromosome [12]. This can be visualized by immu-
nostaining for Eed, a component of the PRC2
polycomb group complex which coats the inactive X
chromosome at this stage [13]. The presence of two
active X chromosomes in the pluripotent founder
tissue is a precondition for random X chromosome
inactivation in the embryo proper, and is a distinctive
feature of female ES cells [14,15]. Experiments in
ES cells suggested that Nanog may have a direct role
in X chromosome reactivation through repression of
the non-coding RNA Xist [16,17]. In agreement with
this hypothesis, the inactive X chromosome persists
in Oct4-positive/Gata4-negative E4.5 ICM cells in
Nanog2/2 embryos [12]. E4.5 Nanog2/2 ICMs
also showed apoptosis and failed to form a hypoblast,
but a few cells retained a capacity to specify into tro-
phoblast when cultured as outgrowths. Nanog2/2
embryos failed to respond to selective inhibitors of
mitogen-activated protein (MAP) kinase and GSK3
(2i) with LIF, a culture medium that induces the
expansion of the naive pluripotent epiblast and that is
optimal for the propagation of Nanog2/2 ES cells
[12,18]. These findings demonstrate that, in the absence
of Nanog, pluripotency is not specified and as a result
the ICM undergoes apoptosis. A small proportion of
cells escapes this fate to become trophoblast, the only
other available option.

A surprising aspect of the E4.5 ICM status in
Nanog2/2 blastocysts was the additional failure to
form a hypoblast [12]. This left open the possibility
that Nanog may have a separate role in the specification
of the hypoblast, which gives rise to the extraembryonic
endoderm layer of the visceral and parietal yolk sacs.
However, this phenotype could also be explained by a
requirement for paracrine signals from the epiblast
during hypoblast development. Messerschmidt &
Kemler [19] distinguished between these possibilities
by injecting ES cells into b-galactosidase-expressing,
Nanog-deficient E3.5 host blastocysts. X-gal staining
and sectioning of chimeric embryos at E7.5 revealed
that epiblast-derived tissues were exclusively X-gal-
negative and thus ES cell-derived, confirming the
requirement for Nanog in the specification of the epi-
blast lineage [12]. However, hypoblast-derived tissues
in the chimeric embryos were X-gal-positive, indicating
derivation from the Nanog2/2 host blastocyst [19].
This revealed that Nanog2/2 cells are in fact compe-
tent to form the hypoblast in the presence of a wild-
type epiblast. Hence, Nanog is required for hypoblast
formation through a non-cell autonomous mechanism,
most likely paracrine support from the naive epiblast.
The nature of this paracrine signal remains elusive,
but recent evidence points in the direction of the fibro-
blast growth factor (FGF)–MAP kinase pathway.
Treatment of embryos with a selective MAP kinase
inhibitor induces the whole ICM to become naive
Phil. Trans. R. Soc. B (2011)
pluripotent epiblast [18]. In contrast, treatment with
recombinant Fgf4 results in the expansion of the hypo-
blast at the expense of the epiblast [20]. Auto-inductive
Fgf4/MAP kinase signalling also poises ES cells for line-
age commitment in vitro [21,22]. We surmise that the
absence of an epiblast-derived signal, possibly Fgf4, is
the reason why Nanog2/2 ICM outgrowths fail to
form extra-embryonic endoderm [12].

The emerging picture is that Nanog should be
regarded as a bonafide specification factor for the
naive pluripotent epiblast, orchestrating the transition
of ICM cells to pluripotency between E3.5 and E4.5.
This explains why Nanog2/2 embryos cannot give
rise to ES cells [2] even though Nanog can be deleted
in established ES cells without compromising their
pluripotency [8]. However, Nanog is also expressed
in primordial germ cells (PGCs) migrating to the gen-
ital ridge from E7.75 to E11.5 [23]. Expression of
Nanog is initiated after PGCs are specified and persists
into the period of widespread epigenetic erasure
between E11.5 and E12.5 [24]. Examination of chimeric
embryos made from aggregation between Nanog2/2 ES
cells and wild-type morulae showed that Nanog2/2
PGCs are not present beyond E11.5 [8]. This phenotype
was directly attributable to the lack of Nanog expression
as repair of one of the mutant alleles in Nanog2/2 ES
cells restored contribution to the germ lineage at
E12.5. What is the fate of presumptive PGCs that lack
Nanog? Yamaguchi and co-workers [25] addressed this
question by conditional shRNA-mediated knockdown
of Nanog mRNA in PGCs. Knockdown of Nanog in
migrating PGCs resulted in the appearance of apoptotic
cell death as early as E10.5. When E10.5 PGCs were
cultured in vitro, apoptosis was observed within 24 h
after Nanog depletion. Single-cell expression analysis
in Nanog-depleted PGCs at E10.5 indicated significant
up- or downregulation of several genes, including the
repression of Id1 and the PRC2 subunit Suz12. How-
ever, major transcriptional regulators of germ cell fate
were similarly expressed between Nanog knockdown
and control PGCs [25]. These data suggest that lack
of Nanog expression causes the loss of PGCs by E12.5
as a result of progressive apoptotic cell death, rather
than trans-differentiation to a somatic cell fate.

In summary, loss-of-function studies indicate two
independent requirements for Nanog during embryo-
nic development (figure 1). First, Nanog is required
for specification of the naive pluripotent epiblast, the
founder tissue of the embryo proper. Rapid down-
regulation of Nanog at the time of implantation
marks the end of a brief expression window that
coincides with the establishment of a pluripotent
ground state. By in situ hybridization, Nanog mRNA
can also be detected in the post-implantation proximal
epiblast between E6.0 and E7.5 [26]. However, exten-
sive contribution of Nanog2/2 ES cells to adult
chimeras questions the functional relevance of Nanog
expression at this stage of development [8]. The
second requirement of Nanog is in the development
of germ cells beyond E11.5. It is noteworthy that plur-
ipotent cells and germ cells, the two embryonic cell
types functionally dependent on Nanog, are both
characterized by unique epigenetic features. Between
E11.5 and E12.5, PGCs undergo extensive epigenetic
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reprogramming, which includes reactivation of the
inactive X chromosome (in female cells) [27] and
genome-wide DNA demethylation [28]. As discussed
here, the presence of two active X chromosomes is
also a distinctive feature in the female naive pluripo-
tent epiblast and derivative ES cells [12]. Thus, we
conclude that Nanog is required during early embryo-
nic development for the specification of two cell states
with unique epigenomes.
3. NANOG FINALIZES MOLECULAR
REPROGRAMMING
Takahashi & Yamanaka [29] reported in 2006 that
somatic cells can be induced to acquire characteristics
of ES cells by the ectopic expression of four transcrip-
tion factors. Nanog was not among the minimal set of
genes required for direct reprogramming. This came as
a surprise as overexpression of Nanog enhances repro-
gramming of somatic cells after cell fusion with ES
cells [30]. However, it subsequently became clear
that selection for endogenous Nanog expression
could distinguish bonafide induced pluripotent stem
(iPS) cells [31,32]. Nanog was also included among
the minimal set of factors involved in reprogramming
of human somatic cells [33]. Indeed, in the absence
of Nanog, reprogramming of mouse somatic cells
does not occur, as was demonstrated by Silva and col-
leagues [12]. Infection of Nanog2/2 neural stem cells
with retroviral transgenes encoding Oct4, Klf4 and
c-Myc resulted in the generation of a proliferative cell
state referred to as pre-iPS [12,22]. This is marked by
the loss of somatic markers but also failure to activate
the full repertoire of pluripotency-associated genes.
Additionally, Nanog2/2 pre-iPS cells cannot transit
to pluripotency in the presence of 2i/LIF medium
and in fact die. This culture medium was demonstrated
to shield ES cells from differentiation-inducing cues
while maintaining robust self-renewal capacity [34].
Furthermore, this medium promotes the induction of
pluripotency [22]. Only Nanog2/2 cells transfected
with a constitutive Nanog transgene generated iPS
cells in 2i/LIF. After excision of the Nanog transgene,
these iPS cells demonstrated a capacity to colonize the
embryo and to contribute to the adult animal [12].
This shows that Nanog is not necessary in iPS cells
once pluripotency is established, similar to the findings
from conditional deletion of Nanog in ES cells [8].

Together, these experiments indicate that Nanog is
dispensable initially after the introduction of repro-
gramming transgenes to generate the pre-iPS cell
state, but becomes required later to generate bonafide
iPS cells (figure 2). Nanog seems to act at a stage of
reprogramming when other key factors, specifically
Oct4, Sox2 and Klf4, are already present. This is simi-
lar to the situation in the E3.5 ICM, where Oct4 and
Sox2 are ubiquitously expressed before the appearance
of the naive epiblast [12]. In migrating PGCs,
expression of Nanog is also initiated in the presence
of Oct4 and Sox2 [24]. Oct4 and Sox2 may have a
direct role in sustaining Nanog expression in these
different contexts as the Nanog proximal promoter
contains an evolutionarily conserved Oct–Sox motif,
which is bound by the Oct4/Sox2 binary complex in
Phil. Trans. R. Soc. B (2011)
ES cells [35,36]. This may explain why induction of
pluripotency can be achieved in the absence of exogen-
ous Nanog as long as endogenous Nanog alleles are
functionally intact [31,32]. Another potential analogy
to the sequence of events in vivo is that female pre-
iPS cells retain an inactive X chromosome [22,37].
It will be of interest to determine whether appearance
of Nanog protein during in vitro reprogramming pre-
cedes X chromosome reactivation in individual cells, as
is observed in ICM cells between E3.5 and E4.5 [12].

The evidence from genetics suggests that transcrip-
tional activation of endogenous Nanog may be a rate-
limiting step during the final stages of somatic cell
reprogramming. Indeed, constitutive expression of
Nanog was shown to accelerate reprogramming in a
study using inducible lentiviral factors [38]. One
hypothesis is that Nanog may be the watershed separ-
ating pre-iPS cells from bonafide iPS cells. In support
of this, it was observed that endogenous Nanog
mediates reprogramming downstream of kinase inhi-
bition, and that constitutive expression of Nanog is
sufficient to unblock the path to pluripotency in
cooperation with LIF/STAT3 signalling [39].

But through what molecular mechanisms does Nanog
establish pluripotency? Chromatin immunoprecipitation
analysis in partially reprogrammed cells by Sridharan
and colleagues has yielded an important clue [37].
This study revealed that cooperative binding by the
reprogramming factors was particularly impaired at pro-
moter targets that are also bound by Nanog in ES cells.
This suggests that Nanog may be required as a cofactor
to coordinate binding of the reprogramming factors to
their cognate ES cell targets. In fact, it was shown that
Nanog forms multiple protein–protein interactions
with other pluripotency regulators in ES cells [40].
The reprogramming factors, Oct4, Sox2 and Klf4,
have all been linked to the physical network surrounding
Nanog through affinity purification of biotinylated
protein complexes [41]. Promoters bound by multiple
pluripotency factors tend to be expressed in ES cells
and then switched off upon differentiation [42]. Thus,
activation of such loci during reprogramming may be
contingent with the presence of Nanog. However, micro-
array analysis after Nanog knockdown indicates that
Nanog also represses many of its transcriptional targets
in mouse and human ES cells [43,44]. Moreover,
Nanog has been directly or indirectly linked with various
co-repressor complexes in protein interaction studies
[40,45]. Consequently, Nanog may also be required
during the final stages of reprogramming to close down
paths to alternative cell programmes.
4. IS THE FUNCTION OF NANOG IN
SPECIFICATION OF NAIVE PLURIPOTENCY
EVOLUTIONARILY CONSERVED?
Our understanding of the molecular mechanisms control-
ling pluripotency is largely the fruition of work in mouse
ES cells, specifically from the permissive 129 strain.
With the advent of 2i/LIF medium, ground state ES
cells have recently been captured from non-permissive
mouse strains [46] and rats [47,48]. Human ES cells,
first described by Thomson in 1998 [49], differ
from these rodent ES cells in important biological and
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Figure 2. Requirement of Nanog in induced pluripotency. The process of induction of pluripotency, for which Nanog is cru-
cial, has three phases. The initiation phase comprises the transduction of somatic cells, in this particular example neural stem

(NS) cells, with retroviruses (pMXs) containing the reprogramming transgenes Oct4, Klf4 and cMyc. This results in the
appearance of a proliferative cell type (pre-iPS), where downregulation of genes from the original cell and expression of
some markers of pluripotency occurs. This phase does not require the expression of Nanog [12]. Pre-iPS cells are dependent
on the continuous expression of transgenes, are not pluripotent and their exposure to 2i/LIF culture conditions leads to the
generation of induced pluripotent stem (iPS) cells [22]. This event marks the establishment phase and Nanog is required

for its completion [12]. Properties of iPS cells include the ability to enter normal embryo development and to contribute
to the adult animal (chimerism). In the maintenance phase, the last in the process of induction of pluripotency, Nanog is
no longer required and can be deleted without compromising self-renewal or the ability of Nanog null iPS cells to contribute
to the adult animal [12].
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molecular respects. These include differences in culture
requirements, X chromosome status (in female cells)
[50] and target promoter occupancy by the core pluripo-
tency regulators [43]. It was thought for many years that
these differences reflect variation between species. In
2007, however, two groups reported that self-renewing
stem cell lines derived from the post-implantation epiblast
of mouse embryos have properties similar to human ES
cells [51,52]. This suggested that differences between
mouse and human ES cells may be developmental,
rather than species-specific. Mouse epiblast stem cells
can be reprogrammed to ground state pluripotency by
expression of defined factors and manipulation of the
culture environment [53–55]. Could a similar strategy
be applied to convert human ES cells into a pluripotent
ground state that includes the unique features of
X chromosome reactivation and LIF-dependence?
Hanna and colleagues reported recently that ectopic
induction of three factors in combination with 2i/LIF
medium may be sufficient to achieve this [56]. This
has prompted the intriguing question of whether
ground state pluripotency may be a generic feature in
mammals or even throughout evolution.

One way to address this question is to ask whether
the molecular building blocks of ground state pluripo-
tency, specifically its core transcriptional circuitry, are
evolutionarily conserved. This can be done by (i) iden-
tifying putative orthologues of pluripotency regulators
through sequence alignment and genomic synteny,
and (ii) functionally testing whether a given orthologue
can replace the mouse gene in a defined pluripotency
assay. Nanog is an exceptional candidate for such
an approach as it exclusively marks the pluripotent
compartment of the ICM at E4.5. In addition,
Nanog is required for the specification of pluripo-
tency both during mouse embryogenesis and in vitro
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reprogramming [12]. Nanog is related to the NK
homeobox genes first described by Kim & Nirenberg
in Drosophila [57] and shows close sequence alignment
with the transcription factors Msx1, Nkx2.5 and
Barx1 (50% amino acid identity in the homeo-
domain). C-terminal to the homeodomain, Nanog
contains a tryptophan repeat (WR) domain in which
every fifth residue is a tryptophan. Two laboratories
reported that the WR domain mediates Nanog
dimerization and is required to confer LIF-indepen-
dent self-renewal in ES cells [58,59]. A Nanog
mutant bearing an alteration of 20 tryptophans to ala-
nines within the WR domain lost the capacity to
interact with several other pluripotency network pro-
teins, including Sall4, Zfp281, Zfp198 and Dax1 [59].
The WR domain is conserved in the placental mamma-
lian orthologues of Nanog (figure 3). Orthologues of
Nanog have also been isolated in non-mammalian
vertebrates, including chick [60] and axolotl [61]. The
latter was shown to bind to chromatin in the vicinity of
the Oct4 and Nanog genes in mouse ES cells and could
delay differentiation in embryoid bodies. Unlike reports
for human and chick Nanog [1,60], however, axolotl
Nanog was not able to support LIF-independent
self-renewal.

An important caveat in these studies is that all com-
plementation experiments with Nanog orthologs or
deletion mutants were performed in mouse ES cells
where endogenous mouse Nanog was present. This
raises the question of whether observed phenotypes
can be unambiguously assigned to an ectopically intro-
duced Nanog variant. More fundamentally, as we have
argued in this review, the evidence from genetics indi-
cates that the primary role of Nanog is to specify the
pluripotent ground state. Therefore, only an assay
that interrogates establishment of pluripotency in the
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absence of endogenous Nanog can reveal the full
extent of Nanog conservation and required structural
elements. A pertinent question is whether orthologues
of Nanog retain an autonomous capacity to generate
ground state iPS cells during direct reprogramming.
Given the lack of structural conservation, it is questio-
nable whether non-mammalian orthologues of Nanog
can mediate full reprogramming.
5. CONCLUSIONS
Since the discovery of Nanog in 2003, its biological
function has been redefined. Nanog was originally
accorded a role in the housekeeping machinery that
supports ES cell self-renewal, but conditional deletion
showed that Nanog is dispensable for the maintenance
of pluripotency [8]. Instead, Nanog is transiently
required during mouse embryogenesis for the
specification of the naive pluripotent epiblast and
development of the germ cell lineage [8,12,25].
Nanog deletion also results in a defect in primitive
endoderm development, but this phenotype can be
explained by a non-cell autonomous dependence on
pluripotent epiblast [19]. Despite the capacity to
enhance fusion-induced reprogramming [30], Nanog
is not included in the quartet of exogenous factors
required to induce direct reprogramming [29].
Crucially, the original iPS cell experiments were per-
formed in somatic cells with functional Nanog alleles.
With the use of Nanog2/2 somatic cells, it was
shown that Nanog is dispensable for the initiation of
dedifferentiation and generation of a pre-iPS cell
state, but becomes required at the final stages of repro-
gramming to drive transition to full pluripotency [12].
Thus, loss-of-function studies indicate that Nanog is
required for the formation of pluripotency, both
embryonic and induced, and for PGC development
during the period of global epigenetic remodelling.

There are striking parallels between the biological
requirements of Nanog during embryogenesis and iPS
cell generation. First, expression of Nanog is primed by
a pre-existing transcriptional network, including Oct4
and Sox2. This is the case in the ICM at E3.5, migrating
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PGCs at E7.75 and pre-iPS cells in vitro. Second, Nanog
action results in the formation of cell states with unique
epigenetic features. This is best exemplified by the
phenomenon of X chromosome reactivation in female
epiblast/ES/iPS cells and PGCs, which may be directly
dependent on Nanog binding to regulatory sites within
the Xist gene [16,17]. We conclude that Nanog has
evolved specifically to switch on an uncommitted
ground state in mammalian cells, but acts only when
other key factors are already present.

How can this perspective on the developmental
function of Nanog be reconciled with the potent
effects of Nanog in resisting differentiation? [1,3]. It
is important to separate gain-of-function phenotypes
in ES cell culture from the biological role of Nanog
in embryonic development. In fact, Nanog expression
seems to be tightly restricted during the lifespan of
naive pluripotent epiblast cells precisely to avoid
interference with differentiation after implantation.
Therefore, the phenotype resulting from forced
expression of Nanog in ES cells likely recapitulates
effects normally associated with the specification of
pluripotency. It is conceivable that repression of
alternative cell states is part of the mechanism through
which Nanog specifies cell fate to ground state pluri-
potency during embryogenesis and reprogramming.
A second, non-mutually exclusive possibility is that
Nanog coordinates targeting of the pluripotency
machinery, and that constitutive expression of Nanog
in ES cells makes the pluripotency network impervious
to perturbation by external cues. The challenge now is
to elucidate how Nanog specifies pluripotency and
determine whether its capacity to switch on
pluripotency predates the origin of mammals.

We would like to thank Yael Costa and Jennifer Nichols
for discussions and critical reading of the manuscript.
T.W.T. is a Wellcome Trust PhD Fellow and J.C.R.S is a
Wellcome Trust Career Development Fellow.
REFERENCES
1 Chambers, I., Colby, D., Robertson, M., Nichols, J.,

Lee, S., Tweedie, S. & Smith, A. 2003 Functional



2228 T. W. Theunissen & J. C. R. Silva Review. Switching on pluripotency
expression cloning of Nanog, a pluripotency sustaining
factor in embryonic stem cells. Cell 113, 643–655.
(doi:10.1016/S0092-8674(03)00392-1)

2 Mitsui, K., Tokuzawa, Y., Itoh, H., Segawa, K., Murakami,
M., Takahashi, K., Maruyama, M. i, Maeda, M. &
Yamanaka, S. 2003 The homeoprotein Nanog is required
for maintenance of pluripotency in mouse epiblast and
ES cells. Cell 113, 631–642. (doi:10.1016/S0092-

8674(03)00393-3)
3 Ying, Q. L., Nichols, J., Chambers, I. & Smith, A. 2003

BMP induction of Id proteins suppresses differentiation
and sustains embryonic stem cell self-renewal in collabor-

ation with STAT3. Cell 115, 281–292. (doi:10.1016/
S0092-8674(03)00847-X)

4 Hatano, S. Y., Tada, M., Kimura, H., Yamaguchi, S.,
Kono, T., Nakano, T., Suemori, H., Nakatsuji, N. &
Tada, T. 2005 Pluripotential competence of cells associ-

ated with Nanog activity. Mech. Dev. 122, 67–79.
(doi:10.1016/j.mod.2004.08.008)

5 Ivanova, N., Dobrin, R., Lu, R., Kotenko, I., Levorse, J.,
DeCoste, C., Schafer, X., Lun, Y. & Lemischka, I. R.
2006 Dissecting self-renewal in stem cells with RNA

interference. Nature 442, 533–538. (doi:10.1038/
nature04915)

6 Nichols, J., Zevnik, B., Anastassiadis, K., Niwa, H.,
Klewe-Nebenius, D., Chambers, I., Schöler, H. &
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