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Already during early embryogenesis, before sex-specific hormone production
is initiated, sex differences in embryonic development have been observed in
several mammalian species. Typically, female embryos develop more slowly
than their male siblings. A similar phenotype has recently been described in
differentiating murine embryonic stem cells, where a double dose of the
X-chromosome halts differentiation until dosage-compensation has been
achieved through X-chromosome inactivation. On the molecular level, several
processes associated with early differentiation of embryonic stem cells have
been found to be affected by X-chromosome dosage, such as the transcriptional state of the pluripotency network, the activity pattern of several signal
transduction pathways and global levels of DNA-methylation. This review
provides an overview of the sex differences described in embryonic stem
cells from mice and discusses a series of X-linked genes that are associated with
pluripotency, signalling and differentiation and their potential involvement in
mediating the observed X-dosage–dependent effects.
This article is part of the themed issue ‘X-chromosome inactivation:
a tribute to Mary Lyon’.

1. Sex differences in early embryos
The majority of sexual dimorphisms arise from hormonal differences between the
genders. However, already during early embryogenesis, before the development
of the gonads, which will initiate the production of fetal hormones, sex differences
are observed, which are attributed to dosage differences of the sex chromosomes
[1,2]. For several mammalian species it was found that male pre-implantation
embryos develop faster than females. This sex difference could either be attributed to the presence of a Y-chromosome in males or to a double dosage of X-linked
genes in female embryos. These two alternatives can be distinguished by including aneuploid female embryos with an XO genotype in the analysis, which carry
only a single X-chromosome, but no Y. A careful quantitative comparison of preand post-implantation embryos with XX, XY and XO genotypes revealed that the
Y-chromosome (of certain genetic backgrounds) can speed up development prior
to implantation, while the presence of two X-chromosomes delays development
right after implantation [3,4].
Interestingly, the developmental time window, when the presence of two
X-chromosomes appears to slow down embryogenesis, coincides with the
onset of X-chromosome inactivation (XCI). During XCI one randomly chosen
X-chromosome in each female cell is epigenetically silenced to ensure dosage compensation for X-linked genes between the sexes. Therefore, most X-chromosomal
genes are present at a double dose in female embryos only during early development. In mice, the time window, when both X-chromosomes are active, seems to
last for only 1–2 days around the time of implantation during the transition from
the blastocyst to the epiblast [5,6]. This window might be particularly short in
mice, because they have evolved an imprinted form of X-inactivation, where the
paternal X-chromosome is inactivated shortly after zygotic genome activation
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Figure 1. The mESC signalling network. Schematic representation of several pluripotency- and differentiation associated signalling pathways and their interactions
with pluripotency factors. Solid lines represent post-transcriptional and dashed lines transcriptional regulation. The regulators coloured in pink are encoded on the
X-chromosome. The presented interactions are based on the following studies: a [12,13], b [14], c [15], d [16], e [17], f [18], g [19], h [20], i [21], j [22], k [23],
l [24], m [25], n [26], o [27].

and the silenced state is then maintained in all extra-embryonic
tissues [5–7]. Only in the inner cell mass (ICM) of the blastocyst,
which will give rise to the embryo proper, is the paternal
X-chromosome reactivated, such that the embryo can undergo
random X-inactivation 1–2 days later. Since the in vitro
system of mouse embryonic stem cells (mESCs) resembles the
ICM, female ESCs carry two active X-chromosomes and thus
express twofold higher levels for most X-linked genes
compared to male or XO ESCs [8]. mESCs can thus serve as a
model to understand the role of X-chromosome dosage
during early development.
Since imprinted X-inactivation seems to be absent in
other eutherian mammals, the time window(s) with double
X-dosage in female human embryos still remains to be defined.
To date several studies have analysed the status of the
X-chromosomes in human embryos up to the blastocyst and
found that by day 7 of development X-inactivation has not yet
occurred [9,10]. The study of human embryos past that
point of development is difficult because in vitro culture is only
possible for pre-implantation stages and studies of human
embryos in vivo cannot be conducted for obvious ethical reasons.
Interestingly, Xist, the master regulator of X-inactivation, which
is normally expressed from the inactive X-chromosome and
mediates chromosome-wide gene silencing, is already expressed in human pre-implantation embryos, albeit from both
X-chromosomes, and fails to initiate gene silencing during
this stage of development. A recent study that used single-cell
transcriptomics to quantify gene expression in early human
embryos suggested that dosage compensation between the
sexes occurs even in the absence of X-inactivation [10]. Instead
of silencing a single X-chromosome, the expression of X-linked
genes seems to be dampened by about 50% from both chromosomes in female pre-implantation embryos. So far it remains

unknown whether bi-allelic Xist expression and the potentially
associated dampening of gene expression is reverted at a later
stage of development before random X-inactivation is initiated,
which is observed in somatic tissues.

2. Sex differences in murine embryonic stem
cells
Embryonic stem cells are maintained in the pluripotent state
by a complex gene regulatory network, where a series of transcription factors stabilize each others’ expression (reviewed in
[11]). At the core of this network lie the two essential pluripotency factors Oct4 and Sox2, which control the pluripotency
associated transcriptional programme mostly acting as a
hetero-dimer. Their expression is tightly controlled by a collection of other transcription factors, such as Nanog, Esrrb,
Klf2, Klf4 and Tfcp2l1 that stabilize the pluripotent state in
a partially redundant fashion, depending on the culture conditions. These factors integrate cues from a series of signalling
pathways that either promote or destabilize the pluripotent
state (figure 1). Most prominently, leukaemia inhibitory factor
(LIF), which signals predominantly through Stat3, is essential
for self-renewal of embryonic stem cells in conventional
serum-based culture conditions. The central pluripotencydestabilizing pathway is the MAPK pathway, stimulated by
Fgf4, which is expressed in an autocrine fashion by the ES
cells themselves. Through the activation of Mek and Erk,
Fgf4 leads to the downregulation of Nanog at the transcriptional level, but also destabilizes Klf2 and Klf4 protein
through Erk-dependent phosphorylation [22,23]. Moreover,
Gsk3, which can mediate Wnt signalling has a differentiation
promoting effect by repressing several pluripotency factors,
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Figure 2. X-chromosome dosage shifts mESC towards the ground state of pluripotency. When cultured in conventional serum-containing medium, mESCs can
reversibly shift from the naive pluripotent ground state to a slightly more differentiated phenotype, characterized by the downregulation of some pluripotency
factors such as Nanog, Esrrb and Rex1. 2i culture conditions shift cells towards naive pluripotency, which is associated with inhibition of MAPK signalling,
high levels of pluripotency factors, low levels of Dnmt3a/b and global DNA hypomethylation. Double X-dosage can shift the cells to the naive state, while reduction
of X-dosage by X-chromosome inactivation promotes differentiation.

such as Esrrb, Nanog and Klf2, via b-Catenin and Tcf3. Finally,
Pi3 K/Akt signalling promotes pluripotency and blocks differentiation, potentially by inhibiting differentiation-promoting
pathways [28].
Since the pluripotency network is easily destabilized by
the differentiation-promoting Mek/Erk and Gsk3/b-Catenin
pathways, chemical inhibition of these signalling pathways
can lock mESCs in the naive pluripotent state (2i culture conditions). In contrast to culture in the presence of these two
inhibitors, conventional ESC culture in serum and LIF permits the cells to undergo an initial, still reversible step
towards differentiation that is marked by the downregulation
of a subset of pluripotency factors like Nanog and Esrrb
(figure 2). As a consequence serum-grown ESCs consist of a
heterogeneous mixture of cells expressing high and low
levels of Nanog and other pluripotency factors [29–31]. In
population measurements, these pluripotency factors appear
therefore to be expressed at increased levels in 2i conditions.
In addition, also several genes involved in the control of
DNA methylation are differentially expressed between ESCs
grown in conventional and 2i conditions, such as Dnmt3a
and Dnmt3b, which encode for de novo DNA methyltransferases [32]. The reduced levels of Dnmt3a/b in 2i conditions
contribute to the markedly reduced DNA methylation levels
that are observed in 2i in a genome-wide manner [32–34]. In
addition, also the maintenance of DNA methylation after
DNA replication seem to be less efficient in 2i due to reduced
protein expression of UHRF1, which targets the maintenance
DNA methyltransferase Dnmt1 to replication foci [35].
Taken together, blocking two differentiation-associated signal
transduction pathways can lock mESCs in the naive pluripotent ground state, where they express homogenously high
levels of all pluripotency factors and are globally DNA
hypomethylated (figure 2).
Not only the culture conditions affect the stability of
mouse ESCs, but also their sex chromosome composition.
In non-2i culture conditions, where mESCs exist in a dynamic equilibrium between the naive pluripotent ground state
and a slightly more differentiated state, the two active
X-chromosomes present in female cells promote the transition
towards the pluripotent ground state (figure 2) [8]. In population measurements, female XX ESCs therefore express
higher levels of those pluripotency factors that are downregulated during the early reversible differentiation step, such as

Nanog and Esrrb. Moreover, the signal transduction network
adopts a distinct state in female ESCs with increased activity
of the pluripotency associated Pi3 K/Akt pathway, and
reduced output from the differentiation promoting Mek/Erk
and Gsk3/b-Catenin pathways [8,36]. Since these signalling
pathways are known to control pluripotency factor expression,
the observed changes in signalling activity could account for
down-stream effects on the pluripotency network. Interestingly target genes of Mek/Erk signalling are clearly reduced
in mESCs with two X-chromosomes, but Mek/Erk phosphorylation levels exhibit the opposite trend [8,36]. This
suggests that X-chromosome dosage inhibits MAPK signalling
downstream of Erk, leading to reduced target gene expression,
but increased Mek and Erk phosphorylation due to negative
feedback regulation. These sex differences in mESCs can be
clearly attributed to X-dosage since male XY ESCs resemble
female XO cells regarding pluripotency factor expression and
signalling activity pattern. Moreover, artificial inactivation of
one X-chromosome in female ESCs induces changes in pluripotency factor expression and signalling activity towards the
XO phenotype [8].
Since double X-dosage shifts mESCs towards the
pluripotent ground state, which is associated with DNA
hypomethylation, female ESCs exhibit lower levels of DNA
methylation compared to males as well as reduced expression
of Dnmt3a and Dnmt3b [37]. While 60–80% of all CpG dinucleotides in the genome are methylated in males ESCs grown
in non-2i media, only about 20% are methylated in females
[33,36,37]. Interestingly global DNA hypomethylation of
female ESCs is even maintained in 2i medium, where levels in
male cells drop to 20%, while in females they are reduced to a
few per cent [33]. DNA methylation seems to respond very sensitively to the MAPK signalling activity since the reduction in
methylation levels appears to be much less severe if 0.4 mM of
Mek inhibitor are used compared to the ‘standard’ 1 mM,
albeit this observation could also be due to the usage of different
cell lines in the different studies [38]. With the reduced dose of
Mek inhibitor, male ESCs maintain 50% methylation and
females 20%. The observation that even in 2i conditions some
of the sex differences in mESCs persist suggests either that Xdosage further inhibits some remaining low activity of MAPK
signalling or that MAPK-independent mechanisms also
contribute to the sex differences. Although the difference in
methylation levels is quite large, this appears to have only
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As described in the previous sections the activity state of the
mESC signalling network appears to be affected by X-dosage.
As a basis for a discussion of how this X-dosage effect might
be mediated on the molecular level, this section will give an
overview over how different signalling pathways control the
pluripotency network (figure 1).

(a) Differentiation-associated pathways
As already described above, the two main signalling pathways that promote the exit from the pluripotent state and
that are thus inhibited in 2i culture conditions, are the
Mek/Erk and the Gsk3/b-Catenin pathways. The Mek/Erk
pathway is stimulated by autocrine Fgf4, which is a well
characterized target gene of Oct4/Sox2 thus forming a pluripotency-destabilizing negative feedback loop [11]. Fgf will
trigger the MAP kinase cascade via the FGF receptor, leading
to successive phosphorylation and activation of the Raf, Mek
and Erk kinases. This will trigger the translocation of Erk into
the nucleus, where it phosphorylates several transcription
factors to control target gene expression. It remains poorly
understood which molecular mechanisms link Erk to the
pluripotency network, but some progress has been made
recently. Two pluripotency factors, Klf2 and Klf4 have been
shown to be directly phosphorylated by Erk, which promotes
their degradation [22,23]. Klf4 in turn induces the E3 ubiquitin ligase March5, which promotes the pluripotent state by
inhibiting the Mek/Erk cascade [14]. Moreover, the AU-rich
element mRNA binding protein Brf1 has been identified as
an Erk target gene in mESCs and has been shown to bind
and destabilize the mRNAs of several pluripotencyassociated genes, including Nanog [21]. This mechanism

(b) Pluripotency-associated pathways
The central pluripotency-promoting signal is LIF, which primarily activates the Jak/Stat pathway resulting in phosphorylation
of Stat3. Stat3 will thus dimerize and translocate to the nucleus,
where it binds many pluripotency-associated genes often
together with Oct4, Sox2 and Nanog [47]. Klf4 and Tfcp2l1
have been identified as main Stat3 target genes [17,24]. Apart
from Stat3, LIF appears to also induce phosphorylation of
Erk and of Akt [24,26]. The functional relevance of these
observations, however, remains unclear.

4
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3. The pluripotency-associated signalling
network

might mediate the long known Erk-dependent downregulation of Nanog [42]. In addition Nanog has also been
identified as a direct phosphorylation target of Erk in vitro,
but the functional consequences of this observation in vivo
remain unknown [43]. Interestingly, Erk also associates
with chromatin, probably to directly phosphorylate chromatin-bound substrates. It has been shown to bind bivalent
promoters and to phosphorylate RNA polymerase II at
Ser5, thereby promoting initiation of transcription [44]. Bivalency is characterized by the co-occurrence of the repressive
and activating histone marks (H3K27me3 and H3K4me3)
and is thought to poise developmental genes for upregulation
upon exit from the naive pluripotent state. At a subset of
bivalent promoters, Erk interacts with the X-linked factor
Nono, which promotes Erk activity [15]. Also in human ES
cells, Erk has been identified as a chromatin-bound factor and
shown to co-localize with Elk1, a classic transcription factor
downstream of Erk, at a subset of Elk1 target genes [45].
Although it is commonly thought that Erk phosphorylation is
only mediated by Mek1/2, a recent study suggests that Erk
might have Mek-independent functions in mESCs [46]. The
study finds that, in contrast to pharmacological inhibition of
Mek, which promotes mESC self-renewal, mESCs deficient
for Erk1/2 are not viable due to genomic instability. The molecular basis of this observation, however, remains to be
further investigated. In summary, Erk is a central player in
the transition from the naive to the primed pluripotent state
and mediates its effects through multiple downstream effectors.
Although Fgf is clearly the main trigger of the pathway,
Erk has also been shown to be activated by LIF signalling
[24]. This observation is somewhat puzzling since LIF is the
central signal to maintain the pluripotent state. In addition,
a third signalling pathway has recently been shown to
affect Erk activity in mESCs. The pluripotency-associated
growth factor BMP4, which activates Smad1/5 has been
shown to upregulate the X-linked factor Dusp9. Dusp9
encodes for a dual-specificity phosphatase (Dusp) which
dephosphorylates and thereby de-activates Erk [16].
The second differentiation-promoting pathway that is
inhibited in 2i conditions is Gsk3/b-Catenin signalling. This
pathway is known to mediate Wnt signals, but some discrepancies between the effects of Wnt and the Gsk3 inhibitor
suggest that the situation might be more complex [11].
Gsk3 phosphorylates b-Catenin and thereby induces its
degradation. b-Catenin associates with the ESC-specific
Tcf/Lef factor Tcf3/Tcf7l1 and inhibits its DNA binding
activity, which otherwise represses several pluripotency factors such as Esrrb and Tfcp2l1 [18,19]. In this way, Gsk3
activity reduces b-Catenin levels, which leads to activation
of Tcf3/Tcf7l1, which will repress pluripotency-associated
genes and thereby destabilize the pluripotent state.

rstb.royalsocietypublishing.org

small effects on the gene expression state in agreement with
observations in ESCs devoid of DNA methylation [39].
Since X-chromosome dosage decreases the propensity of
mESCs to acquire more differentiated states, female ESCs exhibit a delayed downregulation of pluripotency factors during
in vitro differentiation [8]. Only when the cells have undergone
X-inactivation and have thus neutralized the sex differences
in signalling and pluripotency factor expression, can they completely exit the pluripotent state. Consequently, speeding up
or blocking X-inactivation genetically also increased and
decreased the differentiation speed, respectively [8]. A recent
study using single-cell transcriptomics showed that even
after four passages of differentiation towards epiblast-like
cells, female ESCs still mostly cluster with undifferentiated
ESCs in contrast to male cells, which have already acquired a
much more differentiated transcriptome at this stage [40].
Only after another three passages, when they had achieved
dosage compensation for X-linked genes, the female cells
started to resemble their male counterparts. Also in that
study, female ESCs maintained higher levels of pluripotency
factors compared to males and showed differential expression
of genes associated with MAPK and Wnt signalling in a KEGG
pathway analysis. The X-inactivation status thus appears to be
intimately linked to cellular differentiation, since double
X-dosage delays differentiation, while downregulation of
pluripotency factors is known to trigger XCI [41].
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Akt is activated by Pi3 kinase (Pi3 K), which is part of the
insulin-like growth factor (Igf) signalling pathway. In embryonic stem cells, however, the Pi3 K/Akt pathways can also
be activated independent of Igf by the constitutively active
Ras-like GTPase Eras, which is encoded by an X-linked gene
and binds and thus activates Pi3 K [28]. Interestingly, Eras is
expressed at high levels in serum-grown ES cells, but is strongly
downregulated in 2i conditions because it is repressed by Tcf3,
which mediates Gsk3 inhibition [25]. The downstream effects of
Pi3 K/Akt signalling are not well understood, but Nanog and
Tbx3 seem to be transcriptional target genes [24,27]. Moreover,
Akt can directly phosphorylate Sox2, thereby stabilizing this
core pluripotency factor [12,13]. The effects of Pi3 K/Akt activation are in part mediated by the mTOR pathway, which has
been suggested to phosphorylate and thereby inhibit Follinculin (Flcn). Flcn in turn promotes cytoplasmic localization of
the X-linked transcription factor Tfe3, which otherwise blocks
differentiation by inducing Esrrb [20]. In this way, activation
of mTOR will promote nuclear localization of Tfe3, which
induces the pluripotency factor Esrrb.

present at a higher dose in female XX compared to male XY
cells. In this section, several X-linked modulators of the pluripotency network and of the mESC signalling network will be
discussed in detail with respect to their potential for mediating
the observed X-dosage dependent effects (summarized in
table 1).

(a) Eras
Since Eras is an activator of the Pi3 K/Akt pathway, an
increased dose of Eras in female ESCs could potentially
increase Akt phosphorylation and the expression of Akt
target genes. In addition, Eras has been shown to increase
phosphorylation of Erk [25] and could thus in principle be
responsible for the increased levels of Erk phosphorylation in
female ESCs compared to males [8]. However, Nanog is not
affected by Eras knock-down or over-expression and Eras
seems to rather promote, not block differentiation [25]. Therefore, Eras could be responsible for the observed effects on the
signalling network, but not for the differentiation phenotype.

(b) Nono

4. X-linked modulators of pluripotency
As described in detail above, mESCs with a double dosage of
X-linked genes are shifted towards the naive pluripotent state
and their differentiation is partially blocked until they have
undergone X-inactivation [8]. Consequently, X-dosage appears
to increase the expression of some pluripotency factors such as
Nanog and Esrrb, but does not affect expression of the core factors Oct4 and Sox2. Moreover, double X-dosage increases
activity of the Pi3 K/Akt pathway and inhibits expression of
target genes of the Gsk3 and Mek/Erk pathways, albeit
accompanied by an increase in Mek and Erk phosphorylation.
In addition double X-dosage appears to decrease global DNA
methylation levels. These X-dosage dependent effects are likely
to be mediated by one or several X-linked genes, which are

Nono has been found to act as an Erk cofactor at a subset of
bivalent genes. In Nono deficient mESCs reduced Erk phosphorylation is observed [15], suggesting that an increased
dose of Nono in female ESCs could account for the observed
elevated levels of pErk [8]. However, Nono deficient mESCs
exhibit increased levels of Nanog and reduced differentiation propensity and are defective in the expression of
Erk target genes [15]. Overall, an increased dose of Nono
would thus be expected to rather shift female ESCs towards
differentiation, and not towards naive pluripotency.

(c) Dusp9
Dusp9 is an X-linked Erk phosphatase that has been shown to
be upregulated by BMP4 in mESCs [16,51]. Through inhibition
of the Erk pathway, overexpression of Dusp9 results in a
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Table 1. X-linked regulators of the pluripotency signalling network. For six X-linked genes that have been implicated in transcriptional regulation and
signalling in mESCs the table summarizes the consequences of loss and/or gain of function on pluripotency factors (Nanog, Esrrb), signalling pathways, DNA
methylation levels and differentiation of mESC. The bottom row summarizes known X-dosage-dependent effects. Entries coloured in red indicate that increased
dose of the respective gene resembles the XX phenotype (n.a. ¼ not affected). (Online version in colour.)
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Overexpression and forced nuclear localization of Tfe3 has
been shown to block ESC differentiation and to increase
expression of Esrrb [20], thus partially pheno-copying the
observed X-dosage effect. However, neither Nanog expression
nor Mek and Gsk3 target genes were affected by forced nuclear
translocation of Tfe3 [20]. Thus, Tfe3 could partially account for
the differentiation phenotype of female ESCs, but probably not
for the effects on the signalling network.

(e) Nr0b1/Dax1
Nr0b1/Dax1 is an orphan nuclear hormone receptor that
co-occupies many gene promoters together with other pluripotency factors, such as Nanog, Sox2 and Klf4 [52]. Nr0b1/
Dax1 overexpression blocks differentiation, but does neither
affect expression of other pluripotency factors such as
Nanog and Esrrb, nor phosphorylation levels of Erk [48,49].
In addition, it does not exhibit the twofold elevated levels
in female ESCs that have been found for the majority of Xlinked genes [8]. Instead it seems to be dosage-compensated
by a gene-specific mechanism. Therefore, Nr0b1/Dax1 is
rather unlikely to mediate the observed shift towards the
naive state.

(f ) Zfx
Zfx is a zinc finger transcription factor that is required for
self-renewal of mESCs and its overexpression can block
differentiation [50]. While Nanog is unaffected by Zfx overexpression, other pluripotency-associated factors such as Tbx3
and Tcl1 are increased. Therefore, Zfx could in principle

Among the X-linked factors discussed above, Dusp9 overexpression most closely resembles the double X-dosage
phenotype. In theory an X-linked inhibitor of the Mek/Erk
pathway, such as Dusp9 would be expected to reduce the
expression of Mek/Erk target genes, to block differentiation
and to increase expression of Nanog and Esrrb. If the inhibition occurred down-stream of Erk it would potentially
increase Mek and Erk phosphorylation through negative
feedback regulation as observed upon pharmacological inhibition of Mek [8,53]. Since Dusp9 is an Erk phosphatase, it is,
however, expected to reduce Erk phosphorylation, while
increasing pMek through the negative feedback. Since there
are conflicting reports whether Dusp9 augments or reduces
pErk its mechanism of action remains to be clarified [16,36].
Since Mek inhibition also reduces expression of Gsk3 target
genes and leads to an increase in Akt phosphorylation, an
inhibitor of the Mek/Erk pathway that acts downstream of
Erk could potentially account for all observed X-dosagedependent effects [8]. It is, however, likely that a combination
of different X-linked genes shapes the X-dosage phenotype.
The fact that X-dosage affects pluripotency and differentiation has so far only been shown in mice since they are the
prime model system for mammalian development. In addition,
delayed in vivo development has been observed for female
embryos in several other species such as cows, rats and
humans [1]. For more detailed mechanistic studies, embryonic
stem cells from these species will be valuable model systems.
The use of human ESCs for studying X-dosage-dependent
effects has so far been hampered by the fact that most cell lines
adopt a state where one X-chromosome is at least partially
silenced [54]. A recent study has characterized the X-inactivation
status and the differentiation potential of a series of female
human ESC lines in detail [55]. The finding that lines with two
active X-chromosomes maintain this state during differentiation,
shows that double X-dosage in human ESCs does not completely block differentiation. However, the study also showed that
the extent of X-inactivation correlates with differentiation
propensity of the cells line, such that XCI appears to facilitate
differentiation also in human ESCs.
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