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Mouse Embryonic Stem (ES) cells have an inherent propensity
to explore distinct gene-regulatory states associated with either
self-renewal or differentiation. This property is largely depen-
dent on ERK activity, which promotes silencing of pluripotency
genes, most notably of the transcription factor Nanog. Here, we
aimed at identifying repressive histone modifications that would
mark the Nanog locus for inactivation in response to ERK ac-
tivity. We found histone H3 lysine 9 tri-methylation (H3K9me3)
focally enriched between the Nanog promoter and its -5kb en-
hancer. While in undifferentiated ES cells H3K9me3 at Nanog
depends on ERK activity, in somatic cells it becomes ERK-
independent. Moreover, upon deletion of the region harbouring
H3K9me3, ES cells display reduced heterogeneity of NANOG
expression, delayed commitment into differentiation and im-
paired ability to acquire a primitive endoderm fate. We suggest
that establishment of irreversible H3K9me3 at specific master
regulators allows the acquisition of particular cell fates during
differentiation.

Introduction
Mouse Embryonic Stem (ES) cells are derived from pre-
implantation embryos and recapitulate numerous properties
of the pluripotent inner cell mass of the blastocyst1. In vivo,
the culmination of pluripotency – the ability to give rise to
all three somatic germ layers – takes place when the primi-
tive endoderm – a source of extra-embryonic tissues – seg-
regates from the epiblast, the founder of the embryo proper2.
This segregation is strictly controlled by the transcription fac-
tor Nanog, which is required to form the epiblast3,4 and,
additionally, stimulates FGF4 production. This extracel-
lular signal is then transduced into neighbouring cells by
ERK activity, silencing Nanog and opening a window of op-
portunity to undergo commitment into primitive endoderm
differentiation5-10. This binary cell fate decision is charac-
terised by substantial heterogeneity of NANOG expression,
which creates the conditions required for epiblast and prim-
itive endoderm specification10. Subsequently, Nanog ex-
pression is downregulated in the epiblast, eliciting the es-
tablishment of somatic differentiation11. In vitro, ES cells
also exhibit extensive Nanog heterogeneity: while NANOG-
positive cells self-renew efficiently, NANOG-negative cells
are prone for differentiation even though they remain uncom-
mitted and can spontaneously revert to the Nanog-expressing
state12-16. Notably, NANOG-negative cells spontaneously

generated in culture or by homozygous targeted deletion,
show increased differentiation propensity towards both prim-
itive endoderm and somatic fates11-16. NANOG heterogene-
ity has been proposed to result from several mechanisms. On
the one hand, it has been suggested to result from the archi-
tecture and the topology of the pluripotency network17-19;
on the other, it is known to strongly depend on extrin-
sic cues, such as LIF/STAT3, WNT/GSK3b and FGF/ERK
signalling14,15,20,21. For both, specific regulatory properties
and their inherent stochastic nature have been suggested to
play a role22. Nevertheless, ERK activity has emerged as
a key trigger of Nanog heterogeneity, in line with its gen-
eral role in eliciting exit from pluripotency23,24. However,
little is known about the chromatin-based aspects of Nanog
heterogeneity. More specifically, it is unknown whether spe-
cific chromatin modifications25 contribute to the stabilisation
of the NANOG-negative state, which has been shown to be
perpetuated for several cell divisions during self-renewal. In-
deed, temporal analysis of NANOG fluctuations across cell
generations has shown that the progeny of NANOG-negative
cells is enriched in cells that maintain Nanog silencing, even
though they can revert back and re-express NANOG26. This
stability of the NANOG-negative state sets Nanog hetero-
geneity apart from other phenomena of gene expression het-
erogeneity, generally characterised by fast switching dynam-
ics resulting from intrinsic and extrinsic noise or encoded in
regulatory networks themselves27,28.

In this study, we aimed at identifying histone modifica-
tions associated with gene repression that would be: (i) dif-
ferentially enriched at the Nanog locus when it is active or
inactive; (ii) controlled by the signalling pathways associ-
ated with heterogeneity; (iii) heritable from mother to daugh-
ter cells29. We found histone H3 lysine 9 tri-methylation30

(H3K9me3), enriched between the Nanog promoter and its
-5kb enhancer31,32, to fulfil these criteria. Deletion of the re-
gion harbouring H3K9me3 at Nanog was associated with re-
duced NANOG heterogeneity, delayed commitment into dif-
ferentiation and, most notably, defective differentiation along
the primitive endoderm lineage. Moreover, our data also
suggests that during differentiation, H3K9me3 at Nanog be-
comes independent from ERK activity. Hence, we propose
that the timely establishment of ERK-independent H3K9me3
at Nanog marks commitment into differentiation and impacts
cell fate acquisition in a lineage-dependent manner.
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Fig. 1. Mitotically stable, ERK-dependent
H3K9me3 at the Nanog locus. (A) Quantifi-
cation of OCT4 (z score; X-axis) and NANOG
(z score; Y-axis) levels as assessed by immuno-
staining in ES cells cultured in FCS+LIF (black,
n=1125) and 2i+LIF (read, n=1445). (B) ChIP-
qPCR of several histone modifications as indi-
cated, at three positions of the Nanog locus (the
Nanog promoter, P; the Nanog -5kb enhancer,
E; an intervening region, IR, located 1.7kb of the
Nanog transcription start site; see map on (C)) in
ES cells cultured in FCS+LIF (black) or in 2i+LIF
(red). Each dot represents the percentage of im-
munoprecipitation (%IP; Y-axis) of independent
replicates and the bar the corresponding mean.
(C-E) Extended profile of H3K9me3 or total H3,
as indicated, across the Nanog locus (X-axis
represents genomic distances in kb with respect
to the Nanog transcription start site, as schema-
tised on top), in ES cells cultured as indicated in
each plot. Each dot represents the percentage
of immunoprecipitation (%IP; Y-axis) of indepen-
dent replicates and the line the corresponding
loess regression.

Results

ERK-dependent, mitotically stable, H3K9me3 at the
Nanog locus in ES cells.

To explore the involvement of chromatin marks poten-
tially distinguishing active and inactive Nanog states, we
first performed a comparison of ES cell populations ex-
hibiting heterogeneity, cultured in FCS+LIF (Fig.1A), with
highly homogeneous populations obtained by double inhibi-
tion of ERK and GSK3b (2i+LIF; Fig.1A). While several eu-
chromatic marks associated with active transcriptional states
were found more enriched in 2i+LIF, as expected, we ob-
served a single repressive mark, H3K9me3, to be enriched in
FCS+LIF and lost in 2i+LIF (Fig.1B). H3K9me3 was present
neither at the promoter (P in Fig.1B) nor at the enhancer (E
in Fig.1B); rather, we detected H3K9me3 in the interven-
ing region (IR in Fig.1B). To further characterise H3K9me3,
we performed a high-resolution analysis of the Nanog lo-
cus (Fig.1C, top), which confirmed the presence of a ro-
bust peak of H3K9me3 between the enhancer and the pro-
moter in FCS+LIF exclusively (Fig.1C). Analysis of total H3
confirmed the specificity of H3K9me3 enrichment (Fig.1C),
which cannot be merely attributed to changes in nucleosome
positioning or occupancy. Moreover, we observed good re-
tention of H3K9me3 at Nanog in mitotic ES cells (Fig.1C),
where drastic changes in nucleosomal densities could also
be observed at the Nanog enhancer33 (Fig.1C). Next, we
used a previously described Nanog-GFP reporter11 to sort
Nanog-positive and -negative ES cells by FACS. We observed
that H3K9me3 was more prominent in Nanog-negative cells,
with clear spreading towards the promoter (Fig.1D). Finally,
we assessed the temporal ERK and GSK3b dependencies

of H3K9me3 at Nanog. In 3 days of ERK inhibition with
PD0325901, which induce high and homogeneous NANOG
expression (Fig.S1), H3K9me3 was significantly reduced
(PD in Fig.1E), whereas even after 6 days of GSK3b inhi-
bition with CHIR99021, H3K9me3 levels remained globally
unchanged (CH in Fig.1E). Hence, the repressive H3K9me3
mark shows ideal properties to play a role in Nanog hetero-
geneity as it is readily dependent on ERK activity, fully lost in
homogeneous NANOG populations, over-enriched in Nanog-
negative cells, and maintained during mitosis.

H3K9me3 at Nanog impacts NANOG heterogeneity.
To study the relevance of H3K9me3 at Nanog, we used a

Crispr/Cas9 approach deleting 1.8kb between the enhancer
and promoter (Fig.2A, red box). Two clones (∆K9.1 and
∆K9.2) were confirmed as homozygously deleted with a
complete absence of H3K9me3 (Fig.2A). Nanog mRNA lev-
els were slightly upregulated in ∆K9 cells (Fig.2B), which
presented a clear shift in NANOG expression to higher and
more homogeneous levels, with a strong reduction of the
proportion of cells expressing no or low NANOG (Fig.2C).
In agreement with the low upregulation of Nanog in ∆K9
cells, we observed a nearly insignificant increase in self-
renewal efficiency, as determined by clonal assays. How-
ever, ∆K9 cells were more recalcitrant to efficiently differ-
entiate upon LIF withdrawal (Fig.2D). Next, we performed
RNA-seq analysis to compare wild-type and ∆K9 cells (Ta-
ble S1), which confirmed a small increase in Nanog ex-
pression (FDR<0.05; Fig.S2A). We identified 235 and 402
genes that were up- or down-regulated, respectively, in both
∆K9 clones (FDR<0.05 and abs(log2FC)>0.3; Fig.S2B).
Even though differentially expressed genes exhibited small
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Fig. 2. The Nanog region harbouring H3K9me3 enables heterogenous NANOG
expression. (A) H3K9me3 profile across the Nanog locus, presented as in Figure
1C, in wild-type ES cells (E14Tg2a, black) and in two mutant derivatives (∆K9.1
and ∆K9.2, in red and orange respectively), carrying a deletion of the region en-
riched for H3K9me3 (red box on the X-axis). (B) Expression of Nanog mRNA levels
(normalised to Tbp) assessed by RT-qPCR in wild-type (E14Tg2a, black) and mu-
tant clones (red and orange). Each dot represents the level of Nanog mRNA of
independent replicates and the boxplots the corresponding median (bar), 25-75%
percentiles (box) and 1.5-folds the inter-quartile range (whiskers). (C) Histogram
representing the density (Y-axis) of NANOG expression levels (X-axis; log2(mean
intensity) corrected to the E14Tg2a median of each experiment, n=2) in wild-type
(E14Tg2a, black; n= 8191) or mutant cells (∆K9.1 and ∆K9.2 in red and orange,
respectively; n= 3835, 3812) as assessed by immuno-staining. (D) Representative
alkaline-phosphatase staining of ES cell colonies for the indicated cell lines and cul-
ture conditions. The plot shows the number of alkaline-phosphatase (AP) positive
(circles) and negative colonies (triangles) in wild-type (E14Tg2a, black) and ∆K9
cells (red and orange). Each dot represents an independent replicate and the bar
the corresponding median for AP+ (pink) or AP- (blue) colonies.

fold changes (Fig.S2C), consistent with the small increase in
Nanog expression observed in ∆K9 cells, they were nonethe-
less found enriched in the vicinity of NANOG binding re-
gions, compared with regions bound by OCT4/SOX2 but not
NANOG33,34 (Fig.S2D). We conclude that the deletion of the
region harbouring H3K9me3 at the Nanog locus reduces the
capacity of ES cells to explore the NANOG-negative state ef-
ficiently, leading to a measurable resistance to differentiate.

ERK-independent H3K9me3 at Nanog in somatic cells.
We next aimed at characterising the status of H3K9me3

at Nanog in non-pluripotent cells. First, we established
the H3K9me3 profiles over the Nanog locus in several cell
types where Nanog has been silenced during development
(Fig.3A). H3K9me3 was systematically found enriched be-
tween the Nanog enhancer and promoter, albeit at differ-
ent levels. In Trophectoderm Stem (TS) cells, the levels
found at Nanog were lower than in FCS+LIF ES cells, ex-
cept at the Nanog promoter where some spreading was de-
tected. In Extra-embryonic Endoderm (XEN) cells, the lev-
els of H3K9me3 were found higher, exhibiting spreading to-
wards the promoter. Finally, in Mouse Embryonic Fibrob-
lasts (MEFs), the level of H3K9me3 was particularly high,
with prominent invasion of the Nanog promoter and gene
body. Therefore, we conclude that while H3K9me3 is found
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Fig. 3. H3K9me3 at Nanog times commitment into differentiation. (A)
H3K9me3 profile across the Nanog locus, presented as in Figure 1C, in the indi-
cated cell lines and conditions. (B) Identical profiles for ES cells undergoing differ-
entiation (labelled 2i+LIF_OFF) for the indicated number of days. (C) Nanog Log2
relative mRNA levels (d0 set to 1) measured by RT-qPCR and normalised to Tbp,
during ES cell differentiation in the indicated cell lines. Each dot represents an in-
dependent replicate and the line the corresponding mean with standard errors. (D)
Number of alkaline-phosphatase positive colonies obtained after switching to 2i+LIF
wild-type (E14Tg2a, black) and ∆K9 (red and orange) cells seeded clonally and dif-
ferentiated for the number of days indicated on the X-axis. Each dot represents an
independent replicate and the histogram the corresponding mean and standard er-
ror. (E) Representative alkaline-phosphatase staining of ES cell colonies cultured
in 2i+LIF after 0 (top) or 3 (bottom) days of differentiation for the indicated cell lines.

at Nanog in the three cell types analysed, its absolute lev-
els and the degree of spreading towards the promoter are
variable. This suggests that a certain level of developmental
specificity impacts H3K9 methylation at Nanog. Moreover,
and in contrast to ES cells, the inhibition of ERK in MEFs
did not abolish H3K9me3 at Nanog, which remained robustly
enriched (Fig.3A). This indicates that during differentiation,
when Nanog silencing becomes irreversible, H3K9me3 at
Nanog is liberated from its strict dependency on ERK.

H3K9me3 at Nanog controls the timing of commitment
into differentiation.

We then aimed at assessing the dynamics of H3K9me3
at Nanog during ES cell differentiation. We used a simple
protocol starting from 2i+LIF (absence of H3K9me3) and
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based on the withdrawal of LIF and of ERK and GSK3b
inhibitors (Fig.S3A). We observed a step-wise increase of
H3K9me3 (Fig.3B): if it remained low during the first 48h, it
suddenly appeared after 3 days and only slightly increased
after 4 days. Somehow unexpectedly, this appearance of
H3K9me3 did not correlate with a particularly strong re-
duction of Nanog expression (Fig.3C). In fact, we observed
Nanog downregulation taking largely place during the first
48h, in the absence of high levels of H3K9me3. However,
while Nanog expression continued to decrease during differ-
entiation of wild-type cells, we observed that ∆K9 clones
displayed a stabilisation of low Nanog expression after the
sharp decrease occurring during the first 2 days (Fig.3C),
despite an efficient differentiation (Fig.S3A). This different
behaviour of Nanog expression in ∆K9 clones, temporally
correlated with the time at which H3K9me3 is established
in wild-type cells, prompted us to determine if commitment
into differentiation – the moment at which cells cannot easily
come back to an undifferentiated state – was altered in ∆K9
cells. For this, we seeded wild-type and ∆K9 cells at clonal
density and after 2, 3 or 7 days of differentiation, we replaced
the culture medium back to 2i+LIF: only cells that have not
yet irreversibly lost their capacity to self-renew will survive,
proliferate and form undifferentiated, alkaline-phosphatase-
positive colonies35 (Fig.3D,E). In wild-type cells, we ob-
served a striking coincidence of the time of commitment,
taking place between days 2 and 3, with the appearance of
H3K9me3 at Nanog. In ∆K9 clones, however, we observed a
significant number of alkaline-phosphatase-positive colonies
after 3 and even 7 days of differentiation, testifying of de-

lay in commitment. Altogether, these analyses suggest that
in 2i+LIF ES cells, H3K9me3 at Nanog is established during
differentiation, when it marks the irreversible commitment
into effective differentiation. Yet, it is not strictly required
for differentiation per se and rather enables the appropriate
timing of commitment.

∆K9 cells exhibit delayed differentiation.
Given the delay in differentiation commitment observed

in ∆K9 clones, we monitored the expression of several genes
reflecting the loss of pluripotency and the transition to a dif-
ferentiated state35 (Fig.S3B). While naïve pluripotency genes
(Esrrb, Klf4, Prdm14, Rex1) showed a less drastic downreg-
ulation, mimicking Nanog expression, differentiation mark-
ers (Fgf5, Dnmt3b, Otx2, Wnt3) showed delayed dynamics.
Next, we differentiated wild-type and ∆K9 cells into Em-
bryoid Bodies (EBs), a paradigm that recapitulates the es-
tablishment of multiple lineages. At the morphological level
we observed ∆K9 EBs to be often characterised by defective
sealing at their periphery (Fig.S4A). Moreover, cellular out-
growths derived from ∆K9 EBs also exhibited obvious dif-
ferences compared to those derived from wild-type EBs, with
less apparent multi-lineage differentiation (Fig.S4A). Gene
expression analyses of EBs after d4, d6 and d8 of differ-
entiation confirmed the attenuated downregulation of Nanog
expression (Fig.4A). Moreover, PCA analysis of RNA-seq
profiling (Table S1) highlighted a transcriptome-wide de-
lay of both ∆K9 clones, starting at d4 and progressively
increasing through time (Fig.4B). Gene ontology analysis
of the top 1000 loadings of the PCA identified focal ad-
hesion genes among the most enriched cellular components
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subject to a directed differentiation protocol into primitive endoderm. (B-C) Quantification of dual immuno-staining for NANOG, GATA6 and GATA4, PDGRFa in E14Tg2a
(n=19507, 20641), ∆K9.1 (n=11348, 19476) and ∆K9.2 (n=9713, 19742) cells differentiated as in (A).

(GO:0005925; p<10-5), in line with our morphological obser-
vations (Fig.S4A). Therefore, the lack of H3K9me3 at Nanog
is strongly associated with delayed differentiation, as eval-
uated with three distinct differentiation paradigms (Fig.2D,
Fig.S3B and Fig.4B).

The absence of H3K9me3 at Nanog leads to major defects
in primitive endoderm differentiation.

To further explore the molecular nature of the defects ob-
served during EB differentiation, we first identified around
4000 genes displaying temporal gene expression changes in
either differentiating wild-type or mutant cells compared to
their undifferentiated controls (FDR<0.05, abs(log2FC)>1;
Table S1). These genes were then clustered using k-means;
this allowed us to identify 6 groups of genes displaying differ-
ent expression dynamics during EB differentiation (Fig.4C,
left; Table S1). While all identified clusters underscored
the delay into differentiation, one in particular, cluster c6,
showed a blatant attenuation of gene upregulation at d8. To
characterise each cluster relative to known developmental tra-
jectories, we plotted the fold-change reported in a previous
study36 where embryonic endoderm, mesoderm and ecto-
derm cells of E7.5 embryos, as well as primitive endoderm
cells of E4.5 embryos, were directly compared to the E4.5
epiblast (Fig.4C, right). While clusters c1 and c2 showed
a marked downregulation upon epiblast differentiation into
all lineages, cluster c3 to c6 displayed a clear upregulation

in at least one E7.5 lineage. Notably, cluster c6, which
shows the strongest ∆K9 vs wild-type differences, was the
only one enriched for genes displaying a prominent upregu-
lation in the primitive endoderm with respect to the epiblast
(Fig.4D). Analysis of primitive endoderm markers such as
Gata6, Gata4 and Sox17 during EB differentiation confirmed
the altered induction of these genes (Fig.S4B).

Finally, in light of these results, we wanted to ascertain
whether the defective primitive endoderm signature identi-
fied in EBs implies a deficiency in the capacity of ∆K9
clones to engage in primitive endoderm differentiation. Thus,
we challenged wild-type and ∆K9 ES cells with a primitive
endoderm differentiation protocol37 (Fig.S5). In wild-type
cells, but not in ∆K9 clones, we observed the appearance
of endoderm-like cell clusters from day 4 onwards. More-
over, ∆K9 clones showed increased cell death. Immuno-
fluorescence of NANOG, GATA6, GATA4 and PDGFRa,
confirmed NANOG silencing in cells expressing primi-
tive endoderm markers, as expected (Fig.5A,B,C). In ∆K9
clones, however, NANOG expression was prominent and the
appearance of cells expressing primitive endoderm markers
anecdotical. Therefore, ∆K9 cells are not able to undergo di-
rected differentiation into primitive endoderm. We conclude
that H3K9me3 is required to stably silence Nanog during
differentiation and that failing to do so has different conse-
quences depending on the differentiation lineage, with prim-
itive endoderm being particularly sensitive.

A. Dubois et al. | Nanog heterochromatinisation, heterogeneity and differentiation. bioRχiv | 5

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 22, 2021. ; https://doi.org/10.1101/2021.06.22.449256doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.22.449256
http://creativecommons.org/licenses/by-nc-nd/4.0/


Discussion
Gene expression heterogeneity has emerged as a main

motor of lineage diversification during development, partic-
ularly in stem cell and progenitor populations: upon ap-
propriate stimuli, these expression differences are translated
into an effective decision-making process that culminates
in commitment22,27,28. When these heterogeneities are dy-
namic, such as in the case of Nanog and ES cells, the fluctu-
ating expression is eventually fixed. A likely model account-
ing for the transition from reversible to irreversible silenc-
ing involves epigenetic repression, in the sense of heritable
chromatin states incompatible with transcription that do not
depend on the original triggers38. The acquisition of epige-
netic repression, including H3K9me339, is indeed perceived
as a general mean to restrict developmental fate choices as
cells differentiate40. Accordingly, we show that Nanog si-
lencing during differentiation is accompanied by H3K9me3,
which irreversibly locks its expression and thus contributes
to commitment into differentiation. Two observations, how-
ever, indicate that additional complexity may characterise
both Nanog silencing and its developmental implications.

While epigenetic repression is often instated de novo dur-
ing differentiation, for example at Oct441, the regulation
of Nanog appears to involve an intermediary state where
H3K9me3 is already established but not yet fixed. In un-
differentiated cells, H3K9me3 is readily detected at Nanog,
particularly in Nanog-negative cells. Moreover, it is trans-
ferred from mother to daughter cells during mitosis. How-
ever, it is strictly dependent upon ERK signalling, the main
driver of NANOG heterogeneity. This mitotically-stable and
ERK-dependent state of H3K9me3 confers to Nanog silenc-
ing the required stability to be inherited and, at the same
time, sufficient flexibility to revert back to transcriptional
activity. During differentiation (at least as judged by the
analysis of embryonic fibroblasts), H3K9me3 becomes in-
dependent of ERK and, with respect to ERK, irreversible.
Therefore, even if subjected to variations in ERK stimuli,
Nanog will remain silent. In spite of these considerations,
we suggest that H3K9me3 at Nanog becomes epigenetic ex-
clusively during differentiation, when it is not any longer de-
pendent on its original trigger. Whether this transition is me-
diated by direct mechanisms operating at the locus, on the
H3K9me3-associated machinery, or linked to the general lack
of strong epigenetic repression in ES cells42,43, remains un-
known. Nevertheless, these findings are reminiscent of the
dependency of other repressive marks, such as H3K27me3,
on LIF signalling and NANOG activity34, suggesting a gen-
eral vassalage of repressive chromatin marks to more dy-
namic regulators in undifferentiated ES cells. By displaying
regulated dependencies towards signalling and/or transcrip-
tion factor activity, repressive chromatin modifications may
facilitate conditional heritability and excitability or, on the
contrary, fixed gene expression states42.

Nanog is known to counteract differentiation when ec-
topically expressed at high levels11. Since the deletion of
the region harbouring H3K9me3 leads to a minor increase of

NANOG expression, it was not expected to block differentia-
tion. After all, upon the collapse of the pluripotency network
triggered by differentiation signals, Nanog would lose most
of its activators and be downregulated, as we observed. Yet,
the lack of H3K9me3 leads to a lack of complete Nanog si-
lencing, providing an opportunity to evaluate the importance
of fully repressing Nanog during differentiation. Similarly,
as cells lacking H3K9me3 at Nanog reduce their heterogene-
ity in a context where Nanog can nevertheless be downregu-
lated (in contrast to ectopic expression systems), the impor-
tance of NANOG heterogeneity in lineage priming can also
be inferred from our experimental setup. We observed de-
layed commitment and altered differentiation into all germ
layers. Yet, the highest consequences affect genes normally
upregulated in the primitive endoderm; remarkably, the lack
of H3K9me3 at Nanog is incompatible with differentiation
along this lineage. This observation underscores the relative
importance of Nanog in repressing differentiation of somatic
versus primitive endoderm lineages in ES cells. Furthermore,
Nanog heterogeneity in ES cells has been proposed to either
reflect the heterogeneity observed in early blastocysts, which
cells of the inner mass can either express NANOG or GATA6,
or the early downregulation of Nanog taking place around
implantation to elicit somatic differentiation events of the
epiblast11-16. Indirectly, thus, our results could be interpreted
as Nanog heterogeneity and its subsequent full silencing be-
ing functionally associated to the epiblast versus primitive
endoderm specification. In this regard, two observations are
noteworthy. First, the repressive H3K27me3 mark has been
shown to play a preponderant role in downregulating genes
that prime ES cells for primitive endoderm differentiation44.
Second, Nanog sustains H3K27me3 in undifferentiated and
early differentiating ES cells34. In light of these findings and
of our observation that the loss of H3K9me3 also alters the
differentiation balance between somatic and primitive endo-
derm lineages, we suggest that a signalling and transcrip-
tion factor dialogue established through repressive histone
methylation contributes to the epiblast versus primitive en-
doderm specification. In this model, ERK dynamically con-
trols H3K9me3 at Nanog, which sustains H3K27me3 levels
and keeps primitive endoderm genes in check, generating re-
versible and mosaic expression patterns associated with ei-
ther epiblast or primitive endoderm fates.

Overall, our observations add to the notion that hete-
rochromatin contributes to cell fate restriction during differ-
entiation processes. They also suggest that these events are
more nuanced in their action than it was anticipated, given
the regulation of its dependency towards signalling cues in
respect of its epigenetic potential and the differential impact
that the ensuing stability of the repression may have in dif-
ferent lineages. Whether our findings can be extrapolated to
other master regulators of pluripotency or to other develop-
mental transitions represent important new avenues for the
future.

Supplementary information Five supplementary figures accompany
this manuscript, they can be found at the end of this document. Two Supple-
mentary Tables and Methods are available online.
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in (B) with the presence of NANOG (red) or OCT4/SOX2 (black) binding sites as identified by ChIP-seq in a previous study33, as a function of the distance (X-axis, kb).
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Supplementary Information, Fig. S 3. Differentiation of wild-type and ∆K9 cells upon 2i+LIF withdrawal. (A) Representative bright-field photomicrographs of wild-type
(E14Tg2a) and ∆K9 cells cultured in 2i+LIF (top) and after 3 days of withdrawal (bottom). (B) RT-qPCR analysis of markers of naïve pluripotency (top) and differentiation
(bottom) after 0, 2, 3 and 7 days of 2i+LIF withdrawal. Tbp was used for normalisation.
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Supplementary Information, Fig. S 4. Differentiation of wild-type and ∆K9 cells into embryoid bodies. (A) Representative bright-field photomicrographs of wild-type
(E14Tg2a) and ∆K9 embryoid bodies (top) and their derived cellular outgrowths (bottom). The arrows point to defective sealing of EBs periphery. (B) RT-qPCR analysis of
endoderm markers after 0, 4, 6, 8 days of embryoid body differentiation. Tbp was used for normalisation.
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Supplementary Information, Fig. S 5. Directed differentiation of wild-type and ∆K9 cells into primitive endoderm. Representative bright-field photomicrographs of
wild-type (E14Tg2a) and ∆K9 cells during their treatment with a primitive endoderm differentiation protocol. The arrows point to clusters of primitive endoderm cells.
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