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Understanding the molecular mechanisms controlling early cell fate decisions in mammals is a major objective
toward the development of robust methods for the differentiation of human pluripotent stem cells into clinically
relevant cell types. Here, we used human embryonic stem cells and mouse epiblast stem cells to study
specification of definitive endoderm in vitro. Using a combination of whole-genome expression and chromatin
immunoprecipitation (ChIP) deep sequencing (ChIP-seq) analyses, we established an hierarchy of transcription
factors regulating endoderm specification. Importantly, the pluripotency factors NANOG, OCT4, and SOX2 have
an essential function in this network by actively directing differentiation. Indeed, these transcription factors
control the expression of EOMESODERMIN (EOMES), which marks the onset of endoderm specification. In turn,
EOMES interacts with SMAD2/3 to initiate the transcriptional network governing endoderm formation. Together,
these results provide for the first time a comprehensive molecular model connecting the transition from
pluripotency to endoderm specification during mammalian development.

[Keywords: pluripotency factors; Nanog; definitive endoderm; Eomes; Activin/Nodal signaling; human embryonic

stem cells]
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Gastrulation in mammals marks the specification of the
three germ layers (ectoderm, mesoderm, and endoderm)
from which all adult tissues are derived. The molecular
mechanisms controlling the early formation of these cell
types are of major interest to regenerative medicine, since
guided differentiation of pluripotent stem cells toward
these lineages represents the first milestone toward the
generation of clinically useful cell types. Genetic studies
in model systems have identified key signaling pathways
and transcription factors (TFs) that control specification
of the germ layers (Arnold and Robertson 2009). However,
the availability of human embryonic stem cells (hESCs)
(Thomson et al. 1998) and, more recently, mouse epiblast
stem cells (mEpiSCs) (Brons et al. 2007; Tesar et al. 2007)
provides new opportunities to expand our understanding
of the molecular mechanisms underlying early lineage
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allocation, especially in humans, where embryonic ma-
terial is limited.

hESCs are pluripotent stem cells derived from blasto-
cysts and have the property to proliferate indefinitely in
vitro while maintaining the capacity to differentiate into
derivatives of all three germ layers (Thomson et al. 1998;
Reubinoff et al. 2000). Importantly, our group and others
have shown that hESCs share a common pluripotent state
with mEpiSCs (Brons et al. 2007; Tesar et al. 2007; Greber
et al. 2010). This stage corresponds embryonically to the
epiblast epithelium prior to primitive streak (PS) formation
and the production of mesoderm and definitive endoderm
(DE). Thus, hESCs and mEpiSCs are likely representatives
of the last pluripotent state before gastrulation.

DE has attracted increasing attention, since key organs
for regenerative medicine (such as the pancreas and liver)
originate from this germ layer. Extensive studies have
shown that DE specification and differentiation are con-
trolled by specific TFs, including Eomesodermin (Eomes),
Mixl1, Sox17, and Foxa2 (Dufort et al. 1998; Hart et al.
2002; Kanai-Azuma et al. 2002; Arnold et al. 2008).
Nascent DE is marked by Sox17 and Foxa2 coexpression,

238 GENES & DEVELOPMENT 25:238-250 © 2011 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/11; www.genesdev.org


http://genesdev.cshlp.org/
http://genesdev.cshlp.org/
http://www.cshlpress.com
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on February 13, 2014 - Published by Cold Spring Harbor Laboratory Press

and genetic studies in the mouse have shown that absence
of these TFs impairs DE development without directly
affecting the formation of the PS. Conditional loss of the
T-box TF Eomes in the epiblast shows an even earlier
phenotype, with cells failing to undergo the epithelial-
mesenchymal transition (EMT) required to form meso-
derm and DE (Arnold et al. 2008). Consequently, Eomes
mutants lack expression of early DE markers such as Hex,
Cerberus (Cer), and Foxa2. In addition, functional studies
have identified extracellular factors such as Activin/Nodal
that are necessary to induce and maintain the transcrip-
tional network characterizing DE cells in vivo and in
differentiating pluripotent stem cells (Vincent et al. 2003;
D’Amour et al. 2005). However, our knowledge concerning
the interactions between Activin/Nodal signaling and the
TFs directing DE specification remains limited. Indeed,
very few endoderm markers have been shown to be directly
controlled by SMAD2/3, the main intracellular effectors of
Activin/Nodal signals. Furthermore, recent studies have
shown that Activin/Nodal signaling maintains the plurip-
otent status of hESCs, human induced pluripotent stem
cells (hiPSCs), and mEpiSCs by the positive regulation of
NANOG, which in turn blocks neuroectoderm differenti-
ation induced by FGF signaling (Xu et al. 2008; Vallier et al.
2009a; Greber et al. 2010). Genetic studies in the mouse
have shown that similar events could occur in the pregas-
trula embryo (Mesnard et al. 2006). The mechanisms by
which Activin/Nodal signaling can achieve these two
apparently opposite functions of maintaining pluripotency
and inducing differentiation remain elusive.

Here, we used hESCs as an in vitro model to investigate
the molecular mechanisms controlling the transition from
the pluripotent state to specification of DE. We developed
and validated a culture system allowing for the efficient
differentiation of hESCs into DE cells. Next, we performed
a combination of gene expression profiling and gene knock-
down and overexpression studies to identify the TFs con-
trolling the initial steps of DE specification. While the
pluripotency factors OCT4 and SOX2 counteract DE
differentiation of hESCs, NANOG is necessary to initiate
the expression of EOMES, which in turn cooperates with
SMAD?2/3 to activate the transcriptional network direct-
ing DE formation. In addition, EOMES limits the expres-
sion of mesoderm markers. The relevance of our approach
in hESCs was further confirmed and our results validated
using both mEpiSCs and Eomes mutant mouse embryos.
In summary, these results reveal that the core pluripotency
factors OCT4, SOX2, and NANOG control germ layer
specification by regulating the activity of EOMES, which
governs the bulk of the transcriptional network directing
the transition from pluripotency to differentiation within
the PS.

Results

Differentiation of hESCs into DE in vitro mimics
embryonic development

We recently developed a culture system to drive differ-
entiation of hESCs, hiPSCs, and mEpiSCs into a nearly

Nanog regulates definitive endoderm via Eomes

homogenous population of DE cells (Vallier et al. 2009b,c;
Touboul et al. 2010). This method is based on a chemically
defined medium (CDM-ABFLY) supplemented with Acti-
vin, BMP4, FGF2, and the PI3K inhibitor LY294002 (Fig.
1A). To further validate this culture system, we established
detailed gene expression profiles during the first 3 d of
differentiation (Fig. 1B; Supplemental Table 1). Markers
specific for the PS of the gastrulating mouse embryo—such
as EOMES, MIXL1, BRACHYURY, WNT3, and PDGFRA—
were up-regulated on day 1. Day 2 was marked by a modest
decrease in BRACHYURY levels and a concomitant in-
crease in the expression of GOOSECOID and LHXI,
which identify endodermal progenitors, and the bona fide
DE marker SOX17. Day 3 coincided with a further in-
crease in the expression of SOX17 and another DE marker,
FOXA2, with ~90% of cells positive by FACS for the cell
surface DE marker CXCR4 (Fig. 1C). Expectedly, hESC
colonies grown in these culture conditions appear to undergo
EMT, as evidenced by the overt change in colony morphol-
ogy (Fig. 1A) and dynamic expression of E-CADHERIN and
N-CADHERIN (Fig. 1D; Thiery and Sleeman 2006). Our
microarray data were corroborated by quantitative PCR
(qPCR) (Fig. 1D), immunostaining (Fig. 1E), and Western blot
(Supplemental Fig. 1). Taken together, these results show
that DE differentiation of hESCs emulates DE formation in
vivo, including the transition through an intermediate stage
resembling formation of the PS.

Dynamic expression of NANOG, OCT4, and SOX2
during endoderm specification

Gene expression profiling also revealed that the key
pluripotency markers NANOG, OCT4, and SOX2 dis-
played specific patterns of expression during in vitro DE
formation. SOX2 expression strongly decreased after 1 d of
differentiation, followed by NANOG after 2 d and OCT4
after 3 d (Fig. 1B; Supplemental Table 1). gPCR and
Western blot analyses reinforced these observations,
showing that SOX2 levels decreased as early as 12 h after
the onset of differentiation, while OCT4 and NANOG were
maintained for an additional 12 h (Figs. 1D, 2A; Supplemen-
tal Fig. 1). Interestingly, EOMES, MIXL1, BRACHYURY,
and GOOSECOID expression was induced after 8 h, in-
dicating that pluripotency and PS markers significantly
overlap during the earliest stage of DE formation. Immu-
nostaining confirmed that NANOG and OCT4 colocalize
with EOMES and BRACHYURY in differentiating cells
(Fig. 2B). NANOG protein levels decreased within the first
24 h of differentiation, which coincided with the peak in-
crease in PS markers, and was no longer detectable after an
additional 24 h of culture (Fig. 1E; Supplemental Fig. 1).
Finally, OCT4 decreased only after 48 h of differentiation,
concomitant with the induction of SOX17 (Fig. 1E; Sup-
plemental Fig. 1).

To validate these in vitro observations, we closely
examined the expression of Nanog, Oct4, and Sox2 in the
gastrulating mouse embryo at embryonic day 7.5 (E7.5). As
reported previously (Avilion et al. 2003), Sox2 expression
marks presumptive neuroectoderm and is excluded from
the posterior PS (Fig. 2C). Nanog expression is prominent
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in epiblast cells entering the PS (Morkel et al. 2003; Hart
et al. 2004), while Oct4 is expressed more broadly through-
out the epiblast, the PS, embryonic mesoderm, and nascent
endoderm (Fig. 2C; Downs 2008). The persistence of Oct4
and Nanog transcripts in the region of the PS therefore
aligns well with our observations that OCT4 and NANOG
perdure as DE emerges in vitro, and supports the hypoth-
esis that pluripotency factors do not solely prevent germ
layer differentiation, but participate in its specification.

Decrease in OCT4 and SOX2 expression allows
endoderm marker gene expression in hESCs, while
NANOG is necessary for the specification of
pluripotent stem cells toward the endoderm lineage

We next evaluated the function of NANOG, OCT4, and
SOX2 by gain- and loss-of-function approaches. First,
using shRNA-mediated knockdown, we reduced OCT4
levels in undifferentiated hESCs and observed a decrease in
BRACHYURY and little variation in MIXL1 expression,
suggesting that OCT4 does not block PS marker expres-
sion. This result is consistent with our observation that
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Figure 1. Robust differentiation of hESCs into
DE. (A) Organization of hESC colonies during DE
differentiation in CDM-ABFLY. Bar, 200 um. (B)
Microarray gene expression heat map of hESCs
(five biological replicates) grown for 3 d in CDM-
ABFLY (up-regulation in red, down-regulation in
green). (C) The percentage of cells determined
by FACS that are positive for the cell surface
DE marker CXCR4 after 3 d of differentiation.
(D) Expression of pluripotency (NANOG, OCT4,
and SOX2), epithelial and mesenchymal (E-
CADHERIN and N-CADHERIN), PS (EOMES,
MIXL1, BRACHYURY, and GOOSECOID), DE

Sox2

SaNw e

15 [Brachyury (SOX17), primitive endoderm (SOX7), and neuro-
b i i ectoderm (GBX2, SOX1, and PAX6) markers in dif-
BiEs £ ferentiating hESCs over 3 d. All error bars indicate
8 Sox? standard deviation of three biological replicates.
Ars Fry (E) Immunostaining for pluripotency (NANOG

and OCT4), PS (EOMES), and DE (SOX17 and
40 FOXA2) markers after 3 d of differentiation. Bar,
50 wm. See also Supplemental Figure 1.

OCT4 and BRACHYURY are still coexpressed in hESCs
grown for 24 h in endoderm-promoting conditions (Fig.
2B). However, OCT4 knockdown resulted in increased
levels of GOOSECOID, SOX17, FOXA2, GATA4, and
GATAG (Fig. 2D), suggesting that OCT4 normally sup-
presses DE genes. Similarly, reduced SOX2 levels resulted
in increased expression of PS and DE markers (Fig. 2E).
Conversely, in shNANOG-hESCs, we observed that the
basal levels of PS and DE markers decreased (Fig. 2F),
implying that NANOG normally stimulates rather than
inhibits their transcriptional activity.

We then performed a series of reciprocal experiments
by overexpressing OCT4, SOX2, and NANOG. Isolating
hESCs overexpressing OCT4 was, however, impossible
(data not shown), suggesting that increased OCT4 levels
are incompatible with self-renewal and/or pluripotency
(Niwa et al. 2000). To bypass this limitation, we generated
a Tamoxifen (4-OHT)-inducible form of OCT4 (OCT4-
ERT?2) and successfully derived OCT4-ERT2-expressing
subclones. These were then grown in CDM-ABFLY for
3 d in the presence or absence of 4-OHT. qPCR analyses
showed that OCT4 overexpression was not sufficient to
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either maintain the expression of pluripotency markers or
block the expression of PS genes (Supplemental Fig. 2A).
However, OCT4 overexpression significantly decreased the
expression of DE markers, confirming our loss-of-function
experiments showing that OCT4 is sufficient to restrain DE
specification but is insufficient to abolish its induction. In
contrast, constitutive expression of SOX2 was unable to
block endoderm differentiation (Supplemental Fig. 2B).
Finally, gain-of-function experiments showed that NANOG
was sufficient to induce the expression of PS markers (Fig.
2G; data not shown) and appeared to block the expression of
endoderm markers in hESCs. This finding supports our
recent result that NANOG can limit the inductive effect
of Activin/Nodal signaling on endoderm differentiation
(Vallier et al. 2009a). Taken together, these data suggest
that OCT4 and SOX2 cooperate with additional pluripo-
tency factors to block PS induction and endoderm differen-
tiation, while NANOG plays an active role in the induction
of PS genes and the control of DE marker expression.

EOMES is among the first genes induced upon
endoderm differentiation and is regulated
by NANOG, OCT4, and SOX2

We reasoned that pluripotency factors influence DE
specification through two potential mechanisms: by
either (1) directly controlling the entire transcriptional
network directing DE specification (for example, regu-
lating PS and DE genes such as MIXL1, SOX17, and
FOXAZ2 simultaneously) or (2) controlling the expression
of key regulators that are necessary and sufficient for DE
induction. In a previous study combining chromatin
immunoprecipitation (ChIP) and DNA promoter arrays,
Boyer et al. (2005) identified NANOG-, OCT4-, and
SOX2-binding sites within a broad number of genes
known to be involved in germ layer specification in
pluripotential hESCs (Supplemental Table 2). However,
these genes represent only a small fraction of those
up-regulated upon endoderm differentiation (Fig. 1B;
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Supplemental Table 1). This limited overlap therefore
favors the second scenario, whereby pluripotency factors
cooperate to control only a specific subset of the DE
transcriptional network.

Specifically, NANOG, OCT4, and SOX2 were shown to
bind cooperatively to two genes (EOMES and GOOSECOID)
that encode TFs known to be expressed in the PS of the
gastrulating mouse embryo (Fig. 1B; Boyer et al. 2005).
Importantly, these observations do not preclude that
pluripotency factors could bind additional factors that
have not been shown to be expressed in the PS. Neverthe-
less, our data show that EOMES levels quickly elevate
within the first 8 h of in vitro endoderm differentiation,
while MIXL1, BRACHYURY, and GOOSECOID levels
significantly increase only after 12 h (Fig. 2A). Moreover,
genetic studies in the mouse have shown that Eomes is
essential for DE specification (Arnold et al. 2008), while
Goosecoid is entirely dispensable (Rivera-Perez et al. 1995).
These observations therefore support the hypothesis that
pluripotency factors control DE specification by directly
regulating EOMES expression.

ChIP confirmed that NANOG, OCT4, and SOX2 asso-
ciate physically with the EOMES enhancer region, with
persistent binding of NANOG and OCTH4 for at least 24 h
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after the start of differentiation and the induction of
EOMES expression (Fig. 3A). Knockdown of either OCT4
or SOX2 in hESCs led to an increase in EOMES expression,
while NANOG knockdown significantly decreased it (Fig.
3B). In contrast, NANOG overexpression increased EOMES
levels in hESCs, while SOX2 overexpression had little
effect (Fig. 3C). OCT4 overexpression did result in a limited
increase in EOMES expression, suggesting that OCT4 is
not sufficient to block EOMES and/or it could also have
a positive effect on EOMES induction (Lunde et al. 2004).

The positive regulation of EOMES expression by
NANOG was further confirmed using luciferase assays
that monitor the transcriptional activity of an ~1 kb region
of the hEOMES enhancer region (Fig. 3D). Consistent with
OCT4 overexpression in hESC (Fig. 3C), OCT4 activation
of the EOMES reporter was limited. Finally, gPCR analyses
revealed that knockdown of NANOG expression in hESCs
differentiating into DE strongly diminished the expression
of PS markers during the first and second day, with de-
creased expression of DE markers the following 2 d (Fig. 3E;
data not shown). Taken together, these results provide
strong evidence that NANOG has an essential function
during DE specification, possibly mediated by the early
induction of EOMES.

Figure 3. EOMES expression is regulated
by pluripotency factors during DE specifica-
tion. (A) ChIP-qPCR analyses show the pres-
ence of NANOG, OCT4, and SOX2 on the
EOMES enhancer region in hESCs over 3 d of
differentiation. (B,C) Expression of EOMES
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(D) Luciferase assay showing the effect of
NANOG, OCT4, or SOX2 overexpression on
the transcriptional activity of the EOMES
enhancer region in hESCs. (*) P < 0.01 when
compared with hrGFP. (E) Expression of
PS (EOMES, MIXL1, BRACHYURY, and
GOOSECOID) and DE (SOX17 and FOXA2)
markers in shScrambled-hESCs or shiNANOG-
hESCs grown in CDM-ABFLY for 1 and 3 d,
respectively. All error bars indicate standard
deviation of three biological replicates. See
also Supplemental Figure 2.
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EOMES is necessary for endoderm differentiation
of hESCs

We next evaluated the function of EOMES during DE
differentiation. First, we stably knocked down EOMES
expression using shRNA (Fig. 4A) and differentiated the
resulting hESC sublines into DE. qPCR (Fig. 4B), West-
ern blot (Supplemental Fig. 3A), and immunostaining
analyses (Supplemental Fig. 3B) showed that shEOMES-
hESCs grown in CDM-ABFLY fail to express GOOSECOID,
SOX17, and FOXA2, confirming that EOMES is re-
quired for normal DE differentiation (Arnold et al.
2008). Microarray studies further revealed that most of
the known endoderm markers were significantly down-
regulated in shEOMES-hESCs (Fig. 4C, Supplemental
Table 3). Interestingly, knockdown of EOMES expression
appeared not to affect EMT, as illustrated by the obvious
changes in colony organization upon differentiation (Sup-
plemental Fig. 3C) and by the dynamic expression of
E-CADHERIN and N-CADHERIN (Fig. 4B). Moreover,
shEOMES-hESCs grown in CDM-ABFLY expressed ele-
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vated levels of mesoderm markers (BRACHYURY,
MEOX1, TBX6, HOXB1, and KDR) (Fig. 4B), raising the
possibility that EOMES also functions to limit mesoderm
formation.

To strengthen these observations, we performed the
reciprocal experiment by stably overexpressing EOMES
in hESCs. Increased levels of EOMES were, however,
incompatible with pluripotency and/or self-renewal
(data not shown). We therefore generated a Tamoxifen-
inducible form of EOMES (EOMES-ERT2) and intro-
duced it into hESCs. Treatment of these cells with
4-OHT in culture conditions maintaining pluripotency
resulted in increased expression of DE markers (SOX17
and FOXA?2), with decreased BRACHYURY levels (Fig.
4D). The increase in DE marker expression was limited,
suggesting that additional cofactors or longer activation
are required for EOMES to fully induce their expression.
Together, these observations demonstrate that EOMES is
necessary but not fully sufficient for DE specification in
vitro, and that its essential function is thus conserved
between humans and mice (Arnold et al. 2008).

Figure 4. EOMES is necessary for DE dif-
ferentiation of hESCs. (A) Immunostaining
reveals the absence of EOMES in shEOMES-
hESCs on day 2 of differentiation in CDM-
ABFLY. Bar, 200 pm. (B) Expression of PS
(EOMES, MIXL1, BRACHYURY, and
GOOSECOID), DE (SOX17 and FOXAZ),
mesoderm (MEOX1, TBX6, HOXB1, and
KDR), and epithelial and mesenchymal
(E-CADHERIN and N-CADHERIN) markers
in shScrambled-hESCs or shEOMES-hESCs
over 3 d of differentiation. (C) Microarray gene
expression heat map of shEOMES-hESCs
versus shScrambled-hESCs grown for 3 d in
CDM-ABFLY (up-regulation in red, down-
regulation in green). Four biological repli-
cates are shown. (*) Genes analyzed via qPCR.
(D) Basal expression of differentiation mark-
ers in EOMES-ERT2-hESCs grown for 3 d
+4-OHT. (*) P < 0.05 when compared with
—4-OHT condition. All error bars indicate
standard deviation of three biological repli-
cates. See also Supplemental Figure 3.
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EOMES controls a large part of the transcriptional
network that directs DE formation

To further define the mechanism by which EOMES
controls DE specification, we comprehensively identified
EOMES target genes by ChIP in combination with deep
sequencing (ChIP-seq). These experiments were performed
on hESCs grown for 2 d in CDM-ABFLY in order to capture
early regulatory events leading to DE formation. These
analyses revealed that >47,016 genomic regions were
bound by EOMES (Supplemental Table 4A) and 11,309
genes were located in proximity to EOMES-binding sites
(Supplemental Table 4B). ChIP-qPCR of selected genomic
regions corroborated these binding events (Fig. 5A; Sup-
plemental Table 4A). In addition, EOMES-binding sites
were more frequently located close to the transcriptional
start site (TSS) of candidate target genes (Fig. 5B). Gene
ontology (GO) analysis revealed that genes bound by
EOMES are frequently related to molecular processes
associated with development (Supplemental Fig. 4A).
Finally, motif enrichment analyses showed that a signifi-
cant number of genomic regions contained the T-box core
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motif TCACACCT known to be bound by EOMES (Fig.
5C; Conlon et al. 2001). Genes bound by EOMES included
those characteristically expressed in the PS (EOMES itself,
MIXL1, BRACHYURY, GOOSECOID, TBX6, FGFS,
SNAI1, SPRY2, SPRY4, WNT3, WNT3A, and NODAL),
mesoderm (BRACHYURY, MEOX1, TBX6, KDR, FOXC],
ISL1, and PDGFRA) and endoderm (SOX17, CXCR4,
LHX1, FOXA1, FOXA2, and FOXA3) (Fig. 5A; Supplemen-
tal Table 4B). EOMES also bound genomic regions con-
taining microRNAs (miRNAs) (Supplemental Table 4C),
including miR-302 (Supplemental Fig. 4B), which has been
shown to have an essential function during endoderm
formation in hESCs and Xenopus embryos (Rosa et al.
2009). Knockdown of EOMES expression during endoderm
differentiation resulted in a strong decrease in miR-302
expression, suggesting that the presence of EOMES on the
promoter of miR-302 is functional (Supplemental Fig. 4C).
Thus, EOMES may also control miRNAs that modulate
the activity of key endoderm regulators such as Activin/
Nodal signaling (Martello et al. 2007).

In an effort to establish which EOMES-binding sites are
indeed functional, we defined the number of candidate

Figure 5. EOMES governs much of the
transcriptional network characterizing endo-
derm cells. (A) ChIP-qPCR confirms the
presence of EOMES protein on genes encod-
ing known regulators of endoderm and me-
soderm specification. (B) Relative position of
the genomic regions bound by EOMES to the
TSS of candidates target genes. (C) The T-box-
binding motif TCACACCT is inferred from
a selection of 1000 well-occupied EOMES-
bound regions identified using ChIP-seq. (D)
* Fraction of candidate target genes cobound by
EOMES and SMAD2/3. (E) Distance between
EOMES-bound regions and the nearest
SMAD2/3-bound regions when both factors
bind the same target gene. (F) Representative
view of EOMES- and SMAD2/3-binding sites
within the EOMES and MIXL1 genomic loci.
5kb The Y-axis depicts the agglomerated read
counts within contiguous 200-base-pair win-
dows. (*) Enriched genomic regions that are
statistically significant (false discovery rate
5%). (G) Successive ChIP showing the pres-
ence of SMAD2/3 and then EOMES on the
promoter of DE genes. All error bars indicate
standard deviation of three biological repli-
cates. See also Supplemental Figure 4.
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target genes up-regulated and down-regulated during endo-
derm differentiation of shEOMES-hESCs (Supplemental
Table 4D,E). This analysis revealed that 1610 candidate
target genes were up-regulated and 1814 candidate target
genes were down-regulated in the absence of EOMES,
indicating that 29.3% (3424 of 11,691 probes) of the binding
sites identified by ChIP-seq are likely of functional signif-
icance. These observations also supported a role for
EOMES in directly limiting mesoderm differentiation,
since a broad number of mesoderm genes bound by EOMES
showed increased expression upon EOMES knockdown
(BRACHYURY, SRF, MEOX1, PDGFRA, KDR, HANDI,
GATA4, and MYL4) (Supplemental Table 4D). Finally,
similar computational analyses were performed using the
gene expression profile of day 3 wild-type DE cells (Sup-
plemental Table 1) to define the total number of genes that
are bound by EOMES. This analysis revealed that EOMES
bound 75.4% (2292 of 3038, g < 0.001) of the genes up-
regulated (Supplemental Table 5A) and 79.5% (2336 of
2940, g <0.001) of the genes down-regulated (Supplemental
Table 5B) during endoderm differentiation. Taken together,
these data suggest that EOMES acts as a “master regulator”
of endoderm specification by activating a broad part of the
transcriptional network controlling endoderm differentia-
tion and possibly by repressing genes governing mesoderm
specification.

EOMES cooperates with Activin/Nodal signaling
to control endoderm differentiation

Studies in the mouse and frog have shown that EOMES
cooperates with Activin/Nodal signaling during endoderm
differentiation (Arnold et al. 2008; Picozzi et al. 2009). To
explore this relationship more thoroughly, we first vali-
dated the importance of Activin/Nodal signaling in our in
vitro system using the potent Activin type I receptor
inhibitor SB431542 (Inman et al. 2002). Inhibition of
Activin/Nodal signaling during endoderm differentiation
abolished the expression of EOMES and DE markers
(Supplemental Fig. 4D). We next took advantage of ChIP-
seq analyses recently performed in our laboratory to detect
the binding sites of SMAD2/3, which represent the princi-
pal intracellular effectors of Activin/Nodal signaling (S
Brown, in prep.). Combining these data and our EOMES
ChlIP-seq data revealed that EOMES and SMAD2/3 share
3431 target genes (Fig. 5D,F; Supplemental Table 6A,B). The
binding sites for EOMES and SMAD2/3 are localized within
1 kb (Fig. 5E) of 74.1% (2541 of 3431) of these candidate
target genes (Supplemental Table 6A). Interestingly, 46.1%
(1172 of 2541) of these candidate genes were up-regulated or
down-regulated upon endoderm differentiation, suggesting
that colocalization of EOMES and SMAD2/3 is functionally
important (Supplemental Table 6C). Finally, successive
SMAD2/3-EOMES ChIP-gPCR analyses showed that
EOMES and SMAD2/3 are in the same protein complexes
that bind the promoter regions of EOMES, MIXLI,
GOOSECOID, SOX17, and FOXA2 (Fig. 5G). Taken to-
gether, these results show that Activin/Nodal signaling
induces EOMES expression, which in turn cooperates
directly with SMAD2/3 during in vitro DE differentiation.

Nanog regulates definitive endoderm via Eomes

EOMES inhibits the expression of pluripotency
markers upon differentiation

Our ChIP-seq analyses also revealed that EOMES binds the
promoters of NANOG, OCT4, and SOX2 (Supplemental
Table 4A). We thus investigated the potential function of
these binding events. First, ChIP-seq results were con-
firmed by examining the presence of EOMES on the pro-
moters of NANOG, OCT4, and SOX2 in hESCs and during
DE differentiation. ChIP-qPCR showed that EOMES occu-
pied pluripotency gene promoters after 1 and 2 d of dif-
ferentiation (Fig. 6A), during the time when their expres-
sion is decreasing. This suggests that EOMES contributes
to the reduction in their transcriptional activity during DE
specification. In support of this, EOMES overexpression in
hESCs decreased OCT4 and SOX2 expression (Fig. 6B).

We next explored this regulatory relationship in vivo. We
took advantage of the Fomes conditional mouse mutant
that allows for the specific deletion of Eomes within the
epiblast, thereby avoiding the early lethality at implanta-
tion (Russ et al. 2000; Arnold et al. 2008). Whole-mount in
situ hybridization (WISH) revealed that, in the E7.5 gas-
trulating embryo, Nanog, Oct4, and Sox2 expression (Fig.
2C) was not ostensibly changed in the absence of Fomes.
Interestingly, mutant embryos failed to down-regulate
Nuanog and Oct4 at subsequent developmental stages (Figs.
2C [E7.75], 6C [E9.5]). Therefore, loss of Eomes in the
epiblast appears to prolong the expression of pluripotency
markers beyond their expected down-regulation during
gastrulation. Knockdown of EOMES in hESCs was, how-
ever, insufficient to maintain the expression of pluripo-
tency markers during DE differentiation (Supplemental
Fig. 3D), implying that additional factors block the expres-
sion of NANOG, OCT4, and SOX2 in vitro. In summary,
these observations suggest that EOMES participates in
a negative feedback loop that inhibits pluripotency genes
during differentiation, thereby allowing progression toward
the endodermal fate.

EOMES function in hESCs is conserved in mEpiSCs

The absence of an in vivo model for human development
renders it difficult to validate our in vitro results. As an
alternative, we examined EOMES function using mEpiSCs,
which are the in vitro equivalent of the pluripotent epiblast
and thus represent a relevant model for germ layer speci-
fication. gPCR (Supplemental Fig. 5A) and immunostaining
(Supplemental Fig. 5B) of mEpiSCs grown in CDM-ABFLY
confirmed that our endoderm differentiation culture sys-
tem works equally well with mEpiSCs (Vallier et al. 2009c).
In particular, we observed that Eomes is up-regulated when
pluripotency marker levels are still high (Supplemental Fig.
5A; data not shown). Overexpression of EOMES-ERT?2 in
mEpiSCs also decreased pluripotency markers and induced
only a limited increase in PS and endoderm markers (Sup-
plemental Fig. 5C), demonstrating that, similar to hESCs,
EOMES negatively regulates pluripotency markers without
being sufficient to increase the transcriptional activity of
genes involved in DE specification.

We next analyzed the evolutionary conservation of
newly identified human EOMES-binding regions using
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Figure 6. EOMES controls the expression of
pluripotency markers during DE differentiation,
and its function in hESCs is conserved in the
gastrulating mouse embryo. (A) ChIP-qPCR anal-
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sequence alignment of 16 species. This analysis revealed
that EOMES binding was conserved above background
(Supplemental Fig. 4E). We then performed ChIP-qPCR on
selected EOMES-binding sites using mEpiSCs grown for
2 d in endoderm-promoting culture conditions. These
analyses revealed that EOMES bound the same key DE
and mesoderm genes in mouse cells (Supplemental Fig.
5D), reinforcing the hypothesis that EOMES governs a ma-
jor part of the transcriptional network controlling DE
differentiation during mouse development.

EOMES organizes germ layer differentiation
in the gastrulating mouse embryo

We next performed WISH to define the expression of
newly identified EOMES target genes in wild-type and
Eomes mutant mouse embryos (Arnold et al. 2008).
Consistent with prior findings, conditional loss of Eomes
in the epiblast prevents DE formation, as evidenced by the
absence of cardinal DE markers such as Sox17 and Fzd8
(Fig. 6D). At E7.5, Eomes mutants also show increased
expression of mesoderm genes Igfbp3 and Hoxb1, which
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were up-regulated upon knockdown of EOMES in vitro
(Figs. 4B, 6D; Supplemental Table 3). These results reinforce
the hypothesis that EOMES limits mesoderm differentia-
tion and favors DE formation. However, we also observed
that the mouse homologs of some genes such as AGTRL1
and PCDH19, which were up-regulated in differentiating
ShEOMES-hESCs (Supplemental Table 3; data not shown),
could not be detected in Eomes mutant embryos (Fig. 6D).
Others were observed at reduced levels, such as Foxc1 and
PDGFRa« (Fig. 6D), revealing some divergence between data
generated using hESCs and data obtained in vivo. Neverthe-
less, these genes are expressed in mesoderm in wild-type
embryos, confirming that genes up-regulated upon knock-
down of EOMES in vitro are mesoderm markers in vivo.
This demonstrates that our in vitro system can be used
successfully to study native molecular mechanisms and also
identify novel genes involved in germ layer specification.

Discussion

Here, we show that hESCs and mEpiSCs can be used to
model endoderm specification, and that combining these
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in vitro systems with genetic studies in the mouse repre-
sents a powerful approach to address the molecular mech-
anisms controlling germ layer specification in mammals.
We specifically investigated the earliest molecular events
operating as epiblast cells shed their pluripotency and
engage a transcriptional program controlling commitment
to mesoderm or DE lineages. Our results are consolidated
into the model presented in Figure 7. OCT4, SOX2, and
some unknown factor(s) (“X”) cooperate in hESCs and the
pluripotent epiblast to block the expression of PS and DE
genes, including EOMES (Fig. 7A). As DE specification
unfurls, inductive signals decrease the expression of inhibi-
tors of differentiation, beginning with SOX2, whose expres-
sion rapidly shifts anteriorly (Fig. 7B). The absence of SOX2
allows NANOG-SMAD?2/3 complexes (Vallier et al. 2009a)
to initiate the expression of EOMES, which in turn further
represses the expression of pluripotency markers neces-
sary to maintain NANOG. As differentiation progresses,
NANOG levels continue to decline, allowing interaction
between SMAD2/3 and EOMES and culminating in the

A Epiblast B Primitive streak
stage stage
(hESCs) (Day 1)

Eomes

C DE specification
(Day 2 - Day 3)

7 g

Mesoderm DE
genes genes

Figure 7. Model depicting the transition from pluripotency to
endoderm specification during mammalian development. (A)
Oct4, Sox2, Nanog, and unknown pluripotency factor(s) (“X”)
repress EOMES expression in undifferentiated hESCs and the
pregastrula mouse epiblast (around E6). (B) With formation of the
posterior PS, Sox2 expression rapidly shifts to the anterior epiblast
(neuroectoderm) and is similarly rapidly down-regulated in differ-
entiating hESCs (Figs. 1,2). Thus, Sox2 no longer binds the
EOMES enhancer region. Nanog expression within the PS acti-
vates Eomes, possibly in collaboration with Oct4 (dotted line),
which is also broadly expressed in the PS at this stage. (C) Eomes
then interacts with Smad2/3 to initiate DE differentiation while
repressing mesoderm genes.

Nanog regulates definitive endoderm via Eomes

activation of much of the endoderm transcriptional net-
work. Our data indicate that EOMES preferentially directs
PS cells toward a DE fate, while simultaneously blocking
the expression of mesoderm genes (Fig. 7C). Thus, EOMES
provides a vital mechanistic link between pluripotency
and differentiation.

Our results clearly establish an inhibitory role for OCT4
and SOX2 in DE specification. However, neither SOX2 nor
OCT4 expression is sufficient to block DE differentiation
of hESCs, suggesting the existence of additional differenti-
ation inhibitors (Fig. 7A, “X”). Interestingly, OCT4 has
been shown to interact directly with SOX2 to control the
expression of pluripotency genes in mouse embryonic stem
cells (mESCs) (Chew et al. 2005). Therefore, OCT4-SOX2
complexes could repress the expression of key endoderm
regulators such as EOMES. However, we were never able to
co-overexpress OCT4-ERT2 and SOX2 in hESCs (data not
shown). Furthermore, very few DE genes are simulta-
neously bound by OCT4 and SOX2 (Supplemental Table
2), excluding the possibility that SOX2 cooperates directly
with OCT4 to restrain the entire network governing
endoderm differentiation. Interestingly, our gene expres-
sion profiling analysis identified several genes that are
down-regulated like SOX2 after the initiation of endoderm
differentiation. These include DPPA4 and KLF4 (Supple-
mental Table 1). Therefore, some of these additional factors
may also intervene during DE specification. Moreover, our
group previously demonstrated that SIP1 inhibits DE
differentiation by limiting the positive effect of Activin/
Nodal signaling on endoderm gene expression in hESCs
(Chng et al. 2010). SIP1 expression is repressed by OCT4,
NANOG, and SMAD2/3, but is activated by SOX2. There-
fore, we propose that down-regulation of SOX2 upon
differentiation provokes a corresponding decrease in SIP1
expression, which in turn allows elevated Activin/Nodal
signaling to promote DE formation.

This hypothesis raises questions about the identity of the
signaling pathway that inhibits SOX2 expression and indu-
ces DE. An obvious candidate is BMP, since genetic studies
have demonstrated that BMP receptors are necessary for
proper DE specification during gastrulation (Davis et al.
2004). In addition, BMP4 is sufficient to inhibit expression of
SOX2 in hESCs grown in defined culture conditions (data
not shown). Importantly, inhibition of BMP signaling upon
DE differentiation decreased the expression of a broad
number of DE markers (Touboul et al. 2010), while addition
of BMP4 in defined culture conditions is sufficient to in-
duce the expression of PS markers such as MIXL1 and
BRACHYURY. Therefore, BMP signaling could have a
key function in DE specification not only by decreasing
SOX2 expression, but also by collaborating with Activin/
Nodal signaling to induce the expression of PS and DE genes.

Another important finding from the present work is the
novel role of NANOG during DE specification. Pluripo-
tency factors are usually considered as inhibitors of differ-
entiation, and our results show that NANOG participates
actively in DE differentiation by promoting the expression
of PS markers such as EOMES. Previous studies have
shown that NANOG limits the expression of neuroecto-
derm markers induced by FGF signaling in hESCs (Vallier
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et al. 2009a). Similar mechanisms may operate during DE
specification. Consequently, NANOG could have a passive
but necessary function in protecting PS cells against
neuroectoderm specification. However, NANOG binds a
vast number of genes involved in DE specification (Sup-
plemental Table 2), and NANOG overexpression system-
atically increases their expression (Fig. 2G). Furthermore,
NANOG directly interacts with SMAD2/3 in hESCs (Xu
et al. 2008), and knockdown of NANOG systematically
blocks the expression of SMAD2/3 target genes, including
PS markers (Vallier et al. 2009a). NANOG constitutive
expression also limits the transcriptional activity associ-
ated with SMAD2/3 and blocks the positive effect of
Activin/Nodal signaling on endoderm gene expression
(Vallier et al. 2009a). Therefore, NANOG likely acts to
fine-tune Activin/Nodal signaling, allowing expression of
PS genes while avoiding premature induction of DE. Two
key in vivo experiments that will aid in the refinement of
NANOG function in the PS and during DE formation are to
conditionally inactivate Nanog in the mouse epiblast and
to assess the prevalence of endodermally derived lineages
in teratomas generated from Nanog-deficient mESCs.

Intriguingly, our results appear to contradict a previous
study showing that Eomes controls DE specification in-
directly through MixI1 (Izumi et al. 2007). In their study,
Izumi et al. (2007) did not perform the ChIP-seq analyses
necessary to validate their observations. Most of their
conclusions are based on gain-of-function analyses, which
can be difficult to interpret with T-box TFs because over-
expression can result in nonspecific artificial transcrip-
tional activation. Importantly, our loss-of-function studies
combined with ChIP-seq analyses exclude an indirect
function for EOMES. Finally, MixI1 remains expressed—
albeit at low levels—in Eomes mutant mouse embryos,
demonstrating that MixI1 expression is not sufficient to
rescue DE specification in the absence of Eomes in vivo
(Arnold et al. 2008). Nevertheless, EOMES and MIXL1
may still collaborate to control the expression of a broad
number of DE genes. Further analyses, including MIXL1
ChIP-seq, may support this hypothesis.

Our results reveal that EOMES function in hESCs re-
sembles, in many aspects, maternal VegT in Xenopus
(Xanthos et al. 2001), and thus that EOMES may be the
functional mammalian homolog of this “master” regulator.
Of interest, recent studies demonstrate that EOMES in-
teracts with SMAD?2/3 to control the expression of meso-
derm markers in Xenopus (Picozzi et al. 2009). This implies
that EOMES function in germ layer specification has been
redirected during evolution to replace VegT, while its direct
interaction with Activin/Nodal signaling has been con-
served. Our results also suggest that, in contrast to VegT,
EOMES acts as a transcriptional repressor on mesoderm
genes, and thus plays a critical role in the balance between
endoderm and mesoderm differentiation. The capacity for
EOMES to repress pluripotency markers represents an-
other function not shared by VegT. Indeed, EOMES appears
necessary to extinguish the expression of OCT4, SOX2,
and NANOG in vivo, suggesting the existence of a negative
feedback loop. Thus, EOMES has not only evolved func-
tionally, but also has acquired new activities specific to
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mammalian development, including termination of the
pluripotency program.

Importantly, our results in hESCs are strikingly different
from those obtained using similar approaches in mESCs.
Functional studies in mESCs have shown that Eomes,
Oct4, Sox2, and Nanog control extraembryonic tissue
(primitive endoderm and trophectoderm) specification,
whereas these same TFs control germ layer development
in hESCs (Vallier et al. 2009a). This apparent contradiction
can be explained by the different embryonic identities of
mESCs and hESCs/mEpiSCs, both of which share a com-
mon pool of pluripotency factors (OCT4, SOX2, and
NANOG) (Boyer et al. 2005; Loh et al. 2006). This implies
that the transcriptional network maintaining pluripotency
constantly evolves during early development to allow the
specification of new tissues, and that specific factors are
constantly up-regulated and down-regulated to control this
process. The identities of these additional factors are
largely unknown, but recent reports identify Sall4, Klf4,
and Thx3 as potential candidates, since they are specifi-
cally expressed in mESCs and control early extraembry-
onic fate (Lim et al. 2008; Hall et al. 2009; Niwa et al. 2009).
Furthermore, direct comparison of the transcriptional
network characterizing mESCs, hESCs, and mEpiSCs will
permit us to uncover the key changes in the mechanisms
controlling pluripotency during implantation in mammals.

In conclusion, our insights into the function of EOMES
and NANOG in DE specification show how pluripotency
factors and master regulators of differentiation can coop-
erate with extracellular growth factors such as Activin/
Nodal signaling to direct early cell fate decisions during
mammalian development. They also reveal that the func-
tion of the Activin/Nodal signaling pathway is defined by
the presence of specific SMAD2/3 partners, which can
either maintain pluripotency or induce differentiation.

Materials and methods

Cell culture

H9 hESCs (WiCell) and 129/Sv] mEpiSCs were cultured in CDM
with 10 ng/mL Activin A and 12 ng/mL FGF2 as described
previously (Brons et al. 2007). hESCs and mEpiSCs were induced
to differentiate into endoderm using CDM-PVA + 100 ng/mL
Activin + 10 ng/mL BMP4 + 20 ng/mL FGF2 + 10 pM LY294002
(Promega) (Touboul et al. 2010). Ten micromolar Alk4/5/7 in-
hibitor SB431542 (Tocris Bioscience) (Inman et al. 2002) was used
in place of Activin on days 1, 2, and 3. Cells were then harvested
accordingly.

Transfection

Transfections were performed with Lipofectamine 2000 as de-
scribed previously (Vallier et al. 2004). Construct details are
provided in the Supplemental Material.

RT-qPCR, immunostaining, FACS, and Western blot analyses

Methods for RT-qPCR, immunostaining, FACS, and Western
blot analyses have been described previously (Vallier et al. 2005,
2009a; Brons et al. 2007). All error bars indicate standard de-
viation of three biological replicates in at least two independent
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experiments. qQPCR primers and antibodies used for immuno-
staining, FACS, and Western blot analyses are provided in
Supplemental Table 7.

Microarray profiling

Microarray profiling was performed as described previously
(Touboul et al. 2010). Additional details are found in the Supple-
mental Material. Briefly, total RNA was extracted using RNeasy
Mini Kit according to the manufacturer’s protocol (Qiagen). RNA
samples were first assessed for their integrity prior to microarray
hybridization. Five biological replicates for each condition among
undifferentiated and day 1, day 2, and day 3 differentiated hESCs
were hybridized to Illumina Human Ref-8 version 3.0 Expression
BeadChips according to the manufacturer’s protocol. In addition,
four biological replicate samples of both shScrambled-hESC and
shEOMES-hESC clones were hybridized to Illumina Human Ref-8
version 3.0 Expression BeadChips. Raw data were processed and
analyzed for differential expression as described in the Supple-
mental Material.

ChIP-seq

ChIP was carried out as described in the Supplemental Material
followed by qPCR using SYBR green (SensiMix Quantace). Anti-
bodies and primers are provided in Supplemental Table 7. Results
were either expressed as relative pull-down amount when quan-
titated against the standard curve drawn using input DNA or
normalized against a control region (—10,157 to —10,055 bases
upstream of SOX17 start codon) (data not shown), and fold change
was calculated between antibody pull down and IgG control. Data
are representative of three experiments and error bars indicate
standard deviation of three biological replicates. For ChIP-seq,
libraries were prepared using the Solexa ChIP-seq DNA sample
prep kit (IP102-1001). After amplification, DNA fragments be-
tween 180 and 400 base pairs (bp) were gel-extracted and sent for
sequencing. Libraries were sequenced by Geneservice (http://
www.geneservice.co.uk) and Beckman Coulter Genomics using
the Illumina Genome Analyzer II. Raw data were uploaded to
Gene Expression Omnibus with accession number GSE26097.

Luciferase assays

A fragment of the hEOMES enhancer region (—6943 to —6090)
was subcloned into the pGL3-Promoter vector (Promega), and the
resulting construct was cotransfected into hESCs with pCMV-
Renilla (Promega) and overexpression vectors (pTP6-NANOG,
pTP6-OCT4, and pTP6-SOX2) using Lipofectamine 2000 accord-
ing to the manufacturer’s protocol (Invitrogen). Luciferase activity
was then measured using the Dual-Luciferase Reporter Assay
System (Promega). Firefly luciferase activity was normalized to
renilla luciferase activity, and results were expressed as relative
expression normalized against hrGFP control.

WISH
WISH was carried out as described previously (Nagy et al. 2003).
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