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Gata6, Nanog and Erk signaling control cell fate in the inner cell
mass through a tristable regulatory network
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ABSTRACT
Duringblastocyst formation, inner cellmass (ICM) cells differentiate into
either epiblast (Epi) or primitive endoderm (PrE) cells, labeled by
Nanog and Gata6, respectively, and organized in a salt-and-pepper
pattern. Previous work in the mouse has shown that, in absence of
Nanog, all ICMcells adopt aPrE identity.Moreover, the activationor the
blockade of the Fgf/RTK pathway biases cell fate specification towards
either PrE or Epi, respectively. We show that, in absence of Gata6, all
ICM cells adopt an Epi identity. Furthermore, the analysis of Gata6+/−

embryos reveals a dose-sensitive phenotype, with fewer PrE-specified
cells. These results and previous findings have enabled the
development of a mathematical model for the dynamics of
the regulatory network that controls ICM differentiation into Epi or PrE
cells. Themodel describes the temporal dynamics of Erk signaling and
of the concentrations of Nanog, Gata6, secreted Fgf4 and Fgf receptor
2. Themodel is able to recapitulatemost of the cell behaviors observed
in different experimental conditions and provides a unifyingmechanism
for the dynamics of these developmental transitions. The mechanism
relies on the co-existence between three stable steady states
(tristability), which correspond to ICM, Epi and PrE cells, respectively.
Altogether, modeling and experimental results uncover novel features
of ICM cell fate specification such as the role of the initial induction of a
subset of cells into Epi in the initiation of the salt-and-pepper pattern, or
the precocious Epi specification in Gata6+/− embryos.
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INTRODUCTION
In the mouse, two differentiation processes take place before the
implantation of the egg in the uterus. The first one gives rise to the
inner cell mass (ICM) and the trophoblast (TE). The second one is
the differentiation of the ICM into primitive endoderm (PrE) and
epiblast (Epi). Two antagonistic transcription factors control the
differentiation of the ICM into Epi and PrE: Nanog is required for
the differentiation into Epi cells (Mitsui et al., 2003; Silva et al.,

2009; Messerschmidt and Kemler, 2010; Frankenberg et al., 2011),
whereas Gata6 is necessary to produce the PrE epithelium in vitro
and in vivo (Morrisey et al., 1998; Koutsourakis et al., 1999; Capo-
Chichi et al., 2005; Cai et al., 2008; Morris et al., 2010). The zygotic
expression of these genes starts around the 2/4-cell stage (Guo et al.,
2010; Miyanari and Torres-Padilla, 2012), and from the 8-cell
[embryonic day (E) 2.5] to the 32-cell (E3.0), stage, Gata6 and
Nanog proteins accumulate in almost all the cells (Dietrich and
Hiiragi, 2007; Plusa et al., 2008). From E3.0-E3.25, their expression
becomes mutually exclusive asynchronously within the ICM cells.
Hence, at E3.75, the ICM contains two distinct cell populations that
have a salt-and-pepper pattern: Gata6-expressing PrE progenitors
and Nanog-expressing Epi progenitors (Rossant et al., 2003;
Chazaud et al., 2006; Kurimoto et al., 2006; Plusa et al., 2008;
Guo et al., 2010). These two populations are then sorted, so that the
PrE forms a layer of cells separating the Epi from the blastocoel
(Rula et al., 2007; Plusa et al., 2008; Meilhac et al., 2009). After
specification, PrE progenitors activate several tissue-specific
genes, such as Pdgfra, Sox17, Gata4, Dab2 and Lrp2, which are
required for their maturation (Stephenson et al., 2012; Artus and
Chazaud, 2014).

Experimental findings indicate that Nanog and Gata6 inhibit each
other’s expression. First, the invalidation of Nanog induces the
expression of Gata6 in the whole ICM (Frankenberg et al., 2011),
while forced expression of Gata6 in ES cells downregulates Nanog
and pluripotency markers (Fujikura et al., 2002; Shimosato et al.,
2007). Moreover, Nanog can bind to Gata6 promoter and directly
decreases its activity in vitro (Singh et al., 2007).

Besides the Nanog and Gata6 network of interactions, the
Fgf/RTK signaling pathway also plays a crucial role in the balance
between Epi and PrE cell fate specification. Embryos mutant for
Grb2 – an adaptor of the Erk signaling pathway – do not produce
any PrE cells, whereas all ICM cells express Nanog (Chazaud et al.,
2006). Likewise, culturing wild-type embryos with a Mek inhibitor
abolishes the expression of Gata6 and induces Nanog expression
(Nichols et al., 2009; Yamanaka et al., 2010). Conversely, if these
embryos are cultured with recombinant Fgf4, they present a larger
proportion of cells differentiating into PrE (Yamanaka et al., 2010).
Interestingly, there is a window of plasticity between E2.5 and E4.0
where ICM cells can change their identity through the influence of
their Fgf/RTK environment (Yamanaka et al., 2010; Grabarek et al.,
2012; Arias et al., 2013). Inhibiting the Erk signaling pathway also
prevents ES cell differentiation into PrE and maintains them in a
pluripotent state (Cheng et al., 1998; Burdon et al., 1999; Hamazaki
et al., 2006; Ying et al., 2008). Experiments modulating the
Fgfr/Erk pathway in Nanog mutants revealed that, in a first phase
around E2.5, Gata6 expression is induced by the Erk pathway.
Afterwards, Erk signaling progressively becomes dispensable
for the maintenance of Gata6 expression in the absence of Nanog,
but remains necessary to counteract the Nanog-induced Gata6Received 4 March 2014; Accepted 29 July 2014
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repression (Frankenberg et al., 2011). Thus, in this second phase,
the Fgfr/Erk signaling pathway indirectly activates Gata6 through
Nanog downregulation.
The analysis of Fgf4mutants shows that this ligand is required for

PrE differentiation. Although Fgf4 is not required to induce Gata6
expression at E2.5, it is necessary for its maintenance after the 32-
cell stage to drive the cells towards a PrE fate (Feldman et al., 1995;
Arman et al., 1998; Kang et al., 2013; Krawchuk et al., 2013;
Ohnishi et al., 2014). Thus, another Fgf or RTK ligand must be
present around E2.5 to induce Gata6 expression.
The examination of Nanog mutant embryos uncovered a non-

cell-autonomous role for Fgf4 in the maturation of the PrE
(Messerschmidt and Kemler, 2010; Frankenberg et al., 2011).
Indeed, secretion of Fgf4 from Epi cells, stimulated by Nanog,
induces the expression of PrE maturation markers, such as Sox17,
Gata4 or Pdgfra, that are downstream of PrE specification. PrE

maturation is also disturbed inOct4−/− embryos, whereas Epi versus
PrE specification seems to occur correctly (Frum et al., 2013; Le Bin
et al., 2014). Previous studies on the phenotype of Gata6−/−

embryos have shown that the PrE epithelium is not produced at E4.5
(Cai et al., 2008). However, analyses at earlier stages discriminating
between a failure to specify or a failure to differentiate cell lineages
have not been described.

In the present study, we further investigated the interactions
between Fgfr/Erk signaling and the transcription factors Nanog and
Gata6. We first analyzed the early phenotype of Gata6−/− embryos,
demonstrating that this factor is required for PrE specification and
for the inhibition of an Epi fate. Then, to investigate in more detail
the mechanism of cell fate specification, we built a mathematical
model describing the gene regulatory network responsible for ICM
differentiation, including the effects of Fgf/RTK signaling. This
model, based on previously reported in vivo and in vitro
experimental results on the interplay between Nanog, Gata6 and
RTK signaling in the early mouse embryo, is the first one to propose
a self-organized mechanism for the PrE versus Epi fate choice. We
use the model to make predictions on Gata6−/− and Nanog−/−

mutants and verify them experimentally. This interdisciplinary
approach also allowed us to decipher the imbalanced and precocious
Epi specification observed in Gata6+/− embryos.

RESULTS
Gata6−/− embryos do not specify PrE precursors
We analyzed Gata6−/− embryos during Epi and PrE lineage
specification from E3.25 to E4.5. A failure to produce the PrE
epithelium reported byCai et al. (2008) could be due either to a lackof
PrE specification, shown by a conversion of all ICM cells into Epi, or
to a failure of PrEmaturation and differentiation. In the latter case, PrE
precursors would be specified, but fail to express markers of PrE
maturation or die, reducing the number of ICM cells. Litters from
Gata6+/− intercrosses produceGata6−/− embryos at Mendelian ratios
at E3.75. Although wild-type embryos produce around 45% of PrE
and 53% of Epi, all ICM cells express Nanog in the Gata6−/−

embryos (n=6) (Fig. 1A, see also Fig. 5D for quantification).
Moreover, no PrE marker, such as Sox17 and Gata4 (n=8), are
expressed in these mutant embryos. As ICM cell numbers are alike in
wild-type and mutant embryos (see Fig. 4C), this experiment shows
thatGata6−/−mutants cannot specify PrE cells and that all ICM cells
adopt an Epi fate.

Fgf4 administration does not rescue PrE specification
It was previously shown that the RTK pathway is required to induce
Gata6 expression and thus specify PrE precursors in wild-type
embryos (Nichols et al., 2009; Yamanaka et al., 2010; Frankenberg
et al., 2011). Alternatively, the RTK pathway could also act in
parallel to specify PrE independently of Gata6. To test this
hypothesis, we administered recombinant Fgf4 during embryo
cultures at different stages of development. With wild-type
embryos, Fgf4 treatment is able to induce Sox17 and PrE markers
in all ICM cells as previously shown (Yamanaka et al., 2010).
Conversely, Fgf4 is not able to rescue Sox17 or Gata4 expression at
any time-window tested in the mutant embryos (n=14) (Fig. 1B,C;
supplementary material Fig. S1A), meaning that Fgf4 alone cannot
induce PrE specification. As we had previously shown that PrE
maturation requires Fgf4 (Frankenberg et al., 2011), these analyses
demonstrate that the expression of Sox17 and Gata4 requires an
activation of both the Gata6 and the Fgf4 pathway.

In parallel to PrE markers, we analyzed Nanog expression after
Fgf4 treatment. Nanog expression is inhibited by early Fgf4

Fig. 1. Analysis of Gata6−/− embryos. (A) Nanog, Sox17 and Cdx2
immunolocalization at E3.75 in wild-type (n=12) and Gata6−/− embryos (n=6).
(B,C) Wild-type and Gata6−/− embryos cultured in presence of Fgf4 (B)
from the 8-cell stage to E4.5 (wild type, n=3; Gata6−/−, n=3) or (C) from
E3.25 to E3.75 (wild type, n=5; Gata6−/−, n=4) and then labeled by
immunofluorescence with the indicated markers. See also supplementary
material Fig. S1.
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treatments (from the 8-cell stage) in wild-type and Gata6 mutant
embryos (n=5; supplementary material Fig. S1B). This shows that
the RTK pathway can inhibit Nanog expression independently of
Gata6 at this stage. By contrast, when we applied Fgf4 from E3.25 to
E3.75, early during the salt-and-pepper set-up, Nanog expression
was maintained in allGata6−/− ICM cells (n=4; Fig. 1C). Therefore,
at this stage Nanog expression is insensitive to repression by Fgf4 in
the Gata6−/− embryos. Thus, as observed for Gata6 in Nanog
mutants (Frankenberg et al., 2011), we can consider two phases for
Nanog expression: phase 1, when Nanog is sensitive to the Fgf/RTK
pathway inhibition; and phase 2, when Nanog expression can be
maintained despite the activation of the Fgf/RTK pathway.
Finally, when cultures are prolonged until E4.5, Nanog

expression is lost in the Gata6−/− embryos, whether they have
been treated with Fgf4 (n=7) or with the vehicle only (n=7; Fig. 1B;
supplementary material Fig. S1A,C). In wild-type embryos, Nanog
expression is also absent in the Epi cells at E4.5 (supplementary
material Fig. S1C) (Chambers et al., 2003). This shows that the
mutation of Gata6 does not influence the downregulation of Nanog
at E4.5.

Mathematical model for ICM specification into Epi and PrE
All mutants analyses and epistatic studies recently carried out
indicate that Gata6, Nanog and Fgfr/RTK are sufficient and required
to control ICM cell specification (Chazaud et al., 2006; Nichols
et al., 2009; Yamanaka et al., 2010; Frankenberg et al., 2011; Kang
et al., 2013; Krawchuk et al., 2013). Although these results bear
significance to ICM cell plasticity, biological tools are not sufficient
to understand the inter- and intracellular molecular dynamics that
allow the Epi and PrE specification within the ICM. Mathematical
modeling provides a useful approach for investigating in further
detail the complexity of this developmental process. Based
primarily on in vivo and in vitro results, we developed a model
for cell fate specification of ICM into Epi or PrE cells, schematized
in Fig. 2. At the core of the network, Gata6 and Nanog inhibit each
other and activate their own expression in vitro (Molkentin et al.,
2000; Boyer et al., 2005; Singh et al., 2007; Kim et al., 2008; Verzi
et al., 2010). Additional support for these regulations comes from
our observation that, by ectopically expressing Gata6 in F9 cells in
the presence of RTK inhibitors, Gata6 inhibits Nanog expression
independently of the Fgf/RTK pathway (supplementary material
Fig. S2A). The Nanog and Gata6 auto-activation loops could be
direct, as both proteins can bind their own regulatory sequences
(Loh et al., 2006; Verzi et al., 2010), or indirect, acting through the
networks of pluripotency or of PrE differentiation, respectively
(Boyer et al., 2005; Loh et al., 2006; Artus and Chazaud, 2014).
Recent publications have shown that Nanog controls its expression
through an autorepression in ES cells (Fidalgo et al., 2012; Navarro
et al., 2012). This autorepression does not seem to occur in the
embryo, at least during the preimplantation stages, as both Nanog
mRNA and protein can be detected simultaneously in Epi cells
(supplementary material Fig. S2B).
Besides the interactions between Gata6 and Nanog, the model

incorporates the role of the Fgfr/Erk signaling pathway. This
pathway, activated through the binding of Fgf4 to the receptor
Fgfr2, enhances Gata6 synthesis while repressing Nanog expression
(Hamazaki et al., 2006; Santostefano et al., 2012; Kang et al., 2013;
Krawchuk et al., 2013; Ohnishi et al., 2014). Finally, the model
takes into account the downregulation of Fgfr2 by Nanog in ES
cells, and its upregulation downstream of Gata6, as suggested by
ChIP experiments (Niakan et al., 2010; Ma et al., 2011). This
assumption is also reinforced by single-cell qRT-PCR analyses

where the Fgfr2/Fgf4 level is correlated with the Gata6/Nanog
expression profile (Kurimoto et al., 2006; Guo et al., 2010; Ohnishi
et al., 2014).

The differentiation status of a single cell is defined in the model by
the values of four intracellular variableswhose temporal dynamics are
described by a set of four ordinary differential equations. The first
three variables represent the level of a protein: Gata6 (G), Nanog (N)
and Fgfr2 (FR). Indeed, we chose to consider the concentrations of the
proteins only, and not of their mRNAs, in order to keep a low number
of variables and as proteins are the final species regulating gene
expression. The fourth variable (ERK) represents the level of activity
of the Fgfr/Erk signaling pathway. Its value depends on the
extracellular concentration of Fgf4 (Fp). The regulatory network
schematized in Fig. 2 is mathematically described by the equations
given in the supplementary materials and methods. Gata6 synthesis
involves two contributions: it is activated, respectively, by ERK and
Gata6, and inhibited by Nanog. In a symmetrical manner, Nanog
synthesis involves two contributions: it is inhibited by ERK and
activated by Nanog, respectively, and inhibited by Gata6. Fgfr2
expression is repressed by Nanog and induced by Gata6. The Erk
pathway is activated by Fgf4-bound receptors; this activation is
reversible. The equations for G, N and FR include a linear term of
decay. All regulations are represented by phenomenological Hill
expressions.

The steady states of the modeled system are the solutions of the
equations when the variables do not vary with time. Using an
appropriate set of parameter values and a proper concentration of
extracellular Fgf4, the model for a single cell accounts for the
existence of three stable steady states: an ICM-like state where both
Nanog and Gata6 are expressed; an Epi-like state where Nanog is
expressed but Gata6 is not; and a PrE-like state where Gata6 is
expressed but Nanog is not (supplementary material Fig. S3B,C).
At this stage, parameter values were chosen phenomenologically to
account for the existence of an Epi-like state at low Fgf4, a PrE-like
state at high Fgf4 and the co-existence of both states and a third
ICM-like state at intermediate concentrations of Fgf4. Analyzing the
possible steady states of the model as a function of parameters such
as the constants characterizing auto-activation or mutual inhibition
of Gata6 and Nanog shows, however, that such tristability is not a
punctual phenomenon but occurs in a sizeable parameter range
outside which the system displays either mono- or bistability
(supplementary material Fig. S3A).

In this work, we use this cellular model at the level of a
population, modeled as a network of 25 cells arranged on a square
5×5 grid, which roughly corresponds to the ICM size at E3.75.
Boundary conditions are periodic to account for the spherical
structure of the blastocyst. In this population, cells interact through
extracellular Fgf4, which now becomes a variable of the system (as
opposed to the single cell model where it is a parameter). In each
cell, an additional equation (supplementary material Eqn S5) thus
describes the synthesis of Fgf4, which is activated by Nanog
(Frankenberg et al., 2011). We assume that Fgf4 synthesis is
immediately followed by its secretion into the extracellular medium.
Thus, each cell within a population is characterized by a set of five
variables (see equations in the supplementary materials and
methods). The first four describe an intracellular protein level
(G, N, FR) or pathway activity (ERK), whereas the fifth one
corresponds to the amount of Fgf4 proteins secreted by the cell (Fs).

The concentration of Fgf4 perceived by cell i (Fpi) corresponds to
the averaged level of Fgf4 produced by the cell itself and by its four
closest neighbors. This is a simple way of simulating Fgf4 diffusion,
which must be taken into account as Fgf4 concentration cannot be
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assumed to be homogeneous given the high degree of cellular
compaction in the developing embryo. Importantly, the model also
includes some noise in this diffusional process in the form of a
random deviation (γi) around the average local Fgf4 concentration
(Fig. 2; supplementary material Eqn S6). This extrinsic noise is the
only source of stochasticity in our deterministic simulations. Once
attributed randomly for each cell at the beginning of the simulations,
all γi values remain fixed in the course of time. The level of ERK
within a cell depends on the concentration of Fgf4 it perceives (Fpi)
and on the concentration of receptor Fgfr2 (FR) at its surface. As to
the values of the parameters in the population model, they were
phenomenologically adjusted in order to account for the available
experimental data on the time evolutions of the mRNAs of Nanog,
Gata6 and Fgf4 during early embryogenesis (Yamanaka et al.,
2010) and on the proportions of ICM cells differentiating into PrE or
Epi from wild-type and Nanog−/− mutant embryos in a variety of
conditions (Frankenberg et al., 2011; this paper).

Modeling cell fate specification in wild-type embryos
The dynamics of Nanog (N ), Gata6 (G) (Fig. 3A) and Fgf4 (Fs)
(supplementary material Fig. S4) obtained with the model
correspond to the expression pattern of the respective proteins
during early embryogenesis, both for a future Epi cell and for a
future PrE cell (Chazaud et al., 2006; Kurimoto et al., 2006; Plusa
et al., 2008; Guo et al., 2010; Frankenberg et al., 2011). When
multiple stable steady states co-exist, the outcome of the system
depends on the initial conditions. In the embryo, Nanog and Gata6
proteins start to be detected at the 8-cell stage and, at the 32-cell
stage, they are co-expressed in almost all blastomeres (Plusa et al.,
2008; Lavial et al., 2012). In the model, which involves arbitrary
time units, the beginning of the simulations corresponds to the stage
at which Nanog and Gata6 are null (Fig. 3A). By contrast, the initial
level of ERK is elevated (supplementary material Fig. S4) because
of the high initial concentration of Fgf4 in the extracellular space, in
line with experimental observations (Guo et al., 2010; Krawchuk
et al., 2013). The results of the model do not change if other RTK
ligands contribute to the initial activation of Erk, as suggested by

recent experimental results (Tang et al., 2011; Kang et al., 2013;
Krawchuk et al., 2013).

With these initial conditions, all cells first reach the ICM-like state,
which is reflected by an increase of Gata6 andNanog levels (Fig. 3A).
Simultaneously, the level of RTK ligands in the extracellular space
decreases, according to observations on Fgf4 mRNAs levels (Guo
et al., 2010). As a consequence, ERK diminishes, which forces a
subset of cells to leave the ICM-like state and to reach the Epi-like
state, where Gata6 expression is arrested and Nanog levels are
upregulated.Hence, these cells synthesize and secrete Fgf4 at a higher
rate than before. The subsequent increase in the local concentration
of Fgf4 pushes their neighboring cells towards the PrE-like state,
where they stop expressing Nanog (Fig. 3A; supplementary material
Fig. S3). In summary, the model reproduces the emergence of ICM
cells, which co-express Nanog and Gata6, as well as their
specification into Nanog-expressing, Fgf4-secreting, Epi-like cells
and Gata6-expressing, PrE-like cells. Furthermore, these two
populations reach a random salt-and-pepper distribution at the end
of the simulations, which is consistent with experimental data
(Chazaud et al., 2006; Plusa et al., 2008; Frankenberg et al., 2011).
Importantly, the fate of a cell is determined at the level of the
population and is not imposed by its specific value of γi. The role of
this parameter is to introduce some spatial heterogeneity in the
extracellular Fgf4 concentration, allowing some cells to perceive a
different concentration of Fgf4 and thus quit the ICM-like state.
Interestingly, the salt-and-pepper distribution can already emerge
when a single cell in the population has a different value of γi
(e.g. when γi=−0.1 for the cell at the center of the grid and γi=0.1
elsewhere). The heterogeneity then propagates over the entire field
through the interactions between neighboring cells.

With the set of parameters used in Fig. 3A, 54.6±5.4% of the cells
differentiate into Nanog-expressing Epi cells (Fig. 4E), which fits
well with our observations (Fig. 4B). The proportions obtained with
the model can be modified with small changes in the rate of Fgf4
degradation (kdf), and the model can thus reproduce the proportions
obtained with mice from various genetic backgrounds, from 40% to
55% of Epi progenitors (Batlle-Morera et al., 2008; Frankenberg

Fig. 2. Model of the gene regulatory network
controlling the differentiation of the inner cell
mass into Epi and PrE cells. The differentiation
status of each cell is defined by the level of its four
intracellular variables: Gata6 (G), Nanog (N ), Fgfr2
(FR) and Erk (ERK). These four variables are
interconnected by positive and negative regulations
(in green and red, respectively). ERK, which
corresponds to the relative level of activity of the
Fgf/Erk signaling pathway, depends on the
extracellular concentration of Fgf4 perceived by the
cell (Fp). This concentration is the averaged level of
Fgf4 secreted (Fs) by the cell and its four neighbors,
with a small random deviation expressed through
parameter γi, which reflects the heterogeneous
distribution of Fgf4 in the intercellular space (see
supplementary materials and methods for Eqn S6
used to compute this averaged concentration). Each
cell produces Fgf4 at a rate depending on its level of
Nanog expression (N ).
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et al., 2011). Moreover, a subset of ICM cells undergoes apoptosis
around E3.75. This mechanism was proposed to eliminate the cells
that still express bothNanog andGata6 after E3.75 (Plusa et al., 2008;
Meilhac et al., 2009; Frankenberg et al., 2011). Consistent with this
possibility, 13.0±6.6% of the modeled cells continue to express

Nanog and Gata6 at the end of the simulations and thus remain in an
ICM-like state, even though all their neighbors have already
differentiated (Fig. 3A).

The model predicts that individual cell specification is
asynchronous and heterogeneous in space between ICM cells. This

Fig. 3. Behavior of ICM cells in the model
and in vivo. (A) Simulation of themodel for a
population of 25 wild-type cells, arranged on
a 5×5 network. The blue and red curves
represent the concentrations of Gata6 and
Nanog, respectively. The pie chart shows
the proportion of Epi (12 cells), PrE (11 cells)
and undifferentiated cells (two cells, in B1
and in A4) at the end of the simulation (at
t=50). If 20 simulations are performed, the
proportions of Epi, PrE and undifferentiated
cells equal 42.0±4.2%, 46.4±4.7% and 11.6
±6.2%, respectively. The initial increase of
Nanog and Gata6 observed in all the cells
indicates their trajectory to the ICM-like
state. The arrows represent the time at which
a cell has differentiated into Epi (black
arrows) or PrE (green arrows). Epi cells
differentiate earlier than the PrE cells; in the
case considered, it takes on average 18
versus 28 arbitrary units of time to specify
Epi and PrE cells, respectively (for a specific
example, compare cell A1 with cell E1). The
units for time and concentrations are
arbitrary. Parameter values are given in
supplementary material Table S1. Initial
conditions are: G=N=0, FR=2.8, ERK=0.25
and Fs=0.07. See also supplementary
material Figs S2, S3 and S4. (B-E) In situ
quantification of protein expression at E2.75
(B; n=10 embryos, 132 cells), E3.0 (C; n=5
embryos, 66 cells), E3.25 (D; n=14 embryos,
164 cells) and E3.5 (E; n=13 embryos, 158
cells). Calculation of k-means clustering in 4
to 5 was carried out in order to decipher cell
subpopulations. The colors identify the
different clusters with their corresponding
percentages. The dashed lines represent
the level of background.
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phenomenon has been partially observed by immunofluorescence in
independent studies (Gerbe et al., 2008; Plusa et al., 2008; Lavial
et al., 2012). However, these global analyses did not quantify Nanog
and Gata6 cell-to-cell variation at different stages. We thus
performed a detailed analysis of in vivo Nanog and Gata6 protein
levels at different time points and compared them with the model
(Fig. 3B-E). At E2.75 (12- to 15-cell stage), most of the cells co-
express Nanog and Gata6 at relatively low and comparable levels
(Fig. 3B). The results are essentially the same at E3.0 (Fig. 3C). At
E3.25, the large majority of cells have increased their levels of
Nanog and Gata6 expression (Fig. 3D). Interestingly, some cells
express both proteins, although at different levels, whereas others
seem to have started their specification by decreasing one marker
much more than the other (Fig. 3D). Such an asynchrony fits with
the model predictions, as the temporal dynamics of Gata6 and
Nanog are highly different among the simulated cells (Fig. 3A). The
progressive decrease in either Nanog or Gata6 is also in agreement
with single cell RNA analyses (Guo et al., 2010; Ohnishi et al.,
2014). At this stage, a bias can be observed with more cells
expressing Nanog high/Gata6 low (Fig. 3D, blue and red clusters,
representing 48.5% of cells) compared with Gata6 high/Nanog low
(Fig. 3D, yellow cluster, representing 10.7% of cells), showing that
Epi cells specify first. At E3.5, many cells are already specified in
PrE or Epi, displaying low levels of either Nanog or Gata6,
respectively (Fig. 3E). However, more Epi cells are specified
(Fig. 3E, blue cluster), as visualized by Gata6 levels below
background detection, compared with future PrE cells (Fig. 3E,
yellow and purple clusters). Interestingly, this asynchrony is
predicted by the model where, on average, Epi cells are specified
earlier than PrE progenitors (18 versus 28 arbitrary units of time to
specify Epi and PrE cells in the simulation shown in Fig. 3A).
Another method to validate the model is to analyze ICM cell

plasticity depending on Fgf/RTK modulation. It is worth
mentioning that, in the model, once a cell has chosen its identity
(Epi or PrE), it will not change its physiological condition. As both
states co-exist over a large range of extracellular Fgf4
concentrations (supplementary material Fig. S3B,C), the level of
Fgf4 encountered in the simulations (of untreated wild-type
embryos) is never high enough to push a cell out of the Epi-like
state, nor sufficiently low to push a cell out of the PrE-like state.
Hence, once the Epi and PrE progenitors are specified (i.e. the cells
have reached one of these two steady states), their fate cannot be
changed by modifying the concentration of Fgf4 in the range
explored during the developmental process. By contrast,
treatments with either Fgf4 or Fgfr/Mek inhibitors suffice to
push a wild-type cell out of the Epi-like or PrE-like state,
respectively, in both the model (see bifurcation diagrams shown in
supplementary material Fig. S3) and the experimental data
(Nichols et al., 2009; Yamanaka et al., 2010).
Interestingly, the quantity of undecided cells dramatically increases

if themodel is simulatedwith a globally or even locally homogeneous
(and high) distribution of Fgf4 in the intercellular space (all γi=0)
(data not shown). Thus, the model predicts that heterogeneities in the
extracellular distribution of Fgf4 are essential for the specification
process to work. This was recently confirmed by experiments of Fgf4
administration on Fgf4−/− embryos (Kang et al., 2013; Krawchuk
et al., 2013). These mutants do not produce any PrE progenitor, and
the uniform administration of exogenous Fgf4 most often fails to
rescue their phenotype, suggesting that local heterogeneities in Fgf4
concentration or availability are required for the emergence of the
salt-and-pepper distribution, which is consistent with the results of
the model.

Predictions of the model for Gata6 mutants
In Gata6−/− mutants, all the ICM cells differentiate into Epi
(Fig. 1A). Accordingly, if the model is simulated with a null rate of
Gata6 synthesis, the level of Nanog increases in all the cells (data
not shown). Furthermore, the model reproduces the dynamics in two
phases obtained when Gata6−/− ICM are treated with exogenous
Fgf4 (supplementary material Fig. S1B, Fig. 1C). If Fgf4 is added
from the beginning of the simulation (t=0), Nanog levels do not
increase in any cell (supplementary material Fig. S5A); by contrast,
if it is added when Nanog levels have already reached a maximum,
Nanog expression is maintained (supplementary material Fig. S5B).
Thus, in the model, Nanog self-activation is strong enough – when
its level of expression is sufficiently high – to counteract the direct
inhibitory effect of the Fgf/RTK signaling pathway.

This different sensitivity to exogenous Fgf4 at the level of
expression of Nanog determines the two phases. The model predicts
that the transition from one phase to the other does not occur at the
same time for all cells. Indeed, if Fgf4 is administered when Nanog is
already expressed, but not yet at its maximal level, only a subset of
cells maintains Nanog expression, showing that they are already in
phase 2 (supplementary material Fig. S5C). The proportion of cells in
phase 2 increaseswith the time of Fgf4 administration (supplementary
material Fig. S5D). An earlier specification of Epi cells in Gata6−/−

mutants compared with wild type can be observed in both the model
(supplementary material Fig. S5C) and experimental data (Fig. 5D),
meaning that Gata6 expression delays Epi specification.

Gata6 heterozygous embryos specify fewer PrE cells
In the course of the experiments, we noticed that Gata6+/− embryos
have a large deficit in the specification of PrE cells at E3.75 (n=11;
Fig. 4A,B). This defect in PrE specification is counterbalanced by
the acquisition of an Epi fate (Fig. 4A-C). Therefore, removing one
allele reveals a dose-sensitive defect.

As Gata6 expression is biallelic (Miyanari and Torres-Padilla,
2012), one would expect that all ICM cells of Gata6+/− embryos
behave equally, i.e. either they are able to specify PrE and so behave
as in wild-type embryos (with no effect of removing one allele) or
the low dose of Gata6 does not allow PrE specification, as in
Gata6−/− embryos. It is thus puzzling to observe that a few cells
manage to specify into PrE. A logical explanation is provided by the
mathematical analysis. Adapting the model for Gata6+/− cells
consists of decreasing the rate of Gata6 synthesis. Because of the
resulting decrease in the concentration of Fgfr2 (see Fig. 2), this
change induces an increase in the extracellular concentration of Fgf4
needed to push a cell on the PrE-like state. Hence, a Gata6+/− PrE
cell needs to be surrounded by more Fgf4-producing Epi cells than a
wild-type PrE cell. Consequently, the proportion of PrE cells
obtained with the model is lower in Gata6+/− than in wild-type
populations (Fig. 4D). The best fit with the experimental results is
obtained when the rate of Gata6 synthesis is decreased by 15%:
while the model is calibrated to obtain 46.4±4.7% of PrE cells in
the wild-type populations, this proportion decreases to 30.1±5.4%
if the rate of Gata6 synthesis is reduced by 15% (Fig. 4E), in
good agreement with experimental data (Fig. 4B). To confirm
this assumption, using immunofluorescence quantification we
investigated whether, in vivo, Gata6 levels are indeed decreased in
the Gata6+/− embryos. As shown in Fig. 5D and supplementary
material Fig. S6, Gata6 levels are lowered by 19.3% compared with
wild type at E3.25 and by 32.0% at E3.75. Thus, the model rightly
suggests that the lack of oneGata6 allele in the heterozygous cells is
partially compensated and does not correspond to 50% loss of Gata6
activity. Altogether, the slight alteration in Gata6 level leads to a
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PrE/Epi imbalance due to changes in Gata6, Nanog and Fgf/RTK
dynamics.
When the model is simulated with a 15% decrease of Gata6

synthesis rate, the time required for a cell to differentiate into Epi
appears to be reduced (compare black arrows in Fig. 3A and in
Fig. 4D). Thus, themodel predicts that the specification of aGata6+/−

cell into Epi requires less time than for a wild-type cell (13 units of
time instead of 18 for the wild-type cell). We addressed this question
experimentally by counting cells expressing Fgf4 – considered as an

early Epi marker). The proportions of cells expressing Fgf4 are
significantly higher in Gata6+/− embryos compared with wild type
(Fig. 5A,B). The time-plot of Fgf4 expression also demonstrates a
precocious induction of Epi cells in the heterozygous embryos
(Fig. 5C). Quantification of Nanog and Gata6 proteins shows
that this precocious specification is due to an imbalance between
Nanog and Gata6 levels with lower Gata6 expression (Fig. 5D;
Fig. S6). These experimental data validate the model and its
underlying assumptions. Thus, the relative levels of Nanog and

Fig. 4. Analysis of Gata6+/− embryos.
(A) Nanog, Sox17 and Cdx2
immunofluorescence. (B) Percentage of
Epi and PrE cells at E3.75 (**P<0.01 and
***P<0.001; Mann–Whitney test).
(C) Number of ICM cells in E3.75
embryos. (D) Simulation of the model for a
population of 25 Gata6+/− cells, arranged
as a 5×5 network. The pie chart shows the
proportion of Epi (17 cells), PrE (7 cells)
and undifferentiated cells (1 cell, in A5) at
the end of the simulation (t=50). As cells
C3 and D4 remain in this Epi-like state for
more than 20 time units, they are
considered as irreversibly committed to
this fate and the gray period is thus not
considered (see supplementary materials
and methods for further details). The blue
and red lines represent the concentrations
of Gata6 and Nanog, respectively. The
arrows represent the time at which a cell
has specified into Epi (black arrows) or
PrE (green arrows). On average, the Epi
cells differentiate earlier in Gata6+/−

populations than in wild-type populations
(compare with Fig. 2B, black arrows).
Such a difference is not observed for the
PrE cells (compare with Fig. 2B, green
arrows). (E) Proportion of Epi and PrE
cells obtained with the model, forGata6+/−

and WT populations. The proportion
of cells differentiating into PrE is 46.4±
4.7% in the wild-type populations and
30.1±5.4% in the Gata6+/− populations
(n=20 simulations). The cells that are
undifferentiated at the end of the
simulations are excluded from the
calculations, as they are considered to be
apoptotic. The proportions have been
computed using the results of 20
simulations of 25 cells for each genetic
background. In D and E, the units for the
time and the concentrations are arbitrary.
Parameter values are given in
supplementary material Table S1. Initial
conditions are: G=N=0, FR=2.8,
ERK=0.25 and Fs=0.07. Data are
mean±s.e.m.
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Gata6 not only modulate Epi/PrE ratios but also control the timing
of specification. Surprisingly, we did not detect any difference in the
number of PrE cells at E4.5 (n=5, see also supplementary material
Fig. S7C) in vivo, meaning that the embryo is able to compensate for
low levels of Gata6 at this stage.

Loss of sensitivity to Fgf/RTK signaling in Gata6
heterozygous embryos
We then assessed the sensitivity of Gata6+/− Epi cells to the
administration of exogenous Fgf4, as we did in the Gata6−/−

embryos. When treated with recombinant Fgf4 from the 8-cell
stage, Gata6+/− embryos behave like wild-type embryos, with an
absence of Nanog expression and thewhole ICM expressing Sox17
(supplementary material Fig. S7A). Surprisingly, whereas they
possess a functional Gata6 allele, only a few ICM cells expressed
PrE markers in Gata6+/− embryos treated with Fgf4 from E3.25
(Fig. 6A-C; supplementary material Fig. S7B-D). Moreover,
Nanog remained expressed in many cells at E3.75. In fact, the

proportions of Epi and PrE cells were similar in treated and
untreated Gata6+/− embryos (Fig. 6B). Thus, the Epi cells are
already insensitive to Fgf4 at E3.25 in Gata6+/− embryos, as
observed in Gata6−/− Epi cells, but not in the wild type. We
checked whether Gata6+/− PrE cells are also insensitive to
Fgfr/Erk signaling at E3.25. When embryos are treated with Fgfr
and Mek inhibitors from this stage, Gata6 expression is inhibited,
demonstrating that PrE precursors cells in Gata6+/− embryos are
still sensitive to Fgfr/Erk signaling at E3.25 (n=8; Fig. 6D) and
even at E4.0 (data not shown). In summary, Epi and PrE lineages
become unresponsive to RTK signaling through different and
independent mechanisms. Moreover, the Epi cells of Gata6+/−

embryos become unresponsive to Fgf/Erk signaling more
precociously than in wild type.

The fact that Gata6+/− embryos exhibit a more precocious loss of
sensitivity to Fgf4 compared with wild type could be the
consequence of the earlier specification. As insensitivity to Fgf4
cannot be induced after a long exposure (from E1.5) to high levels

Fig. 5. Precocious Epi specification in Gata6+/− embryos.
(A) Combined ISH/immunofluorescence with Fgf4, Nanog and
Cdx2 in E3.5 wild-type and Gata6+/− embryos. Arrowheads
indicate the cells expressing Fgf4. (B) Percentage of ICM cells
expressing Fgf4 at E3.5, normalized by the expected proportions
of Epi cells at E3.75 (***P<0.001; Mann–Whitney test). Data are
mean±s.e.m. (C) Number of Fgf4 expressing cells inGata6+/− and
wild-type embryos between E3.25 and E3.75 (stages are indicated
by the corresponding ICM cell numbers). (D) Quantification of
Nanog and Gata6 protein expression in the three genotypes at
E3.25 and E3.75. Gata6+/− cells downregulate Gata6 expression
before wild-type embryos, leading to a faster Epi specification
(E3.25: n=64 for Gata6+/+, n=119 for Gata6+/−, n=33 for Gata6−/−;
E3.75: n=45 for Gata6+/+, n=50 for Gata6+/−, n=19 for Gata6−/−).
The dashed lines represent the background level.
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of Nanog and/or RTK inhibition (Yamanaka et al., 2010), the loss of
sensitivity of Epi progenitors to important variations of this
signaling pathway is not due to an early and long exposure to
Nanog expression/RTK inhibition, but rather is induced by other
mechanisms – probably involved in the maturation of the epiblast –
which come into play at E4.0 and E3.25 in wild-type and Gata6+/−

embryos, respectively.
Consistently, the loss of sensitivity of wild-type andGata6+/−Epi

cells to Fgf4 cannot be reproduced by the model. This confirms that,
in these two genotypes, the insensitivity of Epi cells to Fgf4 is most
probably induced by a phenomenon not included in the gene
regulatory network accounting for specification. Thus, the model
suggests that other mechanisms and factors act after the
specification program to consolidate Epi and PrE identities.

DISCUSSION
In this study, we investigated the role of Gata6 during preimplantation
development. We first demonstrated the requirement of Gata6 for PrE
specification. Indeed, as inGrb2mutants (Chazaud et al., 2006), ICM

cells of Gata6−/− embryos can adopt only an Epi fate. Moreover, we
showed that the Fgf pathway, while being required to induce Sox17
and Gata4 (Frankenberg et al., 2011), cannot rescue theGata6−/− PrE
specification defect. This result not only demonstrates that Gata6
cannot be bypassed by Fgf4 administration but also shows that Sox17
and Gata4 expression require the activity of both Gata6 and the Fgf/
RTK pathway.

In a second step, we showed that the previously identified gene
regulatory network involved in the Epi/PrE specification (Stephenson
et al., 2012; Artus and Chazaud, 2014) can account for experimental
observations through a mechanism involving tristability. The model
reveals how the salt-and-pepper pattern could be first triggered by a
decrease – and not an increase – in RTK pathway activity from an
initially elevated level. This event would induce the Epi specification
of a subset of cells by favoring Nanog expression. The proposed
mechanism is corroborated by protein quantifications showing that
Epi cells specify earlier than PrE cells. As a consequence of Nanog
upregulation, these cells produce more Fgf4. The resulting increase in
extracellular Fgf4 induces the transition of the remaining cells towards
the PrE state by activating their Fgfr/Erk pathway. This scenario does
not exclude the possibility that some unknown factors could be
involved in either helping the decrease of RTK activity or directly
promoting Nanog expression.

The model shows that Fgf4 must be heterogeneously distributed
throughout the ICM to implement the salt-and-pepper pattern. This
result explains the difficulty of rescuing Fgf4mutants with exogenous
Fgf4 (Kang et al., 2013; Krawchuk et al., 2013). Additionally,
simulations with the model indicate that once the cells are specified
they do not change identity, unless they are confronted by an artificial
activation or block of RTK signaling. This means that after
specification the cell identity does not fluctuate, although it remains
sensitive to high (non physiological) variations in RTK signaling.

In the model, the mechanism for the transition from the
undifferentiated progenitor to two differentiated cell types involves
the presence of three co-existing steady states. Such tristability,
observed in other models in the context of cell fate specification
(Huang et al., 2007; Tian et al., 2013), is generated here by multiple
positive-feedback loops, which arise from reciprocal inhibition and
self-activation of Gata6 and Nanog, mutual activation of Gata6 and
Fgfr2/Erk, andmutual inhibition of Nanog and Fgfr2/Erk. The choice
between the Epi and the PrE fate is predominantly determined by the
status of surrounding cells, through the secretion of signaling
molecules such as Fgf4, which controls RTK activity. This process
is entirely self-organized: starting from a situation corresponding to
the 2- to 4-cell stage, the differentiation into Epi and PrE cells results
spontaneously from the changes in RTK signaling associatedwith the
cell fate specification process.

The present model is the first one that describes the specification
of ICM cells into Epi and PrE cells in vivo; other models proposed
for cell fate specification in ES cells are based on noise-induced
transitions (Kalmar et al., 2009) or oscillations (Glauche et al.,
2010). Other groups developed bistable models for the specification
of embryonic stem cells into PrE progenitors in vitro (Chickarmane
and Peterson, 2008; Chickarmane et al., 2012). However, the latter
models cannot be used to describe the emergence of PrE progenitors
in vivo. Indeed, Oct4, which plays a key role in these models, is not
involved in the core regulatory network as Epi and PrE can be
specified inOct4mutants (Frum et al., 2013; Le Bin et al., 2014). In
addition, these models do not focus on the emergence of common
ICM progenitors and cannot account for the self-organized
specification of these progenitors into a mixed population of Epi
and PrE cells.

Fig. 6. Impact of the RTK pathway on Gata6 heterozygous embryos.
(A) Gata6+/− embryos cultured in presence of Fgf4 from E3.25 to E3.75 and
immunolabeled with Sox17, Nanog and Cdx2. (B) Percentage of Nanog- and
Sox17-expressing cells in wild-type, Gata6+/− and Gata6−/− embryos cultured
from E3.25 to E3.75 in the absence (black box, vehicle) or in the presence
(red box) of Fgf4. (**P<0.01; Mann–Whitney test). Data are mean±s.e.m.
(C) Number of ICM cells in wild-type, Gata6+/− and Gata6−/− embryos after
vehicle- and Fgf4-treatment between E3.25 and E3.75. (D) Wild-type (n=6)
and Gata6+/− (n=8) embryos cultured with Fgfr and Mek inhibitors from E3.25
to E3.75, and immunolabeled with the indicated markers. See also
supplementary material Fig. S5.
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Removing one allele of Gata6 reveals a finely tuned dose for the
balance between PrE and Epi specification. The present model
suggests that this mutation results in a moderate reduction of Gata6
activity when compared with the wild type. Quantification of Gata6
protein indeed demonstrates a low decrease, with 19.3% at E3.25 and
32.0% at E3.75. Various factors could explain why the activity of
Gata6 is not reduced by 50% in Gata6+/− embryos: an increase in
allelic transcription; a regulation of Gata6 mRNA targeted
degradation (Elatmani et al., 2011); post-translational modifications,
such as phosphorylation (Adachi et al., 2008); or modulation of
protein degradation through the binding of Bmi1 (Lavial et al., 2012).
Altogether, the analysis of Gata6 heterozygous embryos coupled to
modeling reveals that a slight diminution of one factor can greatly
perturb the system, demonstrating that precise levels of Gata6 and
Nanog are crucial for the balance between PrE and Epi fates, and the
timing of their specification. Remarkably, Nanog+/− embryos do not
have any phenotype in the specification of Epi and PrE cells
(Frankenberg et al., 2011; Miyanari and Torres-Padilla, 2012). This
might be due to the fact that, as Nanog expression is monoallelic
during the specification stages (from the 8-cell to early blastocyst
stage) (Miyanari and Torres-Padilla, 2012; Deng et al., 2014), its level
is similar in Nanog+/− and wild-type embryos. However, the issue of
Nanog monoallelic expression is still being debated (Faddah et al.,
2013; Filipczyk et al., 2013).
In the whole study, the model was used as a tool to help decipher

the complex behavior arising from developmental transitions
associated with tristability in the dynamics of the regulatory
network. We identified novel important steps for Epi/PrE
specification: (1) Nanog and Gata6 are co-expressed and both
increase in all blastomeres, whereas an RTK ligand is present in the
extracellular medium; (2) the decrease of RTK signaling in a subset
of cells induces an Epi specification; and (3) Fgf4, produced
unevenly by Epi cells, induces a PrE specification in neighboring
cells. The Epi/PrE specification occurs when Gata6 and Nanog fall
below critical levels and is asynchronous throughout the ICM due to
heterogeneity in Fgf4 distribution in the extracellular medium. Once
specification is completed, additional factors, such as Gata4, Sox17
and Pdgfra, for the PrE (Stephenson et al., 2012; Artus and
Chazaud, 2014) push the cells through maturation by reinforcing
cell identity or by eliciting further differentiation steps.
Our study sheds new light on the debate about the mechanism of

the salt-and-pepper induction: some authors favor a stochastic
induction (Ohnishi et al., 2014), while others promote a position-
biased system (Morris et al., 2010, 2013), involving a differential
heritage between inner cells produced by the two asymmetric cell
division cycles (8- to 16- and 16- to 32-cell stage). Our model and
experimental data support the alternative mechanism proposed by
Krupa et al. (2014), following the observation that it is not a
difference between asymmetric divisions 1 and 2 that drives an Epi
or a PrE fate, respectively, but the number of inner cells present. In
this scenario, expression of Fgf4 by inner cells that accumulate
through cell division would provide the level of Fgf4 required to
induce a PrE identity. This interpretation holds with our view that
Epi cells are specified first by promoting Nanog, and thus Fgf4
expression. Interestingly, Fgfr2 mRNA seems to be depleted in
inside cells compared with outside cells at the 16-cell stage (Morris
et al., 2013). This could provide an explanation for a decrease in
RTK activity, which is the mechanism proposed by the model to
increase Nanog levels. Alternatively, the decrease in RTK activity
could result from the cell-to-cell variation of ERK.
The mechanism proposed here for the PrE versus Epi lineage

specification and for the origin of the salt-and-pepper pattern is of a

deterministic rather than stochastic nature, even if it requires a
source of heterogeneity, which is introduced in the model via a cell-
to-cell variability in the concentration of extracellular Fgf4 that they
perceive. This variability is measured by parameter γi, which is
fixed in a random manner for each cell at the beginning of the
simulations and does not change thereafter. This extrinsic, random
source of cellular heterogeneity is required to induce some
asynchrony in the rates at which cells evolve towards the Epi state
in response to the decrease of RTK ligand that they perceive. As a
result, only a few cells specify into Epi and therefore secrete Fgf4,
pushing the remaining ones towards a PrE state. The salt-and-pepper
expression pattern is thus a natural consequence of this mechanism.

Because of the relatively large distance between the steady-state
branches in the bifurcation diagram shown in supplementary
material Fig. S3B,C, it seems unlikely that the sole intrinsic
molecular noise associated with fluctuations in Gata6 or Nanog is
able to induce the salt-and-pepper pattern. However, the possibility
cannot be excluded that, for other parameter values, fluctuations due
to molecular noise could trigger the transition from the ICM to
either Epi or PrE if the distance between the steady-state branches is
reduced. We are currently investigating this possibility, keeping in
mind that excessive fluctuations might hinder the initial evolution
towards the ICM state. Interestingly, the model can generate the
same results, including the salt-and-pepper distribution, when
decreasing γi and introducing intercellular variability in the initial
levels of Nanog and Gata6, which represents another form of
extrinsic noise. This suggests that the randomness causing the
necessary heterogeneity between cells could additionally rely on
different levels of expression of the components of the control
network, arising from cell-to-cell variability in gene expression in
these cells, as observed by Ohnishi et al. (2014).

Altogether, our mathematical and in vivo data unravel novel
aspects of the mechanism governing preimplantation development
in terms of the coexistence between three stable steady states
corresponding to ICM, Epi and PrE, respectively. Our results reveal
that it is the induction of Epi cells first, possibly through a decrease
of RTK signaling, that is responsible for the initiation of the salt-
and-pepper pattern of PrE and Epi cells, and that an alteration of the
relative levels of Nanog and Gata6 in the cell fate regulatory
network can instigate an earlier cell specification.

MATERIALS AND METHODS
Experiments were performed in accordance with French and EU guidelines
for the care and use of laboratory animals.

Gata6 mutant embryos experiments
Gata6+/− mice were obtained by mating Gata6tm2.2Sad males (Sodhi et al.,
2006) with Tg(Pgk1-cre)1Lni females (Lallemand et al., 1998). Litters with
homozygous and heterozygous embryos were obtained by crossingGata6+/−

mice through natural mating (see supplementary Materials and methods for
genotyping and staging). All the phenotypes observed were fully penetrant in
Gata6−/− and Gata6+/− embryos, and are observed in more than three
littermates per experiment. Embryo cultures were carried out as previously
published (Frankenberg et al., 2011).

Fluorescent in situ hybridization and immunostaining were performed as
previously described (Chazaud et al., 2006; Gasnier et al., 2013) (see
supplementary materials and methods for the list of the antibodies used).
Cell counting was semi-automated with the Imaris software (Bitplane).

All embryos used for the quantification analysis were scanned by a Leica
SP5 confocal with the same pinhole, laser intensity and z-section (according
to Dietrisch et al., 2007). Quantification analysis was carried out with Imaris
(Bitplane) coupled with a Matlab-based graphical interface (MathWorks).
The mean of fluorescence intensity of each cell was divided by the gain of
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the photomultiplicator used for the detection and normalized by the
quantification of DAPI fluorescence. Background level was defined as the
average of the mean fluorescence intensities of randomly chosen
cytoplasmic spots divided by the average of DAPI fluorescence.

Mathematical modeling
The mathematical modeling is described in details in the supplementary
materials and methods section.

Statistical test
Statistical tests were obtained with Prism (Graphpad Software). The normal
distribution of values was verified with a Shapiro–Wilk normality test and
results were analyzed by the Mann–Whitney test or by Student’s t-test.

Hierarchic classification
Clustering was carried out with R and XLSTAT software according to a
k-mean clustering using the Hartigan and Wong algorithm. The number of
groups (4 or 5) was attributed before the clustering in order to distinguish
different cell identities. Each group is identified by a different color and with
their corresponding percentages (group 1, black; group 2, yellow; group 3,
blue; group 4, purple; group 5, red).

Acknowledgements
We thank M. Cohen-Tannoudji for providing PGK-Cre mice; J. Artus, M. Cohen-
Tannoudji and V. Azuara for critical reading of the manuscript; and P. Pouchin and
C. Belville for technical advice.

Competing interests
The authors declare no competing financial interests.

Author contributions
C.C., S.B., L.D.M., D.G., A.G. and G.D. conceived and designed the experiments
and simulations. S.B., M.B., C.D. and L.D.M. performed the experiments. L.D.M. and
D.G. performed the simulations. S.B., C.C., L.D.M., D.G., A.G. and G.D. analyzed
the data. C.C., S.B., L.D.M., A.G. and G.D. wrote the manuscript.

Funding
This research was funded by the ‘Fonds de la Recherche Scientifique Médicale’
(FRSM, Belgium) [3.4636.04] and by the LNCC, the ANR ‘EpiNodal’ and ARC
[1023]. S.B. was supported by the Région Auvergne and the FEDER andC.D. by the
ANR EpiNodal. L.D.M. and G.D. are Research Fellow Candidate and Senior
Research Associate at the Fonds de la Recherche Scientifique (FNRS-FRS,
Belgium). L.D.M. acknowledges financial support from the ‘Fonds David and Alice
Van Buuren’. The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Supplementary material
Supplementary material available online at
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.109678/-/DC1

References
Adachi, Y., Shibai, Y., Mitsushita, J., Shang, W. H., Hirose, K. and Kamata, T.
(2008). Oncogenic Ras upregulates NADPH oxidase 1 gene expression
through MEK-ERK-dependent phosphorylation of GATA-6. Oncogene 27,
4921-4932.

Arias, A. M., Nichols, J. and Schroter, C. (2013). A molecular basis for
developmental plasticity in early mammalian embryos. Development 140,
3499-3510.

Arman, E., Haffner-Krausz, R., Chen, Y., Heath, J. K. and Lonai, P. (1998).
Targeted disruption of fibroblast growth factor (FGF) receptor 2 suggests a role for
FGF signaling in pregastrulation mammalian development. Proc. Natl. Acad. Sci.
USA 95, 5082-5087.

Artus, J. and Chazaud, C. (2014). A close look at the mammalian blastocyst:
epiblast and primitive endoderm formation. Cell. Mol. Life Sci. 71, 3327-3338.

Batlle-Morera, L., Smith, A. and Nichols, J. (2008). Parameters influencing
derivation of embryonic stem cells from murine embryos. Genesis 46, 758-767.

Boyer, L. A., Lee, T. I., Cole, M. F., Johnstone, S. E., Levine, S. S., Zucker, J. P.,
Guenther, M. G., Kumar, R. M., Murray, H. L. and Jenner, R. G. (2005). Core
transcriptional regulatory circuitry in human embryonic stem cells. Cell 122,
947-956.

Burdon, T., Stracey, C., Chambers, I., Nichols, J. and Smith, A. (1999).
Suppression of SHP-2 and ERK signalling promotes self-renewal of mouse
embryonic stem cells. Dev. Biol. 210, 30-43.

Cai, K. Q., Capo-Chichi, C. D., Rula, M. E., Yang, D.-H. and Xu, X.-X. (2008).
Dynamic GATA6 expression in primitive endoderm formation and maturation in
early mouse embryogenesis. Dev. Dyn. 237, 2820-2829.

Capo-Chichi, C. D., Rula,M. E., Smedberg, J. L., Vanderveer, L., Parmacek,M. S.,
Morrisey, E. E., Godwin, A. K. and Xu, X.-X. (2005). Perception of differentiation
cues by GATA factors in primitive endoderm lineage determination of mouse
embryonic stem cells. Dev. Biol. 286, 574-586.

Chambers, I., Colby, D., Robertson, M., Nichols, J., Lee, S., Tweedie, S. and
Smith, A. (2003). Functional expression cloning of Nanog, a pluripotency
sustaining factor in embryonic stem cells. Cell 113, 643-655.

Chazaud, C., Yamanaka, Y., Pawson, T. and Rossant, J. (2006). Early lineage
segregation between epiblast and primitive endoderm in mouse blastocysts
through the Grb2-MAPK pathway. Dev. Cell 10, 615-624.

Cheng, A. M., Saxton, T. M., Sakai, R., Kulkarni, S., Mbamalu, G., Vogel, W.,
Tortorice, C. G., Cardiff, R. D., Cross, J. C. and Muller, W. J. (1998).
Mammalian Grb2 regulates multiple steps in embryonic development and
malignant transformation. Cell 95, 793-803.

Chickarmane, V. and Peterson, C. (2008). A computational model for
understanding stem cell, trophectoderm and endoderm lineage determination.
PLoS ONE 3, e3478.

Chickarmane, V., Olariu, V. and Peterson, C. (2012). Probing the role of
stochasticity in a model of the embryonic stem cell: heterogeneous gene
expression and reprogramming efficiency. BMC Syst. Biol. 6, 98.

Deng, Q., Ramskold, D., Reinius, B. and Sandberg, R. (2014). Single-cell RNA-
seq reveals dynamic, random monoallelic gene expression in mammalian cells.
Science 343, 193-196.

Dietrich, J.-E. and Hiiragi, T. (2007). Stochastic patterning in the mouse pre-
implantation embryo. Development 134, 4219-4231.

Elatmani, H., Dormoy-Raclet, V., Dubus, P., Dautry, F., Chazaud, C. and
Jacquemin-Sablon, H. (2011). The RNA-binding protein Unr prevents mouse
embryonic stem cells differentiation toward the primitive endoderm lineage. Stem
Cells 29, 1504-1516.

Faddah, D. A., Wang, H., Cheng, A. W., Katz, Y., Buganim, Y. and Jaenisch, R.
(2013). Single-cell analysis reveals that expression of nanog is biallelic and
equally variable as that of other pluripotency factors in mouse ESCs. Cell Stem
Cell 13, 23-29.

Feldman, B., Poueymirou, W., Papaioannou, V. E., DeChiara, T. M. and
Goldfarb, M. (1995). Requirement of FGF-4 for postimplantation mouse
development. Science 267, 246-249.

Fidalgo, M., Faiola, F., Pereira, C.-F., Ding, J., Saunders, A., Gingold, J.,
Schaniel, C., Lemischka, I. R., Silva, J. C. R. and Wang, J. (2012). Zfp281
mediates Nanog autorepression through recruitment of the NuRD complex and
inhibits somatic cell reprogramming. Proc. Natl. Acad. Sci. USA 109,
16202-16207.

Filipczyk, A., Gkatzis, K., Fu, J., Hoppe, P. S., Lickert, H., Anastassiadis, K. and
Schroeder, T. (2013). Biallelic expression of nanog protein in mouse embryonic
stem cells. Cell Stem Cell 13, 12-13.

Frankenberg, S., Gerbe, F., Bessonnard, S., Belville, C., Pouchin, P., Bardot, O.
and Chazaud, C. (2011). Primitive endoderm differentiates via a three-step
mechanism involving Nanog and RTK signaling. Dev. Cell 21, 1005-1013.

Frum, T., Halbisen,M. A.,Wang, C., Amiri, H., Robson, P. andRalston, A. (2013).
Oct4 cell-autonomously promotes primitive endoderm development in the mouse
blastocyst. Dev. Cell 25, 610-622.

Fujikura, J., Yamato, E., Yonemura, S., Hosoda, K., Masui, S., Nakao, K.,
Miyazaki, J.-I. and Niwa, H. (2002). Differentiation of embryonic stem cells is
induced by GATA factors. Genes Dev. 16, 784-789.

Gasnier, M., Dennis, C., Vaurs-Barrier̀e, C. and Chazaud, C. (2013). Fluorescent
mRNA labeling through cytoplasmic FISH. Nat. Protoc. 8, 2538-2547.

Gerbe, F., Cox, B., Rossant, J. and Chazaud, C. (2008). Dynamic expression of
Lrp2 pathway members reveals progressive epithelial differentiation of primitive
endoderm in mouse blastocyst. Dev. Biol. 313, 594-602.

Glauche, I., Herberg, M. and Roeder, I. (2010). Nanog variability and pluripotency
regulation of embryonic stem cells–insights from a mathematical model analysis.
PLoS ONE 5, e11238.

Grabarek, J. B., Zyzynska, K., Saiz, N., Piliszek, A., Frankenberg, S., Nichols, J.,
Hadjantonakis, A.-K. and Plusa, B. (2012). Differential plasticity of epiblast and
primitive endoderm precursors within the ICM of the early mouse embryo.
Development 139, 129-139.

Guo, G., Huss, M., Tong, G. Q.,Wang, C., Li Sun, L., Clarke, N. D. andRobson, P.
(2010). Resolution of cell fate decisions revealed by single-cell gene expression
analysis from zygote to blastocyst. Dev. Cell 18, 675-685.

Hamazaki, T., Kehoe, S. M., Nakano, T. and Terada, N. (2006). The Grb2/Mek
pathway represses Nanog in murine embryonic stem cells. Mol. Cell. Biol. 26,
7539-7549.

Huang, S., Guo, Y.-P., May, G. and Enver, T. (2007). Bifurcation dynamics in
lineage-commitment in bipotent progenitor cells. Dev. Biol. 305, 695-713.

Kalmar, T., Lim, C., Hayward, P., Mun ̃oz-Descalzo, S., Nichols, J., Garcia-
Ojalvo, J. and Martinez Arias, A. (2009). Regulated fluctuations in nanog
expression mediate cell fate decisions in embryonic stem cells. PLoS Biol. 7,
e1000149.

3647

RESEARCH ARTICLE Development (2014) 141, 3637-3648 doi:10.1242/dev.109678

D
E
V
E
LO

P
M

E
N
T

http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.109678/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.109678/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.109678/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.109678/-/DC1
http://dx.doi.org/10.1038/onc.2008.133
http://dx.doi.org/10.1038/onc.2008.133
http://dx.doi.org/10.1038/onc.2008.133
http://dx.doi.org/10.1038/onc.2008.133
http://dx.doi.org/10.1242/dev.091959
http://dx.doi.org/10.1242/dev.091959
http://dx.doi.org/10.1242/dev.091959
http://dx.doi.org/10.1073/pnas.95.9.5082
http://dx.doi.org/10.1073/pnas.95.9.5082
http://dx.doi.org/10.1073/pnas.95.9.5082
http://dx.doi.org/10.1073/pnas.95.9.5082
http://dx.doi.org/10.1007/s00018-014-1630-3
http://dx.doi.org/10.1007/s00018-014-1630-3
http://dx.doi.org/10.1002/dvg.20442
http://dx.doi.org/10.1002/dvg.20442
http://dx.doi.org/10.1016/j.cell.2005.08.020
http://dx.doi.org/10.1016/j.cell.2005.08.020
http://dx.doi.org/10.1016/j.cell.2005.08.020
http://dx.doi.org/10.1016/j.cell.2005.08.020
http://dx.doi.org/10.1006/dbio.1999.9265
http://dx.doi.org/10.1006/dbio.1999.9265
http://dx.doi.org/10.1006/dbio.1999.9265
http://dx.doi.org/10.1002/dvdy.21703
http://dx.doi.org/10.1002/dvdy.21703
http://dx.doi.org/10.1002/dvdy.21703
http://dx.doi.org/10.1016/j.ydbio.2005.07.037
http://dx.doi.org/10.1016/j.ydbio.2005.07.037
http://dx.doi.org/10.1016/j.ydbio.2005.07.037
http://dx.doi.org/10.1016/j.ydbio.2005.07.037
http://dx.doi.org/10.1016/S0092-8674(03)00392-1
http://dx.doi.org/10.1016/S0092-8674(03)00392-1
http://dx.doi.org/10.1016/S0092-8674(03)00392-1
http://dx.doi.org/10.1016/j.devcel.2006.02.020
http://dx.doi.org/10.1016/j.devcel.2006.02.020
http://dx.doi.org/10.1016/j.devcel.2006.02.020
http://dx.doi.org/10.1016/S0092-8674(00)81702-X
http://dx.doi.org/10.1016/S0092-8674(00)81702-X
http://dx.doi.org/10.1016/S0092-8674(00)81702-X
http://dx.doi.org/10.1016/S0092-8674(00)81702-X
http://dx.doi.org/10.1371/journal.pone.0003478
http://dx.doi.org/10.1371/journal.pone.0003478
http://dx.doi.org/10.1371/journal.pone.0003478
http://dx.doi.org/10.1186/1752-0509-6-98
http://dx.doi.org/10.1186/1752-0509-6-98
http://dx.doi.org/10.1186/1752-0509-6-98
http://dx.doi.org/10.1126/science.1245316
http://dx.doi.org/10.1126/science.1245316
http://dx.doi.org/10.1126/science.1245316
http://dx.doi.org/10.1242/dev.003798
http://dx.doi.org/10.1242/dev.003798
http://dx.doi.org/10.1002/stem.712
http://dx.doi.org/10.1002/stem.712
http://dx.doi.org/10.1002/stem.712
http://dx.doi.org/10.1002/stem.712
http://dx.doi.org/10.1016/j.stem.2013.04.019
http://dx.doi.org/10.1016/j.stem.2013.04.019
http://dx.doi.org/10.1016/j.stem.2013.04.019
http://dx.doi.org/10.1016/j.stem.2013.04.019
http://dx.doi.org/10.1126/science.7809630
http://dx.doi.org/10.1126/science.7809630
http://dx.doi.org/10.1126/science.7809630
http://dx.doi.org/10.1073/pnas.1208533109
http://dx.doi.org/10.1073/pnas.1208533109
http://dx.doi.org/10.1073/pnas.1208533109
http://dx.doi.org/10.1073/pnas.1208533109
http://dx.doi.org/10.1073/pnas.1208533109
http://dx.doi.org/10.1016/j.stem.2013.04.025
http://dx.doi.org/10.1016/j.stem.2013.04.025
http://dx.doi.org/10.1016/j.stem.2013.04.025
http://dx.doi.org/10.1016/j.devcel.2011.10.019
http://dx.doi.org/10.1016/j.devcel.2011.10.019
http://dx.doi.org/10.1016/j.devcel.2011.10.019
http://dx.doi.org/10.1016/j.devcel.2013.05.004
http://dx.doi.org/10.1016/j.devcel.2013.05.004
http://dx.doi.org/10.1016/j.devcel.2013.05.004
http://dx.doi.org/10.1101/gad.968802
http://dx.doi.org/10.1101/gad.968802
http://dx.doi.org/10.1101/gad.968802
http://dx.doi.org/10.1038/nprot.2013.160
http://dx.doi.org/10.1038/nprot.2013.160
http://dx.doi.org/10.1016/j.ydbio.2007.10.048
http://dx.doi.org/10.1016/j.ydbio.2007.10.048
http://dx.doi.org/10.1016/j.ydbio.2007.10.048
http://dx.doi.org/10.1371/journal.pone.0011238
http://dx.doi.org/10.1371/journal.pone.0011238
http://dx.doi.org/10.1371/journal.pone.0011238
http://dx.doi.org/10.1242/dev.067702
http://dx.doi.org/10.1242/dev.067702
http://dx.doi.org/10.1242/dev.067702
http://dx.doi.org/10.1242/dev.067702
http://dx.doi.org/10.1016/j.devcel.2010.02.012
http://dx.doi.org/10.1016/j.devcel.2010.02.012
http://dx.doi.org/10.1016/j.devcel.2010.02.012
http://dx.doi.org/10.1128/MCB.00508-06
http://dx.doi.org/10.1128/MCB.00508-06
http://dx.doi.org/10.1128/MCB.00508-06
http://dx.doi.org/10.1016/j.ydbio.2007.02.036
http://dx.doi.org/10.1016/j.ydbio.2007.02.036
http://dx.doi.org/10.1371/journal.pbio.1000149
http://dx.doi.org/10.1371/journal.pbio.1000149
http://dx.doi.org/10.1371/journal.pbio.1000149
http://dx.doi.org/10.1371/journal.pbio.1000149


Kang, M., Piliszek, A., Artus, J. and Hadjantonakis, A.-K. (2013). FGF4 is
required for lineage restriction and salt-and-pepper distribution of primitive
endoderm factors but not their initial expression in the mouse. Development
140, 267-279.

Kim, J., Chu, J., Shen, X., Wang, J. and Orkin, S. H. (2008). An extended
transcriptional network for pluripotency of embryonic stem cells. Cell 132,
1049-1061.

Koutsourakis, M., Langeveld, A., Patient, R., Beddington, R. and Grosveld, F.
(1999). The transcription factor GATA6 is essential for early extraembryonic
development. Development 126, 723-732.

Krawchuk, D., Honma-Yamanaka, N., Anani, S. and Yamanaka, Y. (2013). FGF4
is a limiting factor controlling the proportions of primitive endoderm and epiblast in
the ICM of the mouse blastocyst. Dev. Biol. 384, 65-71.
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Figure S1 : Fgf4 treatment of WT and Gata6-/- embryos cultured from E3.25 to E4.5 (WT: 

n=6; Gata6-/-: n=7) A. and from the 8-cell stage to E3.25 (WT: n=3; Gata6-/-: n=2) B. 

Embryos are immunolabeled to identify Epi, PrE and TE cells. C. Control embryo culture 

from E3.25 to E4.5 (WT: n= 10; Gata6-/-: n=7)  

 

 
Figure S2: A. Under standard culture conditions (DMEM+ serum) F9 cells express high 

levels of Nanog with no Gata6 expression (not shown). In (A) F9 cells were transfected with a 

Gata6-2A-GFP pCAG expression plasmid in the presence of Fgfr+Mek inhibitors. 

Transfected cells are labelled by GFP; they express Gata6 and have downregulated Nanog 

expression cell-autonomously. Thus Gata6 can downregulate Nanog expression 

independently of the Fgf/RTK pathway. Arrowheads point toward some transfected cells. B. 
Double FISH targeting Nanog and Gata6 mRNAs coupled with Nanog immunostaining at 

E3.5. Nanog RNAs and proteins colocalize to the same cells (see also Gasnier et al., 2013) 

and their low (red arrowheads), high (white arrowheads) levels are correlated as well as their 

absence of expression. 
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Figure S3 : Bifurcation diagrams obtained for a single cell-system defined by equations S1 to 

S4, with the concentration of Fgf4 (Fs) being treated as a parameter (see table S1 for 

parameter values). A. Domains of mono-, bi- and tristability in the (Kig and Kin2 taken as 

equal, Kag2 and Kan taken as equal) parameter space. B and C: These plots represent the 

stable (solid lines) and unstable (dashed lines) steady states of the model (presented in Figure 

2 and defined by the four first equations (S1)-(S4) given in the Supplementary Materials and 

Methods) as a function of the extracellular concentration of Fgf4 perceived by the cell (Fp), 

for parameter values corresponding to the black square in panel A. The steady states are 

represented by the respective levels of (B) Gata6 or (C) Nanog. For 0.057<Fp<0.066, the 

system presents three stable steady states: an ICM-like state where both Nanog and Gata6 are 

expressed, an Epi-like state where only Nanog is expressed, and a PrE-like where only Gata6 

is expressed. The Epi-like state is stable for Fp<0.103 whereas the PrE-like state is stable for 

Fp>0.053. In all panels, parameter values are given in table S1 unless specified. Panel A 

shows that, for the present choice of parameter values, tristability occurs for intermediate 

values of the auto-activation constants Kag2 and Kan, while for low and high values of these 

constants, the system evolves to a single steady state. The need for the auto-activation loops 

to generate tristability is further attested by the fact that the model no longer exhibits 
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tristability when Gata6 and Nanog self-activation loops are removed (vsg2=vsn2=0, not 

shown). The possibility nevertheless remains that even in such conditions tristability might 

occur for other parameter values, because of the multiplicity of remaining positive feedback 

loops in the network of regulatory interactions between Nanog, Gata6 and Erk signaling. The 

addition of exogenous Fgf4 corresponds to a large increase in the value of Fgf4 shown in 

abscissa, while the addition of ERK inhibitors corresponds to a large decrease in Fgf4 in the 

figures (B) and (C).  The bifurcations diagrams in (A)-(C) have been obtained by means of 

the program AUTO (Doedel, 1981); see: http://indy.cs.concordia.ca/auto/#introduction. 
  

 
 

 
Figure S4 : Evolution of the relative activity of ERK and of the amount of Fgf4 produced by 

a WT cell differentiating into Epi (cell D1 in Figure 3A; solid curves) and by a WT cell 

adopting a PrE fate (cell E1 in Figure 3A; dashed curves). The initial level of ERK is high but 

it immediately decreases in both cells. Consequently, cell D1 differentiates in Epi and thus 

increases its production of Fgf4 (Fs). By contrast, ERK increases in cell E1, as a result of the 

Epi specification of its closest neighbors. Hence, this cell reaches the PrE-like state and stops 

synthesizing Fgf4. The units for time and concentrations are arbitrary. Parameter values are 

given in table S1. Initial conditions are: G=N=0, FR=2.8, ERK=0.25 and Fs=0.07. 
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Figure S5 : Results obtained with the model for Gata6-/- cells treated with exogenous Fgf4. 

A. Gata6-/- cell treated with exogenous Fgf4 from the beginning of the simulation (t=0). In all 

the cells (only one is represented), Nanog remains low. Thus, all cells are still in phase 1. B. 

Gata6-/- cells treated with exogenous Fgf4 when Nanog is already at its maximal level (t=3). 

In all the cells (only one represented), Nanog is maintained. Thus, the cells are in phase 2. C. 

Gata6-/- cells treated with exogenous Fgf4 at t=0.95. Both behaviors are represented within 

the population. The pie chart shows the proportion of cells in phase 1 (10 cells) and in phase 2 

(15 cells) for this simulation. In panels A-C, the red lines represent the concentrations of 
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Nanog. D. Proportion of Gata6-/- cells maintaining Nanog expression, as a function of the 

time at which exogenous Fgf4 is administered. The later the treatment starts, the higher the 

proportion of these cells is. If Fgf4 is added at t=0.8, 10 (±5.3) % of the cells maintain Nanog 

expression. If the treatment starts at t=0.95, this proportion increases to 51 (±9.4) %.  When 

Fgf4 is administered at t=1.1, the percentage of cells resisting to the treatment further 

increases to 88.6 (±8.1) %. The proportions have been computed using the results of 20 

simulations of 25 cells in each condition. Both Gata6 and Nanog concentrations are null at 

t=0. In panels A-D, the units for time and concentrations are arbitrary. Parameter values are 

given in table S1. Initial conditions are: G=N=0, FR=2.8, ERK=0.25 and Fs=0.07.  

 

 
Figure S6 : Levels of Nanog and Gata6 in individual cells of WT, Gata6+/- and Gata6-/- 

embryos. The mean is represented by the horizontal bar (** p<0,01, *** p<0,001; Student 

test). Red dots represent values under the background level and are excluded in the 

calculation of the mean. 

Development | Supplementary Material



	
   7	
  

 

 

 
Figure S7 (related to Figure 6) : Gata6+/- embryos cultured with Fgf4. A. Cultures from the 8-

cell stage to E3.25 (n=4) or from the 8-cell stage to E4.5 (n=4), immunolabeled with indicated 

markers. B. Gata6+/- embryos cultured in presence of Fgf4 from E3.25 to E4.5 (n=15).  C. 

Percentage of Sox17-expressing cells in WT, Gata6+/- and Gata6-/- embryos after culture 

without or with Fgf4 from E3.25 to E4.5. D. Number of ICM cells after culture in both 

conditions. (* p<0,05, ** p<0,01; Mann-Whitney test, ns: non significant). 
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Name Definition Value 

vsg1 Maximum rate of Gata6 synthesis caused by ERK activation 1.202 / 
1.022 / 0 * 

vsg2 Maximum rate of Gata6 synthesis caused by its auto-activation 1 / 0.85 / 0 
* 

vsn1 Basal rate of Nanog synthesis 0.856 
vsn2 Maximum rate of Nanog synthesis caused by its auto-activation 1 
vsfr1 Basal rate of Fgfr2 synthesis 2.8 
vsfr2 Maximum rate of Fgfr2 synthesis caused by Gata6 activation 2.8 
vex Basal rate of Fgf4 synthesis 0 / 0.2 ** 
vsf Maximum rate of Fgf4 synthesis caused by Nanog activation 0.6 
va ERK activation rate 20 
vi ERK inactivation rate 3.3 

kdg Gata6 degradation rate 1 
kdn Nanog degradation rate 1 
kdfr Fgfr2 degradation rate 1 
kdf Fgf4 degradation rate 0.077 

Kag1 Threshold constant for the activation of Gata6 synthesis by ERK 0.28 
Kag2 Threshold constant for Gata6 auto-activation 0.55 
Kan Threshold constant for Nanog auto-activation 0.55 
Kafr Threshold constant for the activation of Fgfr2 synthesis by Gata6 0.5 
Kaf Threshold constant for the activation of Fgf4 synthesis by Nanog 5 
Kig Threshold constant for the inhibition of Gata6 synthesis by Nanog 2 
Kin1 Threshold constant for the inhibition of Nanog synthesis by ERK 0.28 
Kin2 Threshold constant for the inhibition of Nanog synthesis by Gata6 2 
Kifr Threshold constant for the inhibition of Fgfr2 synthesis by Nanog 0.5 
Ka Michaelis constant for activation of the ERK pathway  0.7 
Ki Michaelis constant for inactivation of the ERK pathway 0.7 
Kd Michaelis constant for activation of the ERK pathway by Fgf4 2 
r Hill coefficient for the activation of Gata6 synthesis by ERK 3 
s Hill coefficient for Gata6 auto- activation 4 
q Hill coefficient for the inhibition of Gata6 synthesis by Nanog 4 
u Hill coefficient for the inhibition of Nanog synthesis by ERK 3 
v Hill coefficient for Nanog auto-activation 4 
w Hill coefficient for the inhibition of Nanog synthesis by Gata6 4 
x Hill coefficient for the inhibition of Fgfr2 synthesis by Nanog 1 
y Hill coefficient for the activation of Fgfr2 synthesis by Gata6 1 
z Hill coefficient for the activation of Fgf4 synthesis by Nanog 4 
   

* WT / Gata6+/- / Gata6-/-  
** untreated / treated with exogenous Fgf4  
 

Table S1 (related to Figure 2): Parameter values used for numerical simulations of the model. 
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Supplementary Materials and Methods: 

Gata6 mutant embryos genotyping and staging 
Embryos were genotyped by PCR using the Goldstar Mix (Eurogentec) after the staining 

procedures. Primer Gata6WT-F: 5’-GTGGTTGTAAGGCGGTTTGT-3’ was associated with 

Gata6Del-R: 5’-ACTTGGCAGAGATGAGGAAGGGA-3’ to detect the mutant allele and 

with Gata6WT-R: 5’- TAATTCGTATAATGTATGCTATACGAAGTTAT-3’ for the WT 

allele. Embryos were staged according to the time of their collection and their morphology: 

E2.75 (8-cell stage after compaction to 16-cell stage), E3.0 (16- to 32-cell stage), E3.25 (early 

expanding blastocyst), E3.5 (ICM volume equal to the cavity volume), E3.75 (ICM volume 

less than cavity volume, lineage precursors not fully sorted), E4.0 (sorted ICM; not 

implanted) and E4.5 (implanted, flat PrE epithelium; no parietal endoderm). 

 

In situ labeling 

Primary antibodies used in this study were Nanog (ab21603 and ab80892 -Abcam; 

RCAB0002P-F-Cosmo Bio), Gata6 (AF1700-R&D Systems), Sox17 (AF1924-R&D 

Systems), Gata4 (1237-Santa Cruz), Cdx2 (AM392-BioGenex). Secondary antibodies 

coupled with Alexa 488, Cy3 and Cy5 (Jackson ImmunoResearch) were used and nuclei were 

stained with DAPI (Sigma-Aldrich). The TE marker Cdx2 was used to clearly distinguish 

between TE and ICM cells. Embryos were scanned with a Leica SP5 laser confocal 

microscope (X40 objective) and analyzed with ImageJ (NIH).  

 

Mathematical modeling:  
To analyze the interactions between Nanog, Gata6 and ERK signaling, we constructed a 

phenomenological model, which describes the evolution of the protein levels and incorporates 

transcriptional regulations. We aimed at developing a model based on physiologically 

verified, most plausible assumptions, and capable to account for experimental observations 

presented in (Yamanaka et al., 2010), (Frankenberg et al., 2011). The mathematical model is 

described, for each cell, by a system of 5 ordinary differential equations. Equations (S1), (S2), 

(S3) and (S5) describe the temporal evolution of the level of a protein: Gata6 (G), Nanog (N), 

Fgfr2 (FR) and Fgf4 (Fs). Equation (S4) describes the temporal evolution of the normalized 
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level of activity of the Fgfr2/Erk pathway (ERK). The equations incorporate regulatory 

interactions described by Hill equations. Such equations are widely used to represent 

cooperativity in enzyme kinetics (see Hofmeyr and Cornish-Bowden, Comput. Appl. Biosci. 

13, 377-85 (1997) for a critical discussion of the use of this expression in the context of 

metabolic pathways) and also to phenomenologically describe the binding of transcription 

factors (Alon, 2006). Equations of the Hill type have been utilized in the study of 

multistability and oscillations in a variety of metabolic and genetic regulatory networks. 

 In eq. (S1), Gata6 expression is activated by ERK and Gata6, and inhibited by Nanog; 

in eq. (S2), Nanog expression is inhibited by ERK and Gata6, and activated by itself; in eq. 

(S3), Fgfr2 expression is repressed by Nanog and induced by Gata6; in eq. (S5) Fgf4 

synthesis is activated by Nanog, while vex denotes a basal rate of Fgf4 synthesis in the 

absence of Nanog. The equations for G, N, FR, and Fs all include a linear term of decay.  

 In our phenomenological approach, the choice between multiplicative or additive 

terms was made on the basis of a qualitative reasoning. Thus, in eq. (S1), inhibition by Nanog 

appears as multiplicative to prevent any increase of Gata6 in the presence of high levels of 

Nanog. In contrast, auto-activation and activation by the Erk pathway can both independently 

stimulate Gata6 synthesis. In the same manner, in eq. (S2), inhibition by Gata6 appears as 

multiplicative to prevent any increase of Nanog in the presence of high level of Gata6; 

inhibition by the Erk pathway is assumed to affect the synthesis of Nanog, which is 

independent of auto-activation. In Eq. (S3), we assume that Fgfr2 expression is repressed by 

Nanog and induced by Gata6 in an independent manner. In eq. (S4), the Erk pathway is 

compacted so that its activity (ERK) can be reversibly activated, with the rate of activation 

being proportional to both the fraction of receptor occupied by Fgf and the instantaneous 

amount of active Fgf4 receptors, Fgfr2 (FR); the rates of enzymatic activation and 

inactivation are of Michaelian form. As to secretion of Fgf4 (eq. (S5)), we consider both a 

basal and a Nanog-activated term. 
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(S1) to (S5) 

  
Fpi is the concentration of Fgf4 perceived by cell i. This concentration depends on the rate at 

which its four closest neighbors secrete Fgf4 :  

(S6) 

     

 

where γi is a random number with a uniform distribution in the [-0.1, +0.1] interval (Figure 

2), and where subscripts ij indicate the j nearest neighbors of cell i. Thus, the role of noise is 

expressed through parameter γi that accounts for the existence of slight inhomogeneities in 

the concentration of extracellular Fgf4: the concentration of this compound around a given 

cell is thus not given exactly by the average of the Fgf4 secreted by this cell and its closest 

neighbours. Instead, it is given by this average value increased or decreased by a few percents 

(γi). These inhomogeneities are due to the high level of compaction in the embryo: because 

cells are very close to one another, they act as barriers hindering the diffusion of extracellular 

compounds. Similar results are obtained when considering 8 neighbors instead if 4 in eq. (S6). 

In all simulations, boundary conditions are periodic. Parameter values are given in table S1. 

They were chosen phenomenologically in order for the model to account for the available 

experimental data —in particular those presented in (Yamanaka et al., 2010), (Frankenberg et 

al., 2011) and in this paper— on the proportions of ICM cells differentiating into PrE or Epi 

cells from wild-type and mutant embryos in a variety of conditions. 

Fp
i
= 1+!

i( ).
Fs

i
+ Fs

ijj=1

4

!( )
5
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Initial conditions are given in the legend to Figure 3. For a given set of initial conditions and 

values of γi's, the same specification pattern will always emerge as simulations are totally 

deterministic. Because the  γi  are chosen randomly for each cell at the beginning of the 

simulation and kept constant during the whole simulation, a salt and pepper pattern will be 

obtained. Another random choice of γi's will produce a different pattern, which will, however, 

still be of the salt and pepper type. This fits with the observation that Epi and PrE cells are not 

positioned identically, as can be observed in vivo. 

 

Estimation of the time required for a Gata6+/- epiblastic cell to become irreversibly 

committed to its fate: 

 In WT and Gata6+/- embryos, the Epi progenitors eventually become insensitive to 

exogenous Fgf4, respectively at E4.0 and 3.25, because of the activation of mechanisms of 

maturation that are not included in our model. Thus, at this stage, the Epi cells are irreversibly 

committed to the Epi fate. In this section, we estimate the time (in the model) at which a 

Gata6+/- epiblastic cell should be considered as irreversibly committed. 

 In the WT embryo, all the ICM cells have differentiated in Epi or PrE by E3.75. In the 

model for a population of 25 WT cells, the last cells to differentiate are PrE cells, and they do 

so around 30–35 time units (WT populations). From this, we can assume that t=30 in the 

model roughly corresponds to E3.75 in the embryo.  

 In Gata6+/- embryos, the epiblastic cells are irreversibly committed at E3.25 (Figure 

6B). We do not know what the model-equivalent of E3.25 is, but we know that it is lower 

than t=30 (since t=30 corresponds to E3.75). Thus, in the simulations, the cells that reach the 

Epi-like state at the beginning of the simulations and remain in this state until t=30 (at least) 

are considered as epiblastic. In Figure 4D, for example, cells C3 and D4 are counted as 

epiblastic although they switch to the PrE-like state around t=40 / t=50. This behaviour is 

exhibited by 7.4% of the Gata6+/- cells in average, but never occurs in the WT populations. 
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