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FGF/ERK signaling pathway: how it operates in mammalian
preimplantation embryos and embryo-derived stem cells
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ABSTRACT The integration of extracellular signals and lineage-specific transcription factors allows
cells to react flexibly to their environment, thus endowing the mammalian embryo with the ca-
pacity of regulative development.The combination of genetic and pharmacological tools allowing
disruption of the fibroblast growth factor / extracellular signal-regulated kinase (FGF/ERK) pathway,
together with animal models expressing lineage-specific reporters provided new insights into the
role of this signaling cascade during mammalian development, as well as in embryo-derived stem
cells. Here, we combine current knowledge acquired from different mammalian models to consider
the universality of this cascade in specifying cellular fate across mammalian species.
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Introduction

Mammalian preimplantation embryos are characterized by a
large degree of plasticity. In response to experimental manipula-
tions, i.e., removal, addition or rearrangement of cells, they can
adapt and follow normal course of development culminating in
birth of the animal. Interactions between cells, typically exerted
by multiple chemical factors activating numerous signaling path-
ways underlie the regulative nature of mammalian preimplantation
embryos. Regulative development can be driven by short-range
signals that trigger changes in the identity of the neighboring cells.
The molecules sending and transmitting these signals have just
begun to be understood. Over the last decade, fibroblast growth
factor (FGF) has proved to be one of the important players, which,
together with the specific transcription factor network contributes
to the lineage specification process and ensures flexibility of mam-
malian development.

The FGF/MAPK pathway: its components and general
mode of action

The nature of ligands

FGFs are a family of evolutionary conserved proteins, which
are present across the phylogenetic tree from nematodes to verte-
brates (Birnbaum et al., 2005). Up to date, in vertebrates, the FGF
family is believed to comprise 22 proteins (Ornitz and ltoh, 2001).
The molecular mass of these signaling ligands varies between 17
and 34 kDa. Based on phylogenetic analyses, the FGF members

have been classified into seven sub-families, whereas from the
physiological point of view, FGF proteins can be divided into three
sub-groups concerning their paracrine, endocrine and intracrine
mode of action. FGFs play multiple roles and are involved in mul-
tifarious biological processes, such as cell proliferation, migration,
differentiation, embryo development, tissue repair and response to
injury (Ornitz and Itoh, 2001; 2015). FGFs, with the exception of
FGF11-14, are secreted ligands with affinity to particular receptors
(FGFRs), which transmit the FGF signal via four biological cas-
cades, involving MAPK (mitogen-activated protein kinase), PI3K/
AKT (phosphoinositide 3-kinase/protein kinase B), STAT (signal
transducer and activator of transcription) or PLCy (phosphoinosit-
ide phospholipase C) (Ornitz and Itoh, 2015), among which the
MAPK cascade, which involves ERK (extracellular signal-regulated
kinase), is one of the best characterized biological pathways.

The nature of receptors

The main structural features of FGFR proteins

The FGFR family consists of four members, FGFR1 through
FGFR4, which share between 55% and 72% homology at the pro-
tein level (Johnson and Williams, 1993). Each FGFR is a protein
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Fig. 1. Regulation of the FGF4/ERK signaling pathway. FGF signaling
leads to a sequential phosphorylation of MEK and ERK, followed by its
translocation to the nucleus, where it activates the downstream target
genes. FGF signaling is tightly regulated at multiple levels. Heparan sulfate
proteoglycans act as co-receptors and modulators of the ligand bioavail-
ability. FGF signaling pathway is also regulated by DUSP6, SEF and SPRY
proteins via negative feedback mechanisms, including dephosphorylation
of the adaptor proteins, dissociation of the signaling complex and ubiqui-
tination (UB) of the pathway components.

of ~ 800 amino acids with three extracellular immunoglobulin-
like domains (Igl-1ll), a single transmembrane domain, and two
intracellular tyrosine kinase domains (Fig. 1). In addition to the
Ig-like domains, the extracellular region contains the acidic amino
acid sequence (acidic box) located between Igl and Igll domains
(reviewed by Ornitz and Itoh, 2015; Brewer et al., 2016). These
extracellular domains regulate the FGF binding. Specifically, Igl
and the acidic box inhibit the formation of ligand-receptor complex
(Kalinina et al., 2012), while Igll and Iglll are required for the inter-
action of the receptor with FGF (Plotnikov et al., 1999; 2000). The
transmembrane part of the receptor allows signal transduction from
extracellular ligand-binding region into the intracellular domain.
This region also maintains conformation, which is necessary for
the ligand-dependent activation. Finally, the intracellular domain is
composed of the juxtamembrane region, followed by two tyrosine
kinase domains with catalytic activity, and a carboxy-terminal tail

(Fig. 1). This domain is required for binding of proteins, in particular
PKC (protein kinase C) and FRS2 (fibroblast growth factor receptor
substrate 2), as well as signaling by autophosphorylation (reviewed
by Bottcher and Niehrs, 2005).

Mechanisms for FGFR diversity

Fgfrgenes, through alternative splicing, can produce numerous
FGFRisoforms. Amongthe conventional FGFRs, FGFR1, FGFR2,
and FGFR3 undergo alternative splicing of exons encoding the
carboxyl-terminus of the Iglll domain to generate two additional
splice variants of Iglll, referred to as lllb and llic (Miki et al., 1992;
Werner etal., 1992; Chellaiah et al., 1994). These b and c isoforms
have distinct ligand-binding specificities and their expression is
regulated in a tissue-specific manner (Orr-Urtreger et al., 1993).
Generally, FGFR b splice variants are restricted to the epithelial
lineages and activated by mesenchymally expressed FGF ligands,
such as members of FGF7 and FGF 10 sub-families (Yan etal., 1993;
Min et al., 1998). In contrast, FGFR c splice variants are specific to
mesenchymal tissues and bind FGF ligands (for example FGF8)
that are preferentially expressed in epithelial cells (MacArthur et
al., 1995). Alternative splicing is particularly important for FGFR2
function (Yeh et al.,, 2003). Unlike in FGFR1-3, Iglll domain of
FGFR4 is not alternatively spliced (Partanen et al., 1991).

Due to the fact that the FGFR b and c isoforms are important
for specificity of the FGF binding, and because the Iglll domains
of FGFRs share some degree of sequence similarity, one might
conclude that the same Iglll splice variant would be activated by
different FGF ligands. However, this is not the case. For instance,
FGF7 activates only FGFR2 b, despite the fact that two additional
receptors, FGFR1 and FGFRS3, have also the same Iglllb splice
variant (Ornitz et al., 1996). This indicates that there is the second
mechanism for receptor diversity, different from the Iglll splice
variant confering the FGF binding specificity (reviewed by Powers
et al., 2000).

The step-by-step course of FGF signal transduction

The FGF/ERK signaling pathway is initiated upon a high affinity
binding of a ligand FGF molecule to its receptor - FGFR (Lin et.
al., 1997). Although the FGF-specific receptors exist as monomers
in the absence of extracellular biological cues, binding of FGF
results in dimerization of the two ligand-bound receptor subunits
(Schlessinger etal., 2000). The FGF-dependent dimerization leads
to a conformational change of the intracellular domain of FGFR,
which is crucial for activation of the receptor kinase domain, and
conveys the biological message triggered by FGF further on via a
series of phosphorylation reactions (Sarabipour and Hristova, 2016).
Receptor kinase domains of the dimerized receptor induce a step-
wise trans-autophosphorylation event of tyrosine residues located
within the cytoplasmic domains of both FGFR dimer partners. This
process has been especially well studied in FGFR1, where seven
tyrosine residues undergo a three-step phosphorylation (Lew etal.,
2009). The first stage is phosphorylation of tyrosine 653 located
in the activation loop of the kinase domain, which enhances the
intrinsic FGFR catalytic activity up to 50-100 fold, hereby bringing
the receptor to its fully active state. Next, tyrosine 583 and 585
from the kinase insert region, tyrosine 463 of the juxtamembrane
region, and tyrosine 766 of the C-terminal part are autophosphory-
lated. The last step of receptor trans-autophosphorylation event
occurs on tyrosine 654 of the activation loop and brings about a



further 10-fold increase in the receptor activity and finally ends up
in activation of the tyrosine 730 residue (Mohammadi et al., 1996a;
Foehr et al., 2001; Furdui et al., 2006; Lew et al., 2009).

The activated phospho-tyrosine residues of FGFRs function as
docking sites recruiting adaptor proteins involved in the mechanism
of downstream signal transduction and link FGF signaling to the
MAPK pathway (Fig. 1). The first scaffold protein that acts as a
substrate for an activated FGF receptor is the lipid-anchored adap-
tor protein FRS2 (Fig. 1) (Burgar et al., 2002). The N-terminal part
of this adaptor contains a phospho-tyrosine-binding domain, vital
for interaction with the cytoplasmic domain of FGFR (Yan et al.,
2002), whereas the C-terminal tail contains binding sites for other
scaffold proteins (Ong et al., 2000). FRS2 becomes recruited to
the cytoplasmic domain of FGFR and subsequently activated by
phosphorylation on multiple tyrosine residues within its phospho-
tyrosine-binding domain (Gotoh, 2008). Binding of FRS2 enables
to recruit the adaptor protein GRB2 (growth factor receptor bound
protein 2) - another crucial player linking the FGF signaling and
MAPK cascade (Fig. 1) (Kouhara et al., 1997). GRB2 possesses
two SRC homology 3 domains, which constitutively bind SOS
(son of sevenless) protein and form together a signaling complex
(Simon and Schreiber 1995; Kouhara et al., 1997). SOS is a gua-
nine nucleotide exchange factor acting on the RAS (resistance to
audiogenic seizures) sub-family of small GTPases. It is critical for
embryonic development, since mouse SOS1 knockouts display
a phenotype of mid-gestational embryonic lethality with impaired
placental development which is associated with insufficient activity
of ERK kinase in this organ (Qian et al., 2000). The whole FRS2/
GRB2/SOS complex translocates to the close proximity of the
cell membrane, nearby the yet inactive RAS, which is attached
to the cytoplasmic side of the cell membrane. SOS activates the
RAS-bound GDP protein by catalyzing a GDP-GTP exchange
(Margarit etal., 2003). RAS proteins play essential role in transmit-
ting multifarious signals within cells and are involved in multiple
biological processes, such as growth, cell migration and adhesion,
cytoskeletal integrity, survival and differentiation (Rajalingam et al.,
2007). In its active GTP-bound state, RAS is able to dissociate
from the FRS2/GRB2/SOS complex and recruit its critical effector
RAF-1 (rapidly accelerated fibrosarcoma protein 1). RAF family
comprise three kinases with serine/threonine-specific activity: A-
RAF, B-RAF and C-RAF (also known as RAF-1). All of them were
found to be activators of MAPK signaling, however A-RAF has a
lower activity than the remaining two family members (Matallanas
et al,, 2011). The active RAF-1 phosphorylates and activates
the first kinases of the MAPK cascade, called MEKs (mitogen-
activated protein kinase kinase), at serine 217 and 221 residues
within their activation loop (Vogel et al., 2006). MEK1 and MEK2
are dual specificity mitogen-activated protein kinases, which exert
their function by phosphorylating tyrosine 204/187 and threonine
202/185 of ERK1 and ERK2 (also known as MAPK1 and MAPK2,
i.e., mitogen-activated protein kinases 1 and 2) leading to their
activation and further transduction of the FGF signal (Roskoski,
2012). N-terminal domain of MEKSs contains a so called D-domain,
responsible for binding and phosphorylation of ERK proteins (Xu
et al.,, 1999), a nuclear export sequence (NES), and an inhibitory
segment. Function of the MEK C-terminal domain is elusive, but
it is believed to regulate both the cytoplasmic localization of MEK
and the activation of ERK (Cha et al., 2001). Research on MEK
knockout mice has shown that MEK1 is fundamental for proper
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development, since Mek 17 mice die at mid-gestation (E10.5), due
to abnormal development and insufficient vascularization of the
placenta (Bissonauth et al., 2006). In contrast, MEK2 seems to be
dispensable, as the Mek2” mice are viable, fertile and manifest a
normal phenotype (Bélanger et al., 2003). Activated ERK kinases
are the last element of the kinase cascade. In humans, ERK1 and
ERK2 manifest 84% of identity within their amino acid sequences
and exhibitmany overlappingroles (Lloyd, 2006). However, experi-
ments conducted on knockout mice have shown thatthese proteins
are not entirely functionally redundant. Disruption of Erk1 gene
does not impair normal development of the mutant mice, which
are viable and display completely normal phenotype (Nekrasova
et al., 2005). In contrast, Erk2” mice die soon after implantation
dueto severe abnormalities in the placental development (Saba-El-
Leil et al., 2003), which cannot be compensated by ERK1 protein.
Therefore, ERK2 is believed to regulate the propagation of polar
trophectoderm cells (Saba-El-Leil et al., 2003). Moreover, ERK1
has been reported to be unable to compensate in vivo for the
loss of ERK2 in terms of mesoderm differentiation during mouse
embryonic development (Yao et al., 2003). Finally, ERK kinases
translocate to the nucleus, where they activate the transcription
of proteins involved in biological processes, such as proliferation
or differentiation, thus translating ultimately the FGF signal into a
precise cellular response (Milne et al., 1994; Chung et al., 1998;
Murphy et al., 2002; Morton et al., 2003).

Regulation of FGF/ERK signal transduction pathway:
activators and repressors

Taking under consideration the multiple biological responses
evoked by FGF signaling, this cascade needs to be tightly and
precisely coordinated at many levels. The first stage of FGF/ERK
pathway regulation is provided by glycosaminoglycans, such as
heparin, that link together two FGF-bound FGFR subunits. This
step is crucial for activation of the FGF receptor and assembling
a stable and specific FGF:FGFR complex (Herr et al., 1997; Sch-
lessinger et al., 2000). Moreover, binding of the FGFs to heparin
or heparan sulfate proteoglycans protects FGFs from denaturation
and proteolysis and limits their diffusion rate, which creates a
local reservoir of FGF molecules critical for a spatially restricted
activation of the FGF signaling cascade (Flaumenhatt et al., 1990;
Powers et al., 2000).

The second level of FGF/ERK pathway regulation involves
conformational changes in the FGFRs. Three domains (Igl, Igll
and Iglll) of the FGFR extracellular part manifest, prior to the FGF
binding, a conformationally open structure (Kalinina et al., 2012),
which changes upon activation by FGF binding. Due to interaction
between the Igl receptor domain and its Igll-Iglll region, as well
as between the acidic box and the heparin binding site, the once
activated receptor adopts an auto-inhibited closed structure, thus
preventing any unwelcome additional interactions with FGF (Olsen
et al., 2004, Kalinina et al., 2012).

Another auto-inhibitory mechanismis related to the FGFR kinase
domain and has been examined in detail for FGFR1. Mohammadi
and co-workers have shown that although the tyrosine residues in
the activation loop of FGFR1 do not block access to the active site,
the C-terminal end of the activation loop interferes with the FGF
binding (Mohammadi et al., 1996b). Moreover, hydrogen bonds
formed by the glutamic acid 565, asparagine 549, and lysine 641
residues, located in the kinase hinge region, act as a “molecular
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brake” inhibiting movements of the N-terminal loop towards the C-
terminal side, which keeps the kinase domain in an auto-inhibited,
inactive state (Chen et al., 2007).

The next important antagonist of FGF signaling is SPRY
(Sprouty). Inmammals, three Sprouty members, namely SPRY1-2
and SPRY4, have been shown to negatively regulate the FGF-
triggered MAPK signal transduction (Sasaki et al., 2001; Hanafusa
et al.,, 2002). Upon stimulation with FGF, SPRY undergoes phos-
phorylation ataconserved tyrosine 55 residue in a SRC-dependent
fashion (Mason et al., 2001). This phosphorylated tyrosine residue
becomes next a docking site for recruiting SH2 domain-containing
adaptor proteins, such as GRB2, leading to a dissociation of GRB2
fromthe FRS2/GRB2/SOS complex and attenuation of the signaling
(Kim and Bar-Sagi, 2004). Another example of a protein attenu-
ator operating at this level is CBL (casitas B-lineage lymphoma)
which is an E3 ubiquitin ligase. It has been reported to bind to
phosphorylated FRS2/GRB2 complex and trigger ubiquitination
and subsequent degradation of the activated FGFR and FRS2
(Wong et al., 2002).

SEF (similar expression to FGF) protein is another negative
regulator of the FGF/ERK pathway (Furthauer et al., 2002),
whose tyrosine 330 residue was reported to be vital in exerting
the inhibitory function (Ren et al., 2007). SEF has been shown to
inhibit FGFR1 and FRS2 phosphorylation. This event triggers a
subsequent decrease in phosphorylation of other members of the
signal transduction pathway, namely RAF-1 at serine 338, MEK1/2
at serine 217 and serine 221, and ERK1/2 at threonine 202 and
tyrosine 204, and, eventually, leads to attenuation of the whole
FGF/ERK signaling cascade (Kovalenko et al., 2003).

Yet another regulatory mechanism operates downstream of
the FGF signaling and is related to the dual serine/threonine and
tyrosine phosphorylation activity of MAP kinases. DUSP6 (dual-
specificity phosphatase 6), also known as MKP-3 (MAP kinase
phosphatase-3), which becomes expressed upon FGF receptor
activation, was reported to dephosphorylate and therefore attenuate
the once activated ERK1 and ERK2 kinases (Ekerot et al., 2008).

Overall, since FGF activates various biological pathways, it is
crucial to precisely regulate the FGF signal and translate it into
a proper biological response. The regulatory mechanisms, which
operate at both extracellular and intracellular levels, play an im-
portant role in fine-tuning of the FGF signal and help the cells to
respond accordingly to the environmental cues.

FGF signaling in mammalian embryo lineage
specification

It is now widely known that transcriptional networks and ex-
tracellular signals together govern the cell fate decisions during
preimplantation mammalian development. This complex molecular
device senses and integrates the intrinsic properties of embryonic
cells, such as adhesion or polarity, as well as external cues, such
as the identity of neighboring cells, and transmits this information
to the nuclei of individual cells.

During preimplantation development of mammals, two differen-
tiation events take place before the implantation of the blastocyst
in the maternal uterus. The first one results in the specification of
the trophectoderm (TE), which is the precursor lineage for the fetal
part of the placenta, and the internally positioned inner cell mass
(ICM). This cell fate decision is regulated by differential CDX2

(caudal related homeobox 2 gene) expression, resulting from a
combination of cues generated by cell adhesion and activity of the
Hippo signaling pathway (Nishioka et al., 2009; reviewed by Saini
and Yamanaka, 2018). The second differentiation event relies on
the segregation of the ICM cells into two lineages: the pluripotent
epiblast (EPI) and the primitive endoderm (PE, also called hypoblast
in non-rodent animals). EPI cells contribute to the embryo proper
and extraembryonictissues, i.e., the amnion, chorion and mesoderm
of the yolk sac, whereas PE cells give rise to the endoderm of the
yolk sac (reviewed by Chazaud and Yamanaka, 2016).

The second cell fate decision: the relationship between
transcriptional networks and FGF signaling pathway

It has been reported that FGF/ERK signaling pathway is of
particular importance in epiblast lineage separation from the ex-
traembryonic PE. In mice, GATA6 (GATA binding protein 6) and
NANOG (Nanog homeobox) are the earliest markers required for
the specification of the PE and EPI, respectively (Chazaud et al.,
2006; Kurimoto et al., 2006) (Fig. 2). Both transcription factors
are present in all cells of the embryo from the 8-cell to the early
blastocyst stage (32-64 cells) (Plusa et al., 2008; Guo et al., 2010).
At the mid blastocyst stage (64-100 cells), the expression pattern
of EPIl and PE markers becomes mutually exclusive, forming an
apparently random salt-and-pepper pattern (Fig. 2). Some of the
ICM cells maintain GATA6 expression and downregulate NANOG
which leads to specification of the PE lineage. In the remaining
cells GATA6 expression is reduced, whereas NANOG expression
is retained, triggering the EPI-specific genetic program (Chazaud
et al., 2006; Plusa et al., 2008; Guo et al., 2010; Bessonnard
et al., 2014) (Fig. 2). Even though cells at this stage are biased
towards either an EPI or PE fate, they are not fully committed to
their respective identities. Even at the late blastocyst stage (ap-
prox. 120 cells) PE and EPI cells can switch between alternative
fates, which has been shown both in a chimera assay (Grabarek
etal., 2012) and in isolated ICMs (Wigger et al., 2017). However,
in undisturbed embryos this switch is observed only occasionally
and refers exclusively to the conversion from PE to EPI (Plusa et
al., 2008; Xenopoulos et al., 2015). Moreover, it has been shown
thataslate asin 90-120-cell blastocyst someinner cells co-express
both GATA6 and NANOG (Saiz et al., 2016). It is speculated that
only such double positive cells may choose between alternative
fates. Thus, the specification process occurs asynchronously
among ICM cells to ensure the balanced generation of both types
of precursors (Saiz et al., 2016), however, the formation of EPI
progenitors precedes that of PE progenitors (Grabarek et al., 2012;
Xenopoulos et al., 2015; Bessonnard et al., 2017).

Later on, just before implantation, cells expressing GATA6 and
NANOG are sorted into adjacent layers. As a consequence, in the
late blastocyst the PE cells form an epithelium on the surface of
the ICM, separating the EPI cells from the blastocyst cavity (Gerbe
et al., 2008; Plusa et al., 2008; Meilhac et al., 2009; Frankenberg
et al., 2011; Saiz et al., 2013) (Fig. 2).

It has been shown that the deletion of Gata6é results in the ab-
sence of the later PE markers, such as SOX17 (sex determining
region Y-box 17), GATA4 (GATA binding protein 4) and PDGFRa
(platelet-derived growth factor receptor o) (Bessonnard et al., 2014;
Schrode et al., 2014). Surprisingly, Nanog” mutants also lack late
PE markers (Silva et al., 2009). Nanog” knockout embryos exhibit
GATAG expression, but it is unable to induce its downstream PE



targets. Itwas later suggested that NANOG-
expressing cells act on their neighboring
cells in a non-cell-autonomous manner,
through FGF4 secretion, to induce the ex-
pression of SOX17, GATA4 and PDGFRa
and, as a consequence, to adopt the PE
fate (Messerschmidt and Kemler, 2010;
Frankenberg et al., 2011). Using blastocyst
complementation approach, i.e., injection
of wild-type ESCs (embryonic stem cells)
into E3.5 Nanog” blastocysts, it has been
shown that ESC-derived EPl is able to res-
cue PE formation and to prevent lethality of
the resulting E7.5 embryo (Messerschmidt
and Kemler, 2010). These observations
confirmed that apart from the GATA6, which
promotes the PE fate in a cell-autonomous
manner, the FGF signaling pathway acts to
specify the PE in a non-cell-autonomous
way.

The significance of FGF signaling in the
early mouse embryo has been additionally
corroborated by modulating concentration
or activity of its components. The activation
ofthe FGF4/ERK pathway by addition of ex-
ogenous FGF4 results in differentiation of all
ICM cellstoward the PE lineage (Yamanaka
et al., 2010). Conversely, inhibition of this
pathway by embryo culture in the presence
of specific inhibitors initiates NANOG ex-
pression, and, as a consequence, converts
allICM cellstothe EPI (Nichols etal., 2009b;
Yamanaka et al.,2010). Importantly, respon-
siveness of ICM cells to modulation of the
FGF pathway activity is progressively lost
over time, but the timing of this loss differs
depending onthe modulation type. Between
E2.75t0 E3.25ICM cells are sensitive to the
stimulation with exogenous FGF (Yamanaka
etal.,2010;Bessonnard etal.,2017). Atthis
time they are insensitive to the inhibition
of the FGF signaling, which is the highest
between E3.25 and E3.75, i.e., at the time
of establishment of the NANOG/GATA6
salt-and-pepper pattern (Bessonnard et
al., 2017). However, single-cell resolution
image analysis revealed that the highest
ability of individual ICM cells to respond to
the FGF cascade stimulation or inhibition
occurs between E3.25 to E3.5 and corre-
sponds to the period when double-positive
cells, expressing both GATA6 and NANOG
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Fig. 2.The role of FGF4/ERK signaling in mouse embryogenesis. Temporal control of FGF4/ERK
cascade is required for EPI/PE specification within the ICM. At E3.0-E3.25 (nascent blastocysts),
ICM cells are bipotential and express both EPI (NANOG) and PE (GATA6) markers as well as FGFR1.
FGF4 signals through FGFR1 to constrain NANOG and promote GATA6 expression. At E3.5 a subset
of cells initiates expression of FGFR2. In these cells FGF4, acting through FGFR1 and FGFR2, main-
tains GATAG expression and downregulates NANOG (i.e., activates the PE specification program).
Next, it induces expression of several late PE markers, such as SOX17 PDGFRa, GATA4, SOX7.

represent ~50-75% of the ICM (Saiz et al., 2016). Single ICM cells  FGF4 ligand: pattern expression and function in the early
become insensitive to the modulation of the FGF cascade activity = mouse embryo

after E4.0, when the amount of double positive cells is less than FGF signalingis activated by the ligand-receptor interaction. The
5%. These data suggest that only the fate of bipotential ICM cells  main FGF ligand expressed in preimplantation mouse embryos is
can be changed in response to the alternation of the FGF pathway =~ FGF4. lts expression is detected from the 8-16-cell stage and, in
activity, whereas committed PE and EPI cells are insensitive to  expanded blastocysts, becomes restricted to the EPI cells. Single-

this signal (Saiz et al., 2016).

cellexpression analyses of ICM cells have revealed that FGF4 is the
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first protein that exhibits a bimodal expression within the ICM cells
of the E3.25 blastocyst (32-50 cells), preceding the segregation of
EPI and PE precursor cells at E3.5 (Krupa et al., 2014; Ohnishi et
al., 2014). The question whether this heterogenous expression of
FGF4 is a result of intrinsic stochastic fluctuations in its expression
levels or the origin of ICM cells (from the first or second round of
the asymmetric divisions giving rise to the embryonic inner cells)
remains controversial (Morris et al., 2010; Yamanaka et al., 2010;
Morris et al., 2013; Krupa et al., 2014; Mistri et al., 2018). Since
the inner cells contributing to the ICM are generated in different
time points, it has been proposed that those internalized in the
first round (at the 8- to 16-cell transition) and expressing FGF4 at
a higher level are biased to form the EPI, whereas those arising
during the second round (16- to 32-cell transition) and expressing
more FGFR2, are biased towards the PE fate (Morris et al., 2010;
Morris et al., 2013; Krupa et al., 2014). This heterogeneity in FGF4/
FGFR2 expression has been shown to result from fluctuating levels
of SOX2 (sex determining region Y-box 2) expression in the arising
inner cells (Mistri et al., 2018). Chimera experiments have revealed
that accumulation of the inner cells, produced in the first round of
asymmetric divisions, elevates the FGF4 secretion above a certain
threshold, which is sufficient to trigger activation of the FGF/ERK
signaling in the remaining ICM cells and drive them towards the
PE differentiation (Krupa et al., 2014).

Mutations in the components of the FGF4/ERK pathway, such
as FGF4, both receptors FGFR1 and FGFR2, as well as GRB2,
FRS2, and ERK2, result in peri- or postimplantation lethality (Feld-
man et al., 1995; Arman et al., 1998; Cheng et al., 1998; Hadari et
al., 2001; Hatano et al., 2003; Saba-El-Leil et al., 2003; Chazaud
et al., 2006; Kang et al., 2013; Krawchuk et al., 2013; Kang et al.,
2017; Molotkov et al., 2017). The fact that such mutants survive
until periimplantation period questioned the requirement for FGF4
signaling inthe earlier developmental stages. The detailed analysis
of Fgf4” mutants showed that FGF4 is not necessary for initial
expression of GATA6 between 8- and 32-cell stage (Kang et al.,
2013; Krawchuk etal., 2013) and establishment of NANOG/GATA6
double positive ICM cells. Moreover, it was observed that treat-
ment of Gata6” embryos with exogenous FGF4 does not rescue
their inability to activate the PE program (Bessonnard et al., 2014;
Schrode etal., 2014). These data suggest that another mechanism
is responsible for the initial induction of GATA6 expression while
FGF4/ERK signaling is required for its maintenance and restriction
tothe future PE cells after 32-cell stage (Feldman etal., 1995; Kang
et al., 2013; Krawchuk et al., 2013; Ohnishi et al., 2014). Other
PE-specific markers, such as PDGFRa and SOX17, are severely
downregulatedin Fgf4” blastocysts, demonstrating the importance
of the FGF4 for the establishment of a salt-and-pepper distribution
of EPl and PE cells within the ICM and progression of the PE pro-
gram (Kang et al., 2013). In the absence of FGF4, the PE-specific
genetic program cannot proceed and, as a consequence, the late
PE markers - GATA4 and SOX7 (sex determining region Y-box 7),
are not expressed in the blastocysts (Kang et al., 2013).

It has been demonstrated that FGF4 expression is directly
regulated by two pluripotency-associated transcription factors,
SOX2 and OCT4 (octamer-binding transcription factor 4) (Yuan
et al., 1995; Nichols et al., 1998; Le Bin et al., 2014) (Fig. 2). In
EPI cells OCT4 and SOX2 induce FGF4 expression that promotes
the PE cell fate in a non-cell-autonomous manner (Wicklow et al.,
2014; Le Bin et al., 2014). Ablation of one of these transcription

factors leads to a decrease in FGF4 secretion by the EPI cells and
reduced expression of PE markers, such as GATA6 and SOX17
(Wicklow et al., 2014; Le Bin et al., 2014). Surprisingly, OCT4
has been reported to be required also cell-autonomously for the
PE specification. It promotes expression of PE markers, such as
PDGFRa and SOX17, downstream of FGF4 and ERK (Frum et
al., 2013). Chimera complementation experiments revealed that
wild-type ESCs aggregated with Oct4- embryos at the 8-cell stage
fail to rescue PE phenotype, corroborating the notion that PE gene
expression requires OCT4 cell-autonomously. Additional studies
are needed to reconcile these results and support the idea of the
potential dual role of OCT4 (both cell-autonomous and non-cell-
autonomous) in the PE formation.

Recently, it has been reported that FGF4 expression is also
regulated by KLF5 (krippel-like factor 5) (Fig. 2). Azami and co-
workers (2017) have shown that depletion of KLF5 causesinduction
of FGF4 in the morula stage at E3.0, whereas the overexpression
of KLF5 results in the reduction of FGF4 amount in blastocysts at
E3.5. Thus, KLF5 acts to prevent untimely activation of the PE-
specific genetic program by suppressing the FGF4/ERK pathway
(Azami et al., 2017).

Distinctroles of FGF receptors in the segregation of the epiblast
and primitive endoderm cell lineages in mouse development

Ithas long been uncertain, which FGFRs are responsible for the
lineage specification in mouse preimplantation embryos. FGFR2
has been initially considered as the main receptor, cooperating
with FGF4 and controlling emergence of the PE lineage within
the ICM. Apart from FGFR2, FGFR1 is also expressed during the
early preimplantation development. Fluorescently tagged reporters
and transcriptomic analysis of single cells collected from E3.25 to
E4.5 embryos enabled detection of intensive FGFR1 expression
in all early ICM cells (E3.25, 32-cell stage) that coincides with the
bimodal expression of FGF4 (Kang et al., 2013; Ohnishi etal.,2014).
In addition to the pan-ICM expression, FGFR1 is also expressed
at a comparable level in the TE lineage (Fig. 2), whereas FGFR2
expression is restricted to the extraembryonic lineages: TE and,
at a noticeably lower level, PE (Molotkov et al., 2017). However,
others claim that FGFR2 is detected only later in the development,
at E3.5 (65-100 cells), in the PE-biased cells (Ohnishi et al., 2014;
Kang et al., 2017) (Fig. 2).

Differential expression of FGFR1 and FGFR2 might reflect dis-
tinct roles of these two receptors during the cell fate specification.
Several studies have provided conflicting evidence regarding the
phenotype of Fgfr2” embryos. Some of them suggest that deletion
of Fgfr2leads to the embryonic lethality at E10.5 associated with
defects in placenta and limb development (Xu et al., 1998; Yu et
al., 2003; Kang et al., 2017; Molotkov et al., 2017). In contrast,
others have reported that Fgfr2” embryos die at the periimplanta-
tion stage (Arman et al., 1998; Blak et al., 2007). These conflicting
data suggest that other FGFRs can compensate for the lack of
FGFR2 in the mouse embryo, FGFR1 being a likely candidate.
Indeed, it has been shown that while the absence of FGFR2 does
not reduce the number of PE cells (Kang et al., 2017; Molotkov et
al., 2017), the deletion of Fgfr1 at least partially disrupts the PE
development in blastocysts (Kang et al., 2017; Molotkov et al.,
2017). Complete inhibition of the PE formation was observed only
after simultaneous ablation of Fgfr1 and Fgfr2 genes (Kang et al.,
2017; Molotkov et al., 2017). Similarly to Fgf4” embryos, recent



studies on Fgfr1” and Fgfr2” mutants have demonstrated that
expression of GATAG is induced in 8- to 16-cell embryos but not
maintained in the absence of FGF signaling components (Kang et
al., 2017; Molotkov et al., 2017). It has been observed that after
FGF4 treatment neither Fgfr1”, nor Fgfr1”;Fgfr2” double mutant
blastocysts are able to convert all the ICM cells to PE. Only in the
Fgfr2” blastocysts FGF4 treatment induces ICM differentiation
toward the PE fate (Kang et al., 2017; Molotkov et al., 2017). These
results demonstrate that FGFR1 receptor plays a superior role in
the PE formation in a mouse embryo. Indeed, FGFR1 expression
starts to increase at the early blastocyst stage, at the time when
the fate decision is being made, whereas PE-biased expression
of FGFR2 is initiated at the mid blastocyst stage, i.e., at the time
when ICM cells are already lineage-biased. Such timing of FGFR1
expression confirms its crucial role in the ICM cell fate determi-
nation. In contrast, it has been proposed that FGFR2 regulates
survival and proliferation of the PE cells rather than the cell fate
specification (Molotkov et al., 2017).

Among the other FGF receptors, FGFR3 and FGFR4 are only
detected in committed PE cells at the late blastocyst stage (>100
cells) (Ohnishi et al., 2014; Kang et al., 2017), suggesting that
these receptors are not essential in establishment of the PE and
EPI lineages within the ICM.

The role of FGF4/ERK pathway in maturation of the mouse
epiblast

Apart from a well-known role in the PE specification and mainte-
nance, the FGF4/ERK pathway seems to have an unexpected role
in the EPI maturation. Kang and co-workers have demonstrated
that, in contrast to the wild-type ICM cells in E4.5 mouse embryos,
Fgf4” 1CM cells maintain a high level of NANOG expression (Kang
et al., 2013), which is also a hallmark of embryos cultured in the
presence of FGF signaling inhibitors (Nichols et al., 2009b). This
observation suggests that the EPI cells in mutant embryos might
remain in a naive state of pluripotency, and thus are unable to
enter the maturation program, which normally takes place after
implantation (Kang et al., 2013). These findings are in line with the
results of Ohnishi and colleagues, who employed the method of
transcriptome analysis of single wild-type and Fgf4” mutant ICM
cells of E3.5 and E4.5 mouse embryos. They have shown that
transcriptional profile of the ICM cells devoid of FGF4 is significantly
distinct from the wild-type EPI cells, implying that manifestation of
the EPI gene expression pattern is halted in the absence of FGF4
(Ohnishi et al., 2014). Such cells do not represent the bona fide
EPI lineage and are unable to mature by downregulating NANOG
expression (Ohnishi et al., 2014). The fact that differentiation of
EPI cells into the three germ layers is arrested in Fgf4” mutants
shows that FGF4/ERK signaling pathway plays a critical role in
maturation of thislineage. The recent report by Kang and colleagues
has supported this view and shed new light on the mechanism
of the EPI differentiation (Kang et al., 2017). The authors have
shown that until the late blastocyst stage EPI cells in the Fgfr1”;
Fgfr2” double knockout embryos manifest more robust levels of
NANOG expression than the wild-type EPI cells. However, inter-
estingly, in the presence of a single copy of Fgfr1 (Fgfr1*;Fgfr2”)
embryos display a wild-type level of NANOG expression in the
ICMs. Moreover, embryos with Fgfr2- or Fgfr2” backgrounds,
possessing both copies of Fgfr1, manifest a reduction of NANOG
expression in the EPI, compared to the embryos possessing only a
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single Fgfricopy (i.e., Fgfr1*- ;Fgfr2*-or Fgfr1** ;Fgfr2”). Therefore,
collectively, FGF4/ERK signaling operating via FGFR1 seems to
play critical role in maturation of EPI lineage (Kang et al., 2017).

Surprisingly though, all the above findings are in a sharp contrast
tothe results reported by Nichols and co-workers (2009b). Here, the
authors established ESCs colonies from ICMs of mouse embryos
cultured from the 8-cell stage onward in medium enriched with
inhibitors of FGF/ERK signaling pathway. They reported that such
ICM cells are able to develop into a differentiated epiblastin chimera
assays. Moreover, cells obtained from female embryos cultured in
the presence of inhibitors resume the expression of the previously
inactive paternal X chromosome, which is a characteristic trait of
the differentiated epiblast (Nichols et al., 2009b). These discrep-
ancies can be most likely explained by a different methodological
approach applied in the studies. It seems, that pharmacological
inhibition has only a transient effect, which is incomparable with
the stable impact generated by the gene ablation.

According to the current knowledge, a new model for the es-
tablishment of both EPI and PE in a mouse blastocyst has been
proposed, highlighting distinct roles of FGFR1 and FGFR2 in this
process (Fig. 2). Initially, at E3.0-E3.25 all ICM cells express both
EPIland PE markers (NANOG and GATAGB, respectively), as well as
FGFR1 (Plusa et al., 2008; Ohnishi et al., 2014) (Fig. 2). At some
point, a subset of ICM cells starts producing FGF4 signal that is
transduced through FGFR1 in all ICM cells to maintain NANOG
expression atthe physiological level and promote GATAG expression
(Kang et al., 2017; Molotkov et al., 2017) (Fig. 2). Interestingly, this
initial decision of the ICM cells to become either EPI or PE seems
to be independent of the FGF signaling pathway (Kang et al., 2013;
Molotkov et al., 2017). Although Fgf4 is the first gene displaying a
bimodal expression within the early ICM, the questions, why this
ligand is expressed in just a few ICM cells and whether its expres-
sionis stable or fluctuates, require further studies. The recentreport
of Mistri et al., has indicated SOX2 and its increasing expression
level in the emerging inner cells as the main driver of the earliest
heterogeneity within the ICM (Mistri et al., 2018). Regardless of the
FGFR1 expression, a subpopulation of ICM cells starts to express
FGFR2 (Kang et al., 2017). In these cells GATA6 expression is
maintained, leading to NANOG downregulation and activation of
the PE program (Kang et al., 2017; Molotkov et al., 2017) (Fig. 2).
As the development progresses, sustained FGF signaling is also
required for maturation of the EPI lineage, i.e., exit from the naive
state of pluripotency and initiation of gastrulation.

Despite the consistent evidence for the role of FGF4/ERK
signaling in EPI and PE establishment, some questions, e.g., the
potential interplay with other signaling pathways, are still wait-
ing for the answer. Recently, a sequential role for the FGF4 and
PDGFa signaling pathways in establishing the cell fates has been
proposed (Molotkov and Soriano, 2018). Analysis of the double
mutants phenotype has provided evidence that FGFR1-mediated
ERK signalingisinvolvedinthe PE specification, whereas PDGFRo.
and possibly FGFR2 — mediated PI3K signaling controls survival
and proper positioning of the PE cells in the embryo (Molotkov
and Soriano, 2018).

The function of FGF/ERK signaling in mouse trophectoderm
development

The expression of FGFRs has been also detected in the TE
cells (Arman et al., 1998; Haffner-Krausz et al., 1999; Ohnishi et
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al., 2014). Thus, it has been speculated that ICM-derived FGF4
might be a paracrine-acting growth factor affecting not only the
PE development, but also regulating the adjacent polar TE viathe
ERK signaling pathway. This hypothesis has been supported by
a report showing that Fgf4-/- mouse embryos manifest reduced
expression of lineage-specific markers, such as FGFR2 in TE
at E4.5. The authors therefore suggested that FGF4 is required
for both PE and TE lineage development and differentiation be-
yond the implantation stage (Goldin and Papaioannou, 2003).
However, many reports have shown that, in contrast to the PE
formation, there is no convincing evidence that specification of the
TE depends on the FGF4/ERK signaling. Treatment of zygotes
with inhibitors of this pathway does not impede cavitation and
hatching of the embryos. Moreover, cells of the outer epithelial
layer express markers specific for TE, such as CDX2 and EOMES
(eomesodermin) (Nichols et al., 2009b). Instead, it has been
observed that inhibition of the FGF4/ERK pathway results in the
reduced number of TE cells comparing to the control embryos.
The same phenotype was observed when analyzing Fgfr1”- and
Fgfr2" double mutants (Molotkov et al., 2017). While the formation
of TE is not generally impaired in these mutants, the proportion
of cells contributing to this lineage is decreased compared to the
wild-type or single mutant embryos (Kang et al., 2017; Molotkov
et al., 2017), implying the involvement of this signaling pathway
in the expansion rather than specification of the TE. This has
been additionally supported by the observation that addition of
recombinant FGF4 to mouse blastocysts outgrowths (Chai et al.,
1998; Leunda-Casi et al., 2001) or extraembryonic ectoderm cells
isolated from E5.5 embryos (Nichols et al., 1998) suppresses
TE differentiation into trophoblast giant cells and promotes the
maintenance and expansion of diploid population of stem cells
residing in the polar trophectoderm of implanting blastocysts.

Surprisingly, Lu and co-workers have reported that although
embryos treated with MEK inhibitor from the morula stage onwards
do not manifest any aberrations in the TE development, inhibition
of the ERK signaling in embryos at 8-cell stage onwards attenu-
ates CDX2 expression, halts cavitation and delays the embryo
development (Lu et al., 2008). As it has turned out, in the 8-cell
embryos ERK2 shows polarized distribution at the apical domain,
but at the later stages it is distributed uniformly. Therefore, prob-
ably not only the presence of the ERK signaling components but
also their proper localization during the course of development is
important for maintaining the TE identity.

Moreover, a recent work by Kurowski and co-workers has
shed new light on the role of FGF signaling in TE development
and differentiation (Kurowski et al., 2019). The authors showed
that Fgfr1”- embryos fail to downregulate CDX2 in the mural TE,
which is critical for differentiation of TE lineage into giant cells and
thus assuring proper implantation. What is more, TE cells of such
mutantembryos, resembling the phenotype of CDX2 nullembryos,
manifest abnormal polarity indicated by aberrant localization of
E-cadherin and show an increased apicobasal distance, which
altogether might be the cause of the observed peri-implantation
lethality of Fgfr1”-embryos. Therefore, FGFR1 appears as a vital
player in TE differentiation and post-implantation development
(Kurowski et al., 2019).

To sum up, function of the FGF4/ERK signaling in the TE ap-
pearsto be rather ambiguous and calls for further detailed studies.
It is also possible that other members of the FGF family or other

than ERK1/2 MAP kinases are important for specification of the TE
lineage in mammalian embryos. Indeed, it has been demonstrated
that FGF2 secreted by TE cells binds to FGFR2 present in their
cell membrane and activates the downstream PKC/p38 pathway,
modulating blastocyst formation (Yang et al., 2015).

FGF signaling and species-specific differences in mammalian
embryo development

Formation of the blastocystis morphologically highly conserved
among different mammalian species. Mouse is considered to be a
model organism for the molecular and cellular events during the
preimplantation embryo development. However, some variability
regarding preimplantation developmental kinetics, timing of the
lineage-associated transcription factor expression, implantation
efc. exists among mammals, which may lead to a diverse regula-
tion of these essential developmental events.

Although the expression of NANOG and GATA6 markers ap-
pears to be generally conserved in allmammals (Kuijk et al., 2012;
Niakan and Eggan, 2013; Roode et al., 2012; Van der Jeught et
al., 2013), the mechanisms governing the lineage specification
within the ICM is diversified. Interestingly, recent studies have
demonstrated that in rabbit FGFR2 is expressed at low levels
during PE and EPI specification, whereas FGF4 and FGFR1 are
clearly detectable throughout the period of the ICM differentia-
tion (Piliszek et al., 2017). Similarly, in porcine blastocysts the
expression of FGFR2 is not detected, while FGF4 and FGFR1
are highly expressed in the ICM, suggesting that the interaction
between these two components drives the PE specification (Fujii et
al., 2013). Localization of FGFRs was also investigated in bovine
blastocysts. It has been demonstrated that FGFR2 and FGFR4 are
detected exclusively in TE cells, whereas FGFR1 and FGFR3 are
expressed in both TE and ICM in blastocysts (Ozawa et al., 2013).
Additionally, all of the FGFRs are detected throughout preimplanta-
tion development of ovine embryos (Moradi et al., 2015). In turn,
the expression pattern of FGFRs in human blastocysts is more
uncertain. One set of studies has reported no detectable expres-
sion of FGFR1-4 in human blastocysts and robust expression of
FGFR1-2, as well as a low level of FGFR3 in human placenta at
6" week of gestation (Kunath et al., 2014). In contrast, another
study has suggested that FGFR1 is expressed much earlier during
human embryo development, as it was observed in the majority
of TE cells in blastocysts (Niakan and Eggan, 2013).

While the crucial role of FGF/ERK signaling during cell fate
specification within the ICM has been proved in the mouse model,
where advanced tools of genetic manipulation are available, com-
paratively little is known about its importance in other mammalian
species, mainly due to the lack of methods to efficiently perturb
gene expression. Chemical disruption of FGFR in porcine, bovine
and marmoset embryos does not affect the hypoblast formation,
whereas inhibition of the downstream pathway component, MEK,
has only a partial effect on the ICM lineage commitment (Kuijk et
al., 2012; Rodriguez et al., 2012; Boroviak et al., 2015). Inhibition
of this signaling in bovine and marmoset embryos reduces but
does not fully eliminate the GATA6-positive PE lineage (Kuijk et
al., 2012; Boroviak et al., 2015). However, porcine and bovine
embryos treated with FGF4 and heparin develop ICMs composed
entirely of hypoblast cells, suggesting that FGF signaling directs
GATAG expression in these embryos (Kuijk et al., 2012; Rodriguez
et al., 2012). Similarly, inhibition of FGFR has no effect on ovine



embryo development, whereas FGF2 treatment significantly en-
hances expression of the hypoblast marker GATA4 and suppresses
expression of the epiblast marker NANOG (Moradi et al., 2015).
By contrast, in human embryos, inhibition of FGFR or MEK/ERK
does not prevent formation of the GATA6-positive cells (Kuijk et
al., 2012; Roode et al., 2012; Van der Jeught et al., 2013), but
significantly increases the number of NANOG-positive cells in
blastocysts (Van der Jeught et al., 2013). In rabbit, exogenous
FGF4 induces the PE fate in all cells of the ICM, suggesting that
the activity of this signaling pathway is required and sufficient to
differentiate ICM cells towards the PE lineage. However, similarly
to human embryos and in contrast to the mouse and bovine em-
bryos, inhibition of the FGF4/ERK signaling is not sufficient to drive
cell differentiation into EPI. Treatment of embryos with specific
inhibitors blocking this pathway does not increase the number of
SOX2-expressing cells, leading to the increased number of cells
lacking both EPI and PE markers (SOX2 and SOX17-double
negative cells). It also has no effect on the expression of GATAB,
but severely affects the expression of the late hypoblast marker
SOX17, indicating that maturation of this cell lineage requires
FGF signaling pathway (Piliszek et al., 2017).

In conclusion, recent studies have provided accumulating
evidence for intrinsic differences in early mammalian lineage
specification between species. This raises a question what
regulates segregation of the hypoblast and EPI precursors in
non-rodent species. It is possible that some aspects of the ICM
lineage commitment hinges on FGF signaling pathway. However,
species-specific differences in the timing of the hypoblast forma-
tion and/or maturation and the period of responsiveness to the
FGF signaling may account for the fact that this pathway does not
impact cell fate specification as strongly as it does in mouse. On
the other hand, since the knowledge on the FGF/ERK signaling in
development of non-rodent mammals is based exclusively on the
growth factor and inhibitor treatment approach, the true role of this
pathway still remains an open question. Recent advances in gene
editing, including CRISPR/Cas9 system, may facilitate functional
studies of specific genes in mammalian species otherthan mouse.
We anticipate that this promising gene editing technology coupled
with other approaches, such as single-cell RNA-sequencing (RNA-
seq) and live imaging, will accelerate the discovery of the specific
genes’role, allowing novel insight into similarities and differences
between various mammalian species regarding lineage specifica-
tion and its dependence on the FGF signaling.

FGF4/ERK signaling pathway in embryo-derived stem
cells: a reference to the embryos

The first cell lineages in a blastocyst are a source of distinct
stem cell types, which are considered to be a unique tool for study-
ing embryonic development and differentiation in in vitro culture
conditions. Embryonic stem cells (ESCs) are derived from the
EPI (Evans and Kaufman, 1981; Martin, 1981), trophoblast stem
cells (TSCs) originate from polar TE (Tanaka et al., 1998) and
extraembryonic endoderm stem cells (XENCs) are isolated from
PE (Kunath et al., 2005). All these stem cell lines are thought to
faithfully recapitulate properties of the original embryo lineages
and thus differ in their requirement for and responsiveness to the
FGF4/ERK signaling pathway, during derivation and maintenance
in vitro.
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Trophoblast stem cells

Murine trophoblast stem cells represent an in vitro model of the
TE. When injected into host blastocysts they give rise exclusively
to the trophoblast lineage and, eventually, contribute to the fetal
part of the placenta (Tanaka et al., 1998; Kubaczka et al., 2014).
They can be derived from a polar TE from a blastocyst or from
an extraembryonic ectoderm of early postimplantation embryos
(Tanaka etal., 1998; Uy et al., 2002). For their derivation and proper
maintenance, TSCs require MEF (mouse embryonic fibroblasts)
as a feeder layer and supplementation of the culture medium with
FGF4 (Tanaka et al., 1998). The feeder layer can be substituted
with factors secreted by MEF cells, such as TGFp1 (transforming
growth factor 1) and activin A (Erlebacher et al., 2004). In TSCs,
FGF4 was reported to be the activator of the ERK cascade, play-
ing a major role in regulating their proliferation and leading to the
expression of essential trophoblast-specific markers, such as
CDX2, EOMES, GATA3 (GATA binding protein 3), ETS2 (ETS
proto-oncogene 2) or TCFAP2c (transcription factor AP-2, gamma)
(Kuckenberg et al., 2011). Function of the FGF4/ERK transduction
pathway has been highlighted by experiments, in which, upon
withdrawal of FGF4 from the medium, TSCs manifested a rapid
decline in their proliferation rate and ability to differentiate into gi-
ant cell-like cells (Tanaka et al., 1998) or the labyrinth trophoblast
cells (Natale et al., 2009). Moreover, using inhibitors of the FGF/
ERK signaling pathway, such as FGFR or MEK, it has been shown
that attenuation of this signal leads to down-regulation of the TSC
markers, such as SOX2, ESRRp (estrogen related receptor beta),
CDX2, ELF5 (E74-like factor 5) and EOMES (Adachi et al., 2013;
Latos et al., 2015). Interestingly, in these conditions, expression
of ESRRp decreased the most. ESRRp has been identified as an
early target of the FGF/ERK signaling (Latos et al., 2015) capable
of driving together with SOX2, the self-renewal of TSCs (Adachi
et al., 2013). The notion that endogenous FGF4 signaling is dis-
pensable for derivation of undifferentiated TSCs colonies was also
supported by Kang and co-workers, who successfully established
and further propagated seven bona fide Fgf4”TSC lines in culture
medium supplemented with exogenous FGF4 (Kang et al., 2013).
Moreover, TSCs maintenance and proliferation rate depends also
on the background of the embryo. Ogawa and co-workers demon-
strated that some of the murine TSCs derived from androgenetic
embryos were able to self-propagate in the absence of FGF4
(Ogawa et al., 2016).

Interestingly, a recent report by Kurowski et al. highlights the
vital role of FGF receptors in derivation and maintenance of mouse
TSCs (Kurowski et al., 2019). TSC lines can be established and
propagated in the absence of both functional copies of FGFR1 or
FGFR2, however, Fgfr1-/- TSCs lineages manifest defective dif-
ferentiation potential as indicated by significantly lower expression
of differentiation markers, such as DLX3 (distal-less homeobox
3), HAND1 (heart and neural crest derivatives expressed 1) and
MASH?2 also known as ASCL2 (achaete-scute family bHLH tran-
scription factor 2). However, despite using several approaches,
the authors were not able to establish TSCs from double FGFR1
and FGFR2 mutants. Therefore, it seems that while the absence
of one or the other FGFR can be somehow compensated by one
another, the loss of both FGF receptors does not allow derivation
and self-propagation of mouse TSCs (Kurowski et al., 2019).

Over the years TSCs from other mammalian species have been
established, including rhesus monkey (Vandevoort et al., 2007),
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common vole (Grigor’eva et al., 2009), rat (Asanoma et al., 2011),
rabbit (Tan et al., 2011) and human (Okae et al., 2018). Neverthe-
less, except for rat TSCs that rely on FGF4 signaling since they
cease to proliferate and start differentiating upon withdrawal of this
growth factor from the culture medium (Asanoma etal.,2011), TSCs
from all of the above species have not been reported to depend
on the FGF4/ERK signaling pathway.

Extraembryonic endoderm stem cells

XENCs can be established either from a blastocyst PE (Kunath
et al., 2005), or from postimplantation (E5.5-E6.5) embryos (Lin
et al., 2016). They comprise two populations of morphologically
heterogeneous cells maintaining very little cell-cell contact, namely
small, round and highly retractile cells and epithelial-like cells (Ku-
nath et al., 2005). XENCs represent an in vitro model of PE and
its derivatives, such as visceral and parietal endoderm. However,
after injection into host embryos these cells tend to colonize pari-
etal rather than visceral endoderm (Kruithof-de Julio et al., 2011),
contributing to the yolk sac of the chimeric embryos (Kunath et al.,
2005; Kruithof-de Julio et al., 2011). As the in vitro counterparts
of PE they express proteins typical for the lineage of their origin,
such as GATA4, GATAB, SOX7, SOX17 and DAB2 (disabled 2,
mitogen-responsive phosphoprotein) (Kunath et al., 2005; Lin et
al., 2016), as well as visceral endoderm markers, such as ApoE
(apolipoprotein E), AMOT (angiomotin) and HEX (hematopoietically
expressed homeobox), which are determinants of their multipotent
state (Spruce et al., 2010).

Although FGF4 is required for PE formation in an embryo
and the first XENCs colonies were established in the presence
of exogenous FGF4 in the culture medium (Kunath et al., 2005),
Kang and co-workers have demonstrated that endogenous FGF4
is irrelevant for the derivation of novel XENCs lines and for main-
tenance of the established XENCs colonies (Kang et al., 2013).
They managed to isolate and maintain XENCs from Fgf4”- mutants
supplementing the culture medium with FGF4 (Kang et al., 2013).
Instead, the proper self-renewal of these cells has been reported
to rely on the PDGF (platelet derived growth factor) - dependent
activation of MAPK cascade (Artus et al., 2013). However, recently,
Lin and co-workers have derived and maintained PDGF-deficient
XENC:s lines from both pre- and postimplantation mouse embryos,
demonstrating that PDGF is negligible in establishment and self-
renewal of these cells (Lin et al., 2017).

Moreover, the MAPK pathway operating in XENCs has been
reported to be regulated by miRNAnetwork, which maintains XENCs
identity in terms of their multipotency and self-renewal by inhibition
of the negative regulators of this signaling cascade (Spruce et
al., 2010). Apart from mice, XEN-like cells have been established
only for rat (Galat et al., 2009), however, their establishment and
maintenance do not seem to depend on FGF4 signaling.

Embryonic stem cells

The first ESCs lines were expanded on a MEF feeder layer
and in the presence of fetal bovine serum, which provides a broad
spectrum of hormones, essential nutrients and growth factors
(Gstraunthaler, 2003). Several years of research have revealed
how signaling cascades integrate with the transcription factors and
governthe balance between ESCs self-renewal and differentiation.
Ying and co-workers have shown that self-renewal of these cells
depends not only on the activation of LIF (leukemia inhibitory fac-

tor) and BMP (bone morphogenetic protein) signaling pathways
(Niwa et al., 1998; Ying et al., 2003), but can be also maintained
by inhibition of the differentiation-inducing signals (Ying et al.,
2008). The combination of three inhibitors — SU5402 for the FGFR,
PD184352 for MEK and CHIR99021 for GSK3 (glycogen synthase
kinase 3), which is a component of the WNT (wingless integration)
pathway, enabled not only more efficient derivation of ESCs from
the 129 mouse strain, but also establishment of ESCs lines from
less permissive mouse strains (Ying et al., 2008; Nichols et al.,
2009a; Reinholdt et al., 2012), as well as from rats (Li et al., 2008).

Although ESCs are derived from the EPI, produce FGF4 (Schoo-
rlemmer and Kruijer, 1991) and activate FGF/ERK signaling in an
autocrine manner, it has been implicated that FGF4 is dispensable
for propagation of the undifferentiated mouse ESCs. Indeed, the
loss of both functional copies of Fgf4 gene in murine ESCs does
notimpair their self-renewal abilities, indicating that FGF4 is not an
ES-specific growth factor (Wilder et al., 1997). On the other hand,
some reports have shown that the ERK signaling itself is in fact
indispensable for the genomic stability and self-renewal of murine
ESCs, since ERK depleted ESCs are not able to be maintained in
the in vitro culture (Chen et al., 2015). This finding is in line with
the work of Kook and colleagues, who have demonstrated that in
the presence of LIF, the addition of exogenous FGF4 promotes
proliferation of mouse ESCs (Kook etal., 2013). Therefore, perhaps
a minimal level of autocrine FGF4/ERK signaling is yet beneficial
for these cells.

Embryonic stem cells are characterized with the highest de-
velopmental potential among other blastocyst-derived stem cells.
They are pluripotent, which means that upon injection into host
embryos they are able to contribute to the epiblast and give rise
to all cell types of the resulting chimeras (Bradley and Robertson,
1986; Beddington and Robertson, 1989; Poueymirou et al., 2007).
Although the exact role of FGF4/ERK signaling in self-renewal of
mouse ESCs seems ambiguous, several reports have shown that
activation of this pathway is generally associated with promoting
the transition of mouse ESCs from their naive state of pluripo-
tency into a state primed for differentiation in an ERK-dependent
fashion. It has been shown that ESCs with mutations in genes
involved in biosynthesis of heparan sulfate proteoglycans, which
are co-receptors of FGF ligand, were unable to enter the primed
state (Lanner et al,, 2010). Moreover, FGF signaling prevents
the already primed cells from spontaneous reverting to the naive
pluripotency state by suppressing expression of the naive pluri-
potency factors, such as KLF4 (Kruppel-like factor 4) (Guo et al.,
2009). Such primed ESCs, known as EpiSCs (epiblast-derived
stem cells), represent the later stage of development and can be
derived from the epiblast of postimplantation embryos (Brons et
al., 2007; Tesar et al., 2007). Although, similarly to ESCs, they
express the core pluripotency factors, such as OCT4, NANOG
and SOX2, they also manifest expression of early differentiation
markers (Nichols and Smith, 2009) and are not capable of con-
tributing to the EPI of the chimeric blastocysts (Guo et al., 2009,
Tesar et al., 2007). Moreover, their self-renewal has been found
to strictly depend on activin A signaling, which directly activates
expression of Nanog (Greber et al., 2010). On the other hand, a
report by Joo and co-workers has shown that FGF4 is a key factor
bringing EpiSCs into a more naive state and enabling the forma-
tion EpiSCs lines capable of chimera-forming (Joo et al., 2014).

Moreover, the fact that murine ESCs have been reported to



comprise heterogeneous populations of cells, which differ in ex-
pression of pluripotency factors, such as NANOG (Singh et al.,
2007), DPPAS3 (developmental pluripotency-associated 3, also
known as Stella) (Hayashi et al., 2008) or ZFP42 (zinc finger pro-
tein 42 homolog) (Toyooka et al., 2008) or even express markers
typical for differentiated cells, such as GATA6 (Singh et al., 2007),
suggests a role of FGF/ERK cascade in modulating the shades
of ESCs pluripotency. Indeed, both inhibition and stimulation of
the pathway can change proportions of the given group within the
cultured cells, as it has been reported for the HEX (hematopoi-
etically expressed homeobox)-expressing ESCs sub-population,
primed for the PE fate (Canham et al., 2010).

FGF4 signaling has been found also to drive the differentiation
of murine ESCs into neural and mesodermal lines, since both
the genetic knockouts of the FGF4/ERK pathway components or
their pharmacological inhibition impairs this process (Kunath et
al., 2007; Stavridis et al., 2007). Although in the absence of LIF
these cells express FGF5, a marker of the differentiated EPI, they
retain the expression of pluripotency markers, such as OCT4,
NANOG and REX1, and cannot enter the truly differentiated state.
Since the ESCs Fgf4” phenotype can be rescued upon addition of
exogenous FGF4, these results collectively demonstrate that the
autocrine FGF4 signaling activates differentiation of ESCs (Kunath
et al., 2007; Stavridis et al., 2007). These findings are in line with
a recent report showing that FGF4/ERK signaling is required for
induction of neural differentiation (Song et al., 2018). On the other
hand, some reports seem to contradict these results, showing that
although FGF4/ERK signaling impedes ESCs self-renewal, it is
dispensable for the three germ layer specification and postulat-
ing that neural differentiation is a default fate of these cells and
occurs naturally despite impaired ERK signaling (Hamilton et al.,
2013). Instead, the prolonged activation of this pathway has been
reported to cause a definite differentiation of mouse ESCs into
the PE lineage by de-repression of GATA6 expression (Hamilton
and Brickman, 2014).

Interestingly, a recent work of Molotkov and co-workers
(2017) gave a new insight into the mechanism of FGF4/ERK-
mediated differentiation in ESCs. The authors generated ESCs
lines from Fgfr1**;Fgfr2*+, Fgfr1*-;Fgfr2~-, Fgfr1~-;Fgfr2*- and
Fgfr1~-;Fgfr2- mouse embryos and analyzed the role of the
FGF signaling in conversion of ESCs into neuronal and meso-
dermal lineages. They found that although Fgfr1+*;Fgfr2*+ ESCs
can readily differentiate into neurons after 10 days of culture,
the Fgfr1~-;Fgfr2- ESCs are not able to initiate conversion
into neurons, as well as non-neural ectoderm and mesoderm,
which has been confirmed by a high level of OCT4 expression
and practically undetectable levels of cadherin 1 and PDGFRa
markers of ectodermal and mesenchymal cells (Molotkov et al.,
2017). Moreover, the Fgfr1+-;Fgfr2- ESCs manifested robust
neuronal induction, whereas the Fgfr1--;Fgfr2*- ESCs failed to
transform. These findings indicate therefore, that FGFR1, rather
than FGFR2, is critical for ESCs differentiation. Molotkov and col-
leagues obtained analogous results in their experiments on mutant
ESCs subjected to conversion into the XENC lines upon retinoic
acid and activin A treatment (Molotkov et al., 2017). Although the
Fofr1+-;Fgfr2- ESCs readily converted into XENC lines upon
such treatment, the Fgfr1~-; Fgfr2*- cells were arrested in their
naive pluripotent state, manifesting stable expression of OCT4
and NANOG. Similarly, mutant Fgfr1--;Fgfr2~-cells also exhib-
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ited elevated expression of OCT4 and NANOG, as well as other
pluripotency markers, such as KLF4 and REX1. Moreover, while
the proliferation rate was similar in wild-type and Fgfr1--;Fgfr2-"-
ESCs, the Fgfr1~-;Fgfr2~- cells converted vastly into apoptotic
bodies upon the differentiation stimuli (Molotkov et al., 2017).
These findings suggest that a single copy of Fgfr1 is critical for
ESCs to enter the differentiation program and that although Fgfr
deficient ESCs may initiate XENCs differentiation, they fail to
maintain this process undergoing cell death.

Apart from mice and rats, ESCs have been derived from
primates, such as monkeys (Thomson et al., 1995; Thomson et
al.,, 1996) and humans (Thomson et al., 1998), however, their
maintenance does not require the culture conditions applied to
rodent ESCs. Although human ESCs have the ability to contribute
in teratoma assays to tissues derived from all three germ layers,
they do not fully reflect the properties of the naive rodent ESCs.
In fact, they resemble more the mouse EpiSCs in terms of the flat
morphology of their in vitro colonies, inactivation of the X chromo-
some in female embryo-derived cell lines, dependence on TGFp/
activin signaling for self-renewal and differentiation in response
to BMP4 (Hanna et al., 2010). These differences raise a ques-
tion whether derivation of bona fide naive ESCs from non-rodent
species depends on other factors than FGF4 signaling. A report
by Mayshar and co-workers has shed new light on this case,
postulating that FGF4 is an autocrine-acting factor maintaining
proper self-renewal of human ESCs. Moreover, they have also
identified a novel, truncated FGF4 splice isoform, FGFsi, which is
an antagonist of the full-length FGF4 impairing the FGF4 signaling
and promoting differentiation of human ESCs (Mayshar et al., 2008).

Conclusions and perspectives

Derivation of lineage-specific stem cells has opened up the op-
portunity to mimic early developmental events in vitro. For example,
using engineered ESCs as a model Schréter et al., have revealed
that FGF/ERK signaling may have a two-step role in the EPI vs.
PE fate decision (Schréter et al., 2015). In the first step, inhibi-
tion of this pathway is required to make PE-like gene expression
program accessible for activation of GATA transcription factors.
Subsequently, ERK signaling sets the threshold concentration of
GATA factors, which is required to trigger the PE differentiation
program and, as a consequence, determines the proportion of
cells differentiating into particular lineages (Schréter et al., 2015).

Although ESCs, like EPI cells, seem to exhibit similar response
(i.e., differentiation) to the FGF signaling, other stem cells do
not directly recapitulate the signaling properties of their lineage
of origin. FGF4 is required for PE formation, but is dispensable
for XENCs propagation. On the other hand, TSCs maintenance
requires FGF4, however, there is no evidence of the FGF4 role
in establishment of the embryonic TE lineage. These disparities
between embryonic cell lineages and the corresponding stem
cells have raised the question whether the same rules apply in
in vivo and in vitro conditions and whether blastocyst-derived
stem cells are true equivalents of the cell lineages they originate
from. Therefore, the data based on the stem cell models and
their extrapolation to the in vivo situation require thorough veri-
fication by other approaches. Emerging tools, such as an ESC
line and a derivative mouse line, carrying an H2B-Venus fusion
knocked into the Spry4 (an early FGF/ERK pathway target) locus
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(Morgani et al., 2018), will definitely provide novel insights into
the spatiotemporal dynamics of the FGF/ERK signaling pathway
during mammalian development, thus uncovering yet unknown
aspects of its regulation.

In summary, FGF ligands and their receptors are required
pleiotropically during mouse embryonic development, providing a
mechanism for the spatial and temporal control of cell differentia-
tion. Deregulated cell-to-cell communication canresultin disorders
and failure of the embryogenesis. However, differences identified
in the function of the FGF pathway in mouse vs. non-rodent mam-
mals make it difficult to extrapolate findings on lineage allocation
from mice to the other species. Understanding the source and
significance of these disparities, with the aid of novel technologies,
such as CRISPR/Cas9, and defining the cross-talk between the
FGF4 cascade and other signaling pathways will be the biggest
challenge for the coming years.
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