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ABSTRACT
The fibroblast growth factor (FGF) signalling pathway is one of the most ubiquitous in biology. It has diverse roles in development,

differentiation and cancer. Embryonic stem (ES) cells are in vitro cell lines capable of differentiating into all the lineages of the conceptus. As

such they have the capacity to differentiate into derivatives of all three germ layers and to some extent the extra-embryonic lineages as well.

Given the prominent role of FGF signalling in early embryonic development, we explore the role of this pathway in early ES cell

differentiation towards the major lineages of the embryo. As early embryonic differentiation is intricately choreographed at the level of

morphogenetic movement, adherent ES cell culture affords a unique opportunity to study the basic steps in early lineage specification in the

absence of ever shifting complex in vivo microenvironments. Thus recent experiments in ES cell differentiation are able to pinpoint specific

FGF dependent lineage transitions that are difficult to resolve in vivo. Here we review the role of FGF signalling in early development

alongside the ES cell data and suggest that FGF dependent signalling via phospho-Erk activation maybe a major mediator of transitions in

lineage specification. J. Cell. Biochem. 110: 10–20, 2010. � 2010 Wiley-Liss, Inc.
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E mbryonic stem (ES) cells are karyotipically normal, self-

renewing and pluripotent stem cell lines derived from the

mammalian blastocyst [reviewed in Smith, 2001]. ES cells have the

capacity to differentiate into all cell types of the adult organism, but

the ability to direct their differentiation to mature and functional

cell types cannot be fully exploited until the signals that regulate

balance between lineage specification and self-renewal are fully

understood. Early blastocysts consists of two cell types, the inner cell

mass (ICM) from which ES cells are derived and the extra-embryonic

trophoblast that will give rise to the placenta. As development

proceeds the ICM will differentiate into both the extra-embryonic

primitive endoderm and the embryonic epiblast or primitive

ectoderm. The epiblast will then give rise to the three principle

germ layers; mesoderm (blood, bone and muscle), endoderm

(visceral organs) and ectoderm (skin and neural cells). One of the

principle pathways regulating these early specification events is the

fibroblast growth factor (FGF) pathway. Signalling downstream of

the FGF receptor is an essential determinant of both self-renewal

and early differentiation. As this pathway has multi-facetted and

sometimes contradictory roles in early development, ES cell

differentiation may afford a unique opportunity to dissect out the
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effect of this pathway on specific populations of cells at defined

points in time. In this review we focus on the role of FGFs in both ES

cells and the early steps in ES cell differentiation, highlighting

places where in vitro studies of ES cell differentiation maybe

informing our ideas about lineage specification during develop-

ment. Based on the increasing amount of ES cell data becoming

available, we propose a model whereby FGF signalling is a general

regulator of lineage transitions in development.

FGF SIGNALLING

FGFs make up a large cytokine family with diverse biological roles.

There are 22 mammalian members of this family and 4 receptor

genes, 3 of which can be alternatively spliced to generate multiple

receptor isoforms. An FGF receptor consists of an extra-cellular

domain with three immunoglobulin-like domains, a transmembrane

domain and a split kinase domain. FGFR1-3 encode alternate

versions of the third Ig domain via alternate splicing and this region

(IIIc) provides variation in the recognition site for different ligands

[Johnson and Williams, 1993; Ornitz and Itoh, 2001; Groth and
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Lardelli, 2002; Itoh and Ornitz, 2004]. There is also a fifth receptor

(FGFRL1) which does not have a tyrosine kinase domain

[Wiedemann and Trueb, 2000]. This truncated receptor could

function as a negative regulator of FGF signalling by sequestering

the ligand at the level of the membrane. With the exception of

FGF11-14, so-called inhibitory or iFGFs, FGFs bind to heparin

sulphate proteoglycans (HSPGs) and their cognate receptor

[reviewed in Ornitz and Itoh, 2001]. Binding of the ligand and

HSPG induces receptor dimerisation and the induction of down-

stream signalling. Interestingly, mice with a mutation that disrupts

the gene encoding UDP-glucose dehydrogenise, an enzyme that is

involved in the synthesis of proteoglycan side chains produces an

early embryonic phenotype similar to that induced by targeted

mutation of either FGF8 or FGFR1 [Garcia-Garcia and Anderson,

2003].

Given the complexity of FGF signalling it is difficult to make

generalisations about its role in development and differentiation.

The number of receptor–ligand combinations alone is predicted

to be on the order of 100 [Zhang et al., 2006]. Moreover, if we

include additional interactions between FGF ligands and HSPGs

co-receptors (six glypicans and four syndecans in mammals

[Jen et al., 2009]) this number would increase further. The number
Fig. 1. Diagram illustrating the for intracellular signalling pathways activated downst

receptor autophosphorylation triggerers a diverse signalling cascades, including the Ras/M

protein FRS2 is followed by Grb2 activation which in turns can activate either the Ras/M

directly by tyrosine phosphorylation or alternatively by Ras1. The other main transductio

leading to the hydrolysis of PIP2 to IP3 and DAG. IP3 releases Ca2 from the ER while DAG

Feedback inhibitors such as Dusp6/Mkp3, Spry, FRS2a, Spred and Sef involved in signal att

signalling. DAG, diacylglycerol; HSPGs, heparin sulphate proteoglycans; EMT, epithelial-t

phosphatidyl-inositol-4,5-diphosphate; IP3, inositol-1,4,5-triphophate; PKC, protein k
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of permutations of this pathway increases even more dramatically

when a growing number of non-canonical FGFR co-receptors, such

as integrins, NCAM and cadherins (see Polanska et al. [2009] for

review) are included.

SIGNALLING DOWNSTREAM OF THE FGF
RECEPTOR

Signalling downstream of the receptors appears relatively ubiqui-

tous and involves a defined set of pathways that are depicted

in Figure 1. These pathways are important mediators of early

embryonic decisions and are therefore pivotal points in the

regulation of lineage choice by ES cells. Receptor dimerisation

allows the receptor kinase domains to transphosphorylate each other

at a number of conserved tyrosines. Activation of these tyrosines

leads to the recruitment and tyrosine phosphorylation of membrane

anchored docking proteins FRS2 and 3 to recruit Grb2 and SHP2.

Grb2 exists in complex with the nucleotide exchange factor Sos and

is involved in the activation of the GTP binding protein Ras. In the

activated Grb2 complex, Sos catalyzes the activation of Ras by

inducing exchange of GDP for GTP. Activated Ras then stimulates
ream of FGF receptor. Only proteins discussed in the text are indicated. Activation by

APK, PI3K/Akt, PLCg/Ca2 and the JAK/STAT pathways. Phosphorylation of the docking

APK cascade via SOS, or the PI3K/AKT pathway via Gab1. PI3K can also be activated

n pathway involve PLC. The SH2 domain of the PLC interacts directly with the receptor

activates PKC that in turns can activate the PCP pathway (not discussed here) and Raf1.

enuation, and enhancers such as XFLRT3 can also contribute to the overall levels of FGF

o-mesenchymal transition; IP3, inositol-1,4,5-triphosphate; P, phosphorylation; PIP2,

inase C; RE, endoplasmic reticulum.
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the Map kinase pathway consisting of Raf1, Rac1, MEK, MEKKs

and ERK 1/2 (extra-cellular signal-regulated kinases), JNK and

p38. The activated FRS2, Grb2 complex can also recruit Gab1 to

activate phosphatidylinositol 3-kinase (PI3K) which then phos-

phorylates phosphatindylinositol-4,5-diphosphate (PIP2) to

generate phosphatidylinositol -3, 4, 5-tripphosphate (PIP3). PIP3

then drives translocation of AKT1 to the membrane where is

activated by the phosphoinositide-dependent kinase (PDK1). MAPKs

also can negatively feedback on FRS2 via Sprouty [Dailey et al.,

2005].

The process of FGF receptor activation culminates in the

phosphorylation of an invariant tyrosine (Y766 in FGFR1) in the

C terminal tail of the FGF receptor. Activated tyrosines within

FGFR are known to bind a variety of intracellular substrates. The

activation of the C terminal tail results in the creation of a binding

site for proteins containing a Src homology (SH2) domain and in

particular binds and activates PLCg leading to the hydrolysis of

PIP2 to IP3 and diacylglycerol (DAG). IP3 induces the release of

intracellular Caþ, whereas DAG is a protein kinase C activator that

can feedback directly onto MAP kinase via Raf1. More recently, FGF

signalling has also been also associated with the JAK/Stat pathway

[Ben-Zvi et al., 2006; Schmerer et al., 2006; Citores et al., 2007;

Krejci et al., 2008].

While specificity appears to be predominantly controlled at the

level of the receptor–ligand interaction, a number of additional

factors have been shown to modulate the response to these

pathways. These include FRS2a{Lax, 2002 #1774}, Sprouty

[Kramer et al., 1999] and Spred [Wakioka et al., 2001], Sef

[Furthauer et al., 2002; Tsang et al., 2002], XlFLRTs [Bottcher et al.,

2004] and Mkp3/Dusp6 [Groom et al., 1996]. Expression of these

factors in embryonic development correlates with sites of FGF

activity. Although the majority of these factors have been shown to

regulate MAPK signalling, there is some evidence that Sprouty and

Spred can directly modulate cellular morphogenesis [Miyoshi

et al., 2004; Sivak et al., 2005]. These co-factors are expressed in

embryonic development in regions of the embryo where MAPK

signalling is active [Lunn et al., 2007] and some are known to

respond to FGF stimulation to produce a feedback mode of

regulation [Furthauer et al., 2001, 2002; Lax et al., 2002; Tsang et al.,

2002; Eblaghie et al., 2003; Sivak et al., 2005].

Despite this canonical set of transduction pathways; FGF

signalling has a broad set of physiological responses. The

explanation for this diverse set of responses lies in the competence

of cells to respond to pathway based both on concurrent signalling

via other parallel pathways and the differential presence and/or

activity of particular components of FGF signalling machinery.

Factors that affect cell type specific responses to the pathway

include specific FGF:FGFR subtype affinity, binding of the ligand

to dominant negative, truncated or secreted receptor fragments,

receptor adaptors, enhancers or attenuators of cell signalling,

diffusibility of the ligand, inhibitors of signal transduction and

availability of downstream target kinases. Moreover, while there is

some context/cell type dependent activation of PI3K, the major

response to this diverse set of ligands and receptors is phosphoryla-

tion of ERK. However, during embryonic development there are cell

types that are exposed to both the ligand and express the correct
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corresponding receptor, but that do not exhibit Erk activation

[Corson et al., 2003].

In addition to regulation by FGFs, ERK activation appears to be

the key response downstream of many receptor tyrosine kinases

(RTKs) and where RTKs influence differentiation, this appears ERK

dependent, despite the evidence that pERK is mainly a mediator of

proliferation. Whether ERK regulates lineage specification via

promotion of differential rates of proliferation in specific progenitor

populations or some other mechanism is unknown. However,

despite the regulation of ERK activation by other cytokines (e.g.

EGF), activation of this kinase is generally been found to correspond

to the regions of the embryo that express FGFs and their receptors

[Corson et al., 2003; Lunn et al., 2007]. Whether or not PI3K/AKT

activation corresponds to specific domains of FGF:FGFR expression

during embryogenesis remains to be determined.

FGF SIGNALLING AND
PRE-IMPLANTATION DEVELOPMENT

Murine ES cells are derived from the early mammalian blastocyst.

As a result, understanding the role of FGF signalling in ES cell self-

renewal and differentiation, requires an understanding of its role in

early embryonic development. The earliest decisions in embryonic

development concern the segregation of embryonic and extra-

embryonic fates (Fig. 2, top panel). At eight cell stage the mouse

embryo undergoes compaction, at which point the outside cells go

on to form trophoblast and the inner cells form the ICM of the

blastocyst. The ICM will go onto form the embryo proper and the

trophoblast will develop into placenta. While the initial specification

of trophoblast does not appear to depend on FGF signalling,

trophoblast stem cells are dependent on this pathway both in vivo

and in vitro [Georgiades and Rossant, 2006]. FGF signalling is also

required for the induction of the second extra-embryonic lineage,

the primitive endoderm. The primitive endoderm is first apparent

morphologically at 4.0 days post coitum (dpc), but its specification

begins with in the ICM, as cells begin to adapt a primitive endoderm

fate as a result of ERK activation [Chazaud et al., 2006]. FGFR2

[Arman et al., 1998], Grb2 [Chazaud et al., 2006] and FGF4 mutant

embryos [Feldman et al., 1995] fail to develop primitive endoderm.

Moreover, recent imaging studies of the early blastocyst suggest a

role for PI3K downstream PDGFRa in this process [Plusa et al., 2008].

The primitive endoderm will later differentiate and give rise to

the visceral endoderm, surrounding the epiblast and the parietal

endoderm that forms part of Reichert’s membrane.

FGF SIGNALLING AND EXTRA-EMBRYONIC
DIFFERENTIATION IN VITRO

As ES cells are derived from the mammalian blastocyst, they

readily can be differentiated to form primitive endoderm. While, the

induction of trophoblast in the absence of genetic manipulation is

difficult, trophoblast stem cells can be derived from the mammalian

blastocyst. Moreover, if the trophoblast transcription factors Cdx2

or TEAD4 [Yagi et al., 2007; Nishioka et al., 2008] are expressed in

ES cells, they can develop into trophoblast stem cells in an FGF
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 2. Schematic representation of the suggested role for FGF signalling pathway both in vivo and in vitro during early lineage specification. Upper side depicts lineage

specification in embryonic development and bottom side ES cell differentiation. FGF signalling is required for the generation of the Primitive ectoderm (embryonic epiblast) from

the ICM of the blastocyst, and for the induction and maintenance of the extra-embryonic lineages (primitive endoderm and trophectoderm). The primitive endoderm will later

give rise to both visceral and parietal endoderm, while the trophoblast will develop in placenta. The position in the PS (anterior-to-posterior) and the length of the EMT

regulated by FGF is predicted to determine the fate of the epiblast cells transiting through the PS, segregating them into mesoderm and anterior–posterior definitive endoderm.

Neural progenitors will also arise from the Primitive ectoderm in a FGF dependent manner. ESC can be derived from the blastocyst ICM and differentiated to form trophoblast

progenitors, primitive endoderm, mesoderm, ectoderm and mesendoderm (PS-like cells). Mesendodermal cells will differentiate towards ADE in the presence of exogenous FGF

while all endoderm differentiation requires FGF signal. As a result the red arrow to ADE (see below) is depicted as a continuous line. The FGF role in the generation of visceral

endoderm appear to be driven by the production of components of the basal membrane. A, anterior; ADE, anterior definitive endoderm; BM, basal membrane; EMT, epithelial-to-

mesenchymal transition; ESC, embryonic stem cells; ICM, inner cell mass; P, posterior; PDE, posterior definitive endoderm; PS, Primitive streak.
dependent process. The formation of primitive endoderm from ES

cells can be accomplished in different defined protocols [Hamazaki

et al., 2004; Yasunaga et al., 2005] or via simple suspension culture

[Abe et al., 1996]. When differentiated in suspension culture, ES cells

form embryo like cavitated structures known as embryiod bodies

(EBs) that contain extra-embryonic visceral endoderm on the

outside and epiblast-like cells on the inside [Robertson, 1987].

The formation of these structures appears to be itself dependent

signalling downstream of the FGF receptor as when Grb2 (�/�) ES

cells are differentiated in EBs they neither produce visceral

endoderm nor do they cavitate [Cheng et al., 1998]. Similar results
JOURNAL OF CELLULAR BIOCHEMISTRY
have been obtained through the misexpression of dominant

negative FGF receptors [Chen et al., 2000; Li et al., 2001] and the

culture of EBs in FGF antagonist SU5402 [Li et al., 2004].

Interestingly, the response of this particular dnFGF receptor appears

to be directed towards the PI3K pathway [Chen et al., 2000] and

similar phenotypes were obtained by targeting PI3K signalling with

specific antagonists. Moreover, a number of basement membrane

(BM) components normally produced by the primitive endoderm

appear to be FGF dependent via the PI3K pathway [Li et al., 2001].

BM components can also be induced by the expression of GATA6 in

ES cells and the production of BM can cell non-autonomously
FGF SIGNALLING AS A MEDIATOR OF LINEAGE TRANSITIONS 13



rescue cavitation and epiblast differentiation in mixed EBs made

from cells expressing the dominant negative FGF receptor [Li et al.,

2004]. Interestingly, disruption of VE formation in ES cells mutant

for GATA 4 and 6 can also be rescued by addition of either VEGFa or

Indian Hedgehog (IHH) [Pierre et al., 2009]. As VEGFa also signals

trough PI3K, this suggests that the initial induction of PI3K through

FGF is then maintained via a GATA dependent paracrine regulatory

loop.

While activation of PI3K downstream of FGF appears required

for aspects of visceral endoderm formation in EBs, it is neither

sufficient nor absolutely required for extra-embryonic endoderm

differentiation from ES cells. The endoderm differentiation

phenotype in Grb2 (�/�) mutant ES cells can be rescued by

activated H-Ras and chimeric fusion proteins directed specifically

towards Ras activation (e.g. a Sos–Grb2–SH2 domain fusion) [Cheng

et al., 1998]. Interestingly, activated H-Ras can induce endoderm

differentiation even in the presence of LIF. Moreover, activated

Ras mutants specific for the activation of pERK, induced ES cell

differentiation to primitive endoderm [Yoshida-Koide et al., 2004]

and the expression of an activated MEK also drove cells in this

direction [Hamazaki et al., 2006] This role for Ras-ERK signalling is

also supported by earlier work in embryonic carcinoma cells (EC). In

EC cells, activated c-Ha-ras induced endoderm-like phenotypes

[Yamaguchi-Iwai et al., 1990; Verheijen et al., 1999b] in a MEK

dependent manor [Verheijen et al., 1999a,b]. Moreover, sustained

and elevated levels of ERK activity also appear to block the further

differentiation of primitive endoderm into parietal endoderm

[Verheijen et al., 1999a].

Taken together, these data suggest that FGF signalling acts

through both PI3K and pERK to specify extra-embryonic endoderm

differentiation from ES cells. Signalling through PI3K would be

required during visceral endoderm differentiation to regulate

the production of essential extra-cellular matrix by primitive

endoderm. This matrix is required to support the development of

both the visceral endoderm and epiblast lineages in EB differentia-

tion and further signalling via the FGF pathway [Liu et al., 2009].

However, the initial specification of primitive endoderm requires

activation of ERK and this pathway may also suppress the

differentiation of primitive endoderm to parietal. Because primitive

endoderm is very close developmentally to the early blastocyst and

ES cells produce FGF4, culturing ES cells in the presence of small

molecule inhibitors of ERK1/2 can augment ES cell self-renewal in

part by inhibiting primitive endoderm differentiation [Burdon et al.,

1999; Ying et al., 2008]. However, the centrality of the pERK

signalling to early lineage commitment from ES cells is also

apparent from its requirement in embryonic germ layer differentia-

tion as well.

FGF SIGNALLING AND ES CELL DIFFERENTIATION
TO NEURAL FATES

The specification of the three definitive germ layers during

embryonic development occurs once the ICM has progressed

beyond the capacity to make extra-embryonic endoderm and

formed the epiblast or primitive ectoderm (see Fig. 2). Epiblast stage
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naı̈ve ectoderm is still multi-potent and is the raw material from

which the all the cell types in the embryo are derived. While early

extra-embryonic development is unique to mammals, the ability of

pre-gastrulation stage ectoderm to differentiate into neural tissue

has been studied extensively in multiple vertebrate model systems.

Thus neural differentiation was first induced ectopically through

embryonic transplantation experiments over 80 years ago [Spemann

and Mangold, 1924] leading to the discovery of an embryonic

signalling centre known as the organiser [reviewed in Hemmati-

Brivanlou and Melton, 1997; Streit and Stern, 1999]. The organiser

produces antagonist(s) of BMP signalling and in some model

systems, the antagonism of BMP signalling has been reported to be

sufficient to induce neural differentiation in naı̈ve ectoderm [Wilson

and Hemmati-Brivanlou, 1995; Di-Gregorio et al., 2007; Wills et al.,

2010]. This has lead to the notion that ectoderm will default

differentiate into neural tissue in the absence of BMP signalling.

However, this so-called, ‘Default model’, for neural induction is

somewhat controversial and overlooks reported requirements for a

pro-inductive competence signal via the FGF pathway [Streit et al.,

2000; Linker and Stern, 2004]. As a number of these experiments

were done in different vertebrate models, where the stages at which

experimental manipulations are possible varies and differences in

their dependence on FGF signalling more likely reflects a transient

requirement for this pathway very early in the progression towards

neural differentiation rather than fundamental evolutionary

differences in the mechanism of neural induction.

When murine ES cells are placed into defined media in the

absence of cytokines they differentiate towards neural progenitors,

supporting the notion of a default model for neural induction.

Moreover, human ES cells can be converted to neural precursors at

efficiencies approaching 80% through the simultaneous inhibition

of both BMP and TGF-b signalling [Chambers et al., 2009]. However,

while exogenous FGF is not required for this process, autocrine FGF

signalling is and inhibitors of FGF signalling can block neural

differentiation [Ying et al., 2003b]. The FGF requirement in ES cell

differentiation towards neural progenitors is mediated via pERK

signalling [Kunath et al., 2007; Stavridis et al., 2007] and this signal

maybe required at multiple points during neural differentiation.

Stavridis et al. [2007], maintain that the requirement for ERK

dependent FGF signalling is in the transition of epiblast-like cells to

neural progenitors, while Kunath et al. [2007] argue that it is

required for an ICM like state to differentiate towards epiblast

ectoderm. As ERK2 (�/�) ES cells are defective in differentiation

towards neural, mesodermal and non-neural cell types generated in

the presence BMP [Kunath et al., 2007], it would appear that there is

a minimal requirement for FGF signalling in ES cell differentiation

towards multi-potent epiblast. Thus FGF signalling maybe essential

for ES cell differentiation towards all embryonic lineages.

INHIBITION OF FGF SIGNALLING AND
MOUSE ES CELL PLURIPOTENCY

As ERK signalling was required for ES cell differentiation towards

primitive endoderm, inhibition of ERK has been exploited to further

define the conditions for murine ES cell culture [Ying et al., 2008].
JOURNAL OF CELLULAR BIOCHEMISTRY



Moreover, ES cells have recently been shown to be a heterogeneous

mixture a central ICM-like state and reversible intermediates that

represent putative early steps in differentiation [Chambers et al.,

2007; Hayashi et al., 2008; Kalmar et al., 2009]. The two cell types

most readily formed by ICM-like cells are primitive endoderm and

epiblast and spontaneous differentiation to these two lineages is

readily observed in ES cell culture. As both of these pathways

require FGF, it has been suggested that pERK mediates a transition

between a stable self-renewing ICM-like state and a differentiation

prone state [Kunath et al., 2007; Silva et al., 2008]. The ICM-like

state also produces high levels of FGF4 that can in turn drive early

differentiation, but this can readily be suppressed by the inclusion of

an FGF antagonist in the culture media [Burdon et al., 1999; Silva

and Smith, 2008; Ying et al., 2008].

Mouse ES cells are normally cultured in the presence of LIF and

BMP4 or serum [Ying et al., 2003a], but as all murine ES cell cultures

also produce FGF4, these cultures will always contain a background

level of differentiation down the primitive endoderm and

ectoderm lineages. However, if cultured in the presence of a

complete blockage on ERK activation, ES cells appear more

homogenously ICM-like. Interestingly, it has been suggested that

the main role of LIF and BMP in supporting mouse ES cells maybe

the shielding of cells from ERK activation [Ying et al., 2008].

Inhibition of ERK signalling has also been shown to be an essential

component of rat ES cell derivation [Buehr et al., 2008; Li et al.,

2008].

While FGF signalling acting via pERK promotes differentiation;

AKT/PI3K acts downstream of LIF signalling to support ES cell self-

renewal [Jirmanova et al., 2002; Paling et al., 2004]. Moreover, a

fusion of AKT to a modified form of the hormone binding domain of

the oestrogen receptor can conveys a significant degree of LIF

independent self-renewal on murine ES cells [Watanabe et al.,

2006]. Murine ES cells also express a variant Ras, ERas that

promotes self-renewal rather than primitive endoderm differentia-

tion. The crucial difference between ERas and HRas is that, ERas does

not change pERK levels, but rather acts solely on AKT/PI3K

signalling [Takahashi et al., 2003].

SELF-RENEWAL IN HUMAN AND EPIBLAST
STEM CELLS

While FGF signalling is required for the early stages of differentia-

tion in a number of lineages, it is also an essential mediator of self-

renewal in human and epiblast stem cells. While both human and

mouse ES cells are derived from the blastocyst stage of development,

human ES cells have similar culture conditions to stem cell lines

derived from the murine epiblast [Brons et al., 2007; Tesar et al.,

2007]. Both of these cell lines depend on FGF signalling for their

ability to expand in culture, although the action of FGF signalling

may target partially differentiated cells that co-exist in culture with

human ES cells [Bendall et al., 2007]. FGF signalling in these stromal

cells results in the production of Insulin Growth Factor II (IGFII) and

this factor appears an essential cytokine for human ES maintenance

and by extension, although this has not been formally shown, for

epiblast stem cells.
JOURNAL OF CELLULAR BIOCHEMISTRY
DIFFERENTIATION TOWARDS THE MESODERM
AND ENDODERM LINEAGES

During embryonic development in mouse, embryonic mesoderm

and endoderm are induced in the primitive streak region at the onset

of gastrulation. As both lineages are induced by similar signalling

pathways acting on a single region of the embryo, it has been

suggested that they may be derived from a common precursor,

so-called mesendoderm [Rodaway and Patient, 2001]. As ES cell

differentiation affords the ability to purify single cells during the

process of differentiation this hypothesis can be directly tested.

The induction of mesoderm and endoderm during gastrulation

involves signalling through both the Nodal related TGF-b and Wnt

pathways [see for review Stern, 2006; Tam et al., 2006]. Based on

work in lower vertebrates, FGF signalling was thought to have a role

in resolving early bipotent mesendoderm, promoting the differ-

entiation of the mesoderm lineage over that of endoderm [Rodaway

et al., 1999], posteriorising cell types being induced in the streak or

marginal zone region and, in particular, triggering the initiation of

cell migration [Griffin et al., 1995; Isaacs, 1997]. Moreover, genetic

studies suggest that in the absence of either FGF4 or 8 [Sun et al.,

1999], the FGF receptor 1 [Ciruna et al., 1997] or appropriately

modified proteoglycans [Garcia-Garcia and Anderson, 2003]

progenitor cells fail to migrate through the primitive streak. In

chimera experiments, ES cells mutant for FGFR1 fail to undergo

epithelial to mesenchymal transition and they do not down regulate

E-cadherin. These high levels of E-cadherin can sequester b-catenin,

damping down the response of cells to the mesoderm inducing

properties of Wnt signalling [Ciruna and Rossant, 2001]. Interest-

ingly, while the FGFR1 null ES cells will not contribute to endoderm

in chimeras, this has been viewed in terms of the failure of these cells

to transgress the primitive streak [Ciruna et al., 1997]. Thus, the

prevailing evidence from embryonic development is that FGFs are

mediators of mesoderm specification and gastrulation movements,

although in zebrafish there is an example of FGF signalling feeding

back onto Nodal signalling through FGF dependent stimulation of

expression of the one eyed pinhead co-receptor [Mathieu et al.,

2004].

As ES cells apparently require FGF signalling to differentiate to

an epiblast stage, the activity of this pathway is clearly a prerequisite

to the induction of either mesoderm or endoderm (Fig. 2). Consistent

with the observations in the embryo, FGF signalling is required for

murine [Kunath et al., 2007; Hansson et al., 2009] and human

[Zhang et al., 2008] ES cell differentiation to mesoderm. Moreover,

under defined conditions FGF2 has been shown to have a general

stimulatory role in mesendoderm differentiation, but this effect

is particularly pronounced with respect to the generation of

mesodermal precursors [Era et al., 2008]. However, what is more

surprising is that FGF signalling is required for embryonic endoderm

specification from ES cells. Under defined conditions in mouse ES

cells, a blockade of the FGF receptor inhibits all definitive endoderm

differentiation. Moreover, while inhibition of FGF signalling early in

differentiation blocks progression towards both the mesoderm and

endoderm lineage, FGF signalling appears specifically required

after the specification of epiblast-like cells for endoderm and not
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mesoderm specification [Morrison et al., 2008]. FGF signalling

appears required for both efficient definitive endoderm differentia-

tion and for the further specification of anterior definitive endoderm

(ADE). The kinetics of this process suggests that FGF signalling is

also required at the stage when these cultures are already at the

primitive streak stage of differentiation for further differentiation

towards the endoderm lineage [Morrison et al., 2008; Hansson et al.,

2009].

A number of ES cell studies suggest that differentiation to

endoderm passes through an intermediate with the potency to form

both mesoderm and endoderm [Kubo et al., 2004; Tada et al., 2005].

While there is little evidence for an actual bipotent intermediate of

the mesoderm and endoderm during embryonic development

[Tzouanacou et al., 2009], time lapse studies suggest they may

exist for a very brief period of time [Burtscher and Lickert, 2009].

Mesoderm and endodermal progenitors originate in the epiblast,

loose their polarity by undergoing a process reminiscent of epithelial

to mesenchymal transitions (EMT-like) as they enter the primitive

streak. Once in the primitive streak, these lineages rapidly segregate,

with the endoderm intercalating with the existing outside visceral

endodermal epithelium to regain polarity and the mesoderm cells

becoming migratory and truly mesenchymal [Burtscher and Lickert,

2009]. Thus there maybe a short window of time in the primitive

streak when a ‘bipotent precursor’, maybe be represented by a

partially depolarised cell capable of either re-epitheliarising or

adopting a mesenchymal fate. Genetic studies in mouse suggest

that FGF signalling is required for this EMT-like event in the

primitive streak [Ciruna and Rossant, 2001] and any requirement for

FGF signalling in endoderm specification has been viewed as

indirect effect due to a defect in this EMT-like event. Differentiating

ES cells appear to transit into a primitive streak like state undergoing

a degree of EMT that recapitulates a component of gastrulation in

vitro [D’Amour et al., 2005; Morrison et al., 2008; Livigni et al.,

2009; Unpublished observations]. Moreover, ES cells differentiating

towards endoderm rapidly down regulate markers of mesenchyme

and upregulate E-cadherin, apparently regaining a degree of

epithelial morphology [Villegas and Brickman, unpublished

observations; Tada et al., 2005; Yasunaga et al., 2005]. Interestingly,

there is no in vivo evidence for FGF playing a part in this later step in

endodermal epithelialisation. However, in both human and mouse

ES cell differentiation, FGF signalling appears absolutely required

for the specification of endoderm [Morrison et al., 2008; Shiraki et

al., 2008; Hansson et al., 2009; Livigni et al., 2009] and reduced

levels of FGF signalling from the primitive streak stage appears to

favour mesoderm differentiation [Morrison et al., 2008]. Thus FGF

signalling maybe required for multiple morphogenetic changes in

this lineage and ES cell differentiation may afford a unique tool to

dissect the role of this pathway at these subsequent stages of

differentiation. Moreover, while genetic studies in mouse all point

to a dependence of gastrulation stage cell migration on FGF

signalling, it is difficult to separate the role of this pathway on

signalling, migration or migration of a cell to a new signal. ES

cell differentiation provides a model system in which the effect

of this pathway on induction can be segregated from the way

in which it affects the evolution of ever changing in vivo

microenvironments.
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While some of these early inductive events in the generation of

primitive streak-like mesendoderm presumable rely on ERK

activation, some insight into the lineage determining role of FGF

signalling comes from recent work in human ES cells. Inhibition of

PI3K blocks the differentiation of human ES cells towards endoderm,

while inhibition of ES cell differentiation with the MEK inhibitor

U0126 augments endoderm differentiation and blocks mesoderm

[Sumi et al., 2008]. While these data are interesting, they are

somewhat at odds with other studies that seem to indicate that

endoderm differentiation in the presence of activin requires the

suppression of signalling through PI3K [McLean et al., 2007]. The

cells differentiated by Sumi et al. [2008] employed transgenic

activation of the Wnt pathway as a means to circumvent activin

mediated induction, indicating downstream stimulation of PI3K

might only block ES cell differentiation in the presence of activin,

implying that this signal could feedback on activin/Nodal pathway.

It is also interesting to note, that the addition of the PI3K inhibitor

LY294002 shifts human ES cells from activin dependent self-

renewal into mesendoderm and later endoderm differentiation,

suggesting that the interaction might be at the level of insulin

signalling [McLean et al., 2007]. While the levels of LY294002

applied in this study are extremely high and the markers examined

limited, this maybe related to the previously mentioned role of IGFII

in supporting human ES cell self-renewal [Bendall et al., 2007].

While the precise mechanism by which FGF signalling regulates

differentiation in the mesoderm and endoderm lineages is still

unclear, sequential roles for both ERK activation and PI3K suggest

that the underlying role of FGF in regulating endoderm specification

maybe the same in both the visceral and definitive endoderm. The

similarity of this extra-embryonic endodermal cell type, with the

definitive endoderm that will go onto make up the gut, is a notion

that may be supported in recent fate mapping and potency studies

that indicate that some visceral endoderm contributes to the

embryonic gut [Kwon et al., 2008].

FGF SIGNALLING AS A REGULATOR OF
EMBRYONIC TRANSITIONS

While we have only explored the role of FGF signalling in the early

events surrounding lineage specification from ES cells, these

patterns appear to repeat themselves and suggest a general role for

this pathway in cell fate decisions. The involvement of this pathway

at repeated transitions could imply that signalling downstream of

the FGF receptor maybe required for ES cells to continually progress

through differentiation. Does this suggest that FGF signalling, at

least via MAPK/Erk1/2, is a requirement for cells to progress

from one step in lineage specification to the next? To date the

majority of analysis on FGF signalling in development has been

based on embryo phenotypes that examine the downstream cell

types, rather than all the intermediates formed during lineage

specification. Defects in specific lineages maybe a result of a failure

of embryos to generate lineage restricted progenitors or a failure of

those progenitor cells to progress into differentiation or both.

Distinguishing between these possibilities in vivo is difficult. ES cell

differentiation affords the unique opportunity to identify inter-
JOURNAL OF CELLULAR BIOCHEMISTRY



mediates, purify them and assess their ability to progress into

differentiation.

So how would a more general role for FGF/MAPK/Erk1/2

signalling in differentiation fit with its role in development? The

expression of these pathways and their phenotypes in embryonic

development suggest a widespread, but not global role for this

pathway indicating that requirements for FGF signalling in

differentiation might depend on the local embryonic context

[Corson et al., 2003; Lunn et al., 2007]. Is any potential global

requirement for this pathway in ES cells a result of removing cells

from their normal in vivo context and creating some form deficiency

that can be compensated for through the activation of FGF/MAPK/

Erk1/2? Or has ES cell differentiation simply uncovered additional

roles for FGF/MAPK/Erk1/2 in differentiation? The resolution of this

issue will require careful analysis of inducible conditional mutants

in vivo.

How could FGF/MAPK/Erk1/2 signalling render cells competent

to progress to the next stage of differentiation? Does it regulate the

competence of cells to respond to inducing signals? Given the

relatively ubiquitous role of this pathway in development and

differentiation, the transcription factors downstream of MAPK/

Erk1/2 may serve as a synergistic platform to amplify the

transcriptional response to other pathways. Alternatively, exposure

to FGF signalling could alter the accessibility or expression levels of

receptors for other pathways. However, as FGF/MAPK/Erk1/2 is also

a strong mitogen, perhaps its effect on differentiation is merely to

stimulate division. Thus as new cell types are induced during lineage

specification, FGF/MAPK/Erk1/2 could support the proliferation of

these new populations selectively.

While we have focused heavily on MAPK/Erk1/2 signalling, there

are clearly instances in vitro that require FGF mediated stimulation

of PI3K. This is particularly fascinating as indicates that FGF

mediated changes in polarity maybe as important for in vitro

differentiation as they are in embryonic development.
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