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INTRODUCTION
Differentiating mouse embryonic stem (ES) cells first downregulate
pluripotency genes and transit through a primitive ectoderm-like
state before adopting somatic cell fates. Blocking fibroblast growth
factor (Fgf) signalling via the Erk1/2 MAP kinase (Mapk) pathway
promotes self-renewal in mouse ES (mES) cells (Burdon et al.,
1999; Ying et al., 2008) (reviewed by Silva and Smith, 2008),
whereas exposure to such signalling is required for differentiation
into neural and non-neural cell fates (Kunath et al., 2007; Stavridis
et al., 2007). A period of Fgf/Erk signalling thus appears to be a first
step away from the self-renewal cell state in this context. It is also
evident, at least for neural differentiation, that such signals are only
briefly required because, after 24 hours, blocking Erk signalling no
longer inhibits the later onset of the neural progenitor marker Sox1
(Stavridis et al., 2007). This suggests that a particular Fgf/Erk
signalling dynamic could underlie differentiation progression.

Another signalling molecule, retinoic acid (RA), also promotes
differentiation in a range of tissues and cell lines, as well as in ES
cells. Depending on culture conditions, retinoid signalling can
promote ES cell differentiation into endoderm, adipocytes,
fibroblast-like cells or neural tissue (reviewed by Soprano et al.,
2007). In particular, neural fate is routinely elicited from ES cell

aggregates (embryoid bodies) cultured in differentiation conditions
for 4 days and then treated with RA (e.g. Aubert et al., 2002; Bain et
al., 1995). The inclusion of a long period in an aggregated form in
this protocol prior to exposure to RA suggests that, in this cellular
context, RA acts after loss of self-renewal to promote differentiation.
However, there is also evidence that RA has an earlier action via
repression of the pluripotency gene Oct4 in ES cells (Gu et al., 2005)
and that it might work directly via a retinoic acid response element
(RARE) in the Oct4 promoter, as has been reported in P19 EC cells
(Barnea and Bergman, 2000; Okazawa et al., 1991; Pikarsky et al.,
1994). This may be one way in which RA influences Fgf signalling
during differentiation, as Oct4 together with Sox2 promotes Fgf4
expression in ES cells (Yuan et al., 1995). Fgf4 is the principal
source of Erk signalling in differentiating mES cells, as indicated by
reduced dP-Erk levels and the poor differentiation of Fgf4–/– ES cells
(Kunath et al., 2007), and so RA could limit an initial period of high
Fgf/Erk activity by repressing Oct4.

The regulatory relationship between retinoid and Fgf signalling
pathways differs depending on the cellular context. In the mouse and
chick embryonic axis, RA promotes differentiation by inhibiting
expression of Fgf8 as cells leave the tailbud (reviewed by Wilson et
al., 2009); a step that may be analogous to RA-mediated
downregulation of Fgf4 in ES cells. Furthermore, RA and Fgf
pathways are mutually inhibitory in the embryonic axis (Diez del
Corral et al., 2003), and elevated Fgf or reduced RA signalling is
characteristic of many cancerous cell states (reviewed by Diez del
Corral and Storey, 2004). These studies therefore suggest that RA
attenuation of Fgf signalling is a fundamental signalling mechanism
controlling cellular differentiation. In other contexts, however, RA can
promote Fgf8 transcription, for example, in neurula-stage frog
embryos (Moreno and Kintner, 2004). There is also evidence that RA
receptors (RARs) can bind Fgf8 upstream elements (Brondani et al.,
2002; Zhao et al., 2009), indicating that RA might directly regulate
Fgf8. In addition, RA can activate the Erk pathway by so-called non-
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SUMMARY
Embryonic stem (ES) cells fluctuate between self-renewal and the threshold of differentiation. Signalling via the fibroblast growth
factor (Fgf)/Erk pathway is required to progress from this dynamic state and promote mouse ES cell differentiation. Retinoic acid
also induces differentiation in many cellular contexts, but its mechanism of action in relation to Fgf/Erk signalling in ES cells is poorly
understood. Here, we show for the first time that endogenous retinoid signalling is required for the timely acquisition of somatic
cell fate in mouse ES cells and that exposure to retinoic acid advances differentiation by a dual mechanism: first increasing, but in
the long-term decreasing, Fgf signalling. Rapid retinoid induction of Fgf8 and downstream Erk activity on day 1 in differentiation
conditions may serve to ensure loss of self-renewal. However, more gradual repression of Fgf4 by retinoic acid is accompanied by an
overall reduction in Erk activity on day 2, and the acquisition of neural and non-neural fates is now advanced by inhibition of Fgf
signalling. So, although blocking Fgf/Erk activity is known to promote ES cell self-renewal, once cells have experienced a period of
such signals, subsequent inhibition of Fgf signalling has the opposite effect and drives differentiation. We further show in the
embryo that retinoid repression of Fgf signalling promotes neural differentiation onset in an analogous step in the extending
embryonic body axis and so identify attenuation of Fgf signalling by retinoic acid as a conserved fundamental mechanism driving
differentiation towards somatic cell fates.
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Retinoic acid orchestrates fibroblast growth factor signalling
to drive embryonic stem cell differentiation
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genomic mechanisms, which do not involve a transcriptional
response: in PC12 and bronchial epithelial cells Erk activation does
not require RARs (Aggarwal et al., 2006; Canon et al., 2004), but in
neuroblastoma cells Erk activation involves direct binding and
activation of PI 3-kinase subunits by liganded RAR (Masia et al.,
2007), and RA can activate Erk in an RAR-dependent manner within
10 minutes in neurons (Chen and Napoli, 2008).

Here, we investigate the mechanisms by which retinoid signalling
promotes mouse ES cell differentiation, using monolayer neural
differentiation as an example. We demonstrate a requirement for
endogenous RA for progression from a primitive ectoderm-like state
towards the neural progenitor cell fate. We further show that
exogenous RA requires an intact Fgf/Erk signalling pathway to drive
ES cell differentiation. Indeed, RA treatment initially stimulates Erk
activity and we find that this does not involve known non-genomic
mechanisms, but is mediated at least in part by rapid Fgf8 induction.
However, RA exposure also gradually represses Fgf4 and we reveal
that, once cells have experienced a period of endogenous Fgf/Erk
signalling and have acquired a primitive ectoderm-like state, RA
treatment inhibits Erk activity. We show that inhibition of Fgfr
signalling, rather than promoting self-renewal as it does in ES cells,
now mimics the ability of RA to promote neural, or in the presence
of Bmp4, non-neural differentiation, and that an analogous
regulatory step initiates neural differentiation in the embryonic body
axis.

MATERIALS AND METHODS
ES cell culture
Cells were grown, maintained and differentiated as described previously
(Stavridis et al., 2007). 46C ES cells (expressing Sox1-GFP) were kindly
provided by Austin Smith (University of Cambridge, UK) and Rex1-
GFP/Oct4::CFP cells were generously provided by Hitoshi Niwa, Riken CDB
(Toyooka et al., 2008). All-trans RA (Sigma) was used at 5 nM unless stated
otherwise and Bmp4 (R&D Systems) at 10 ng/ml. PD173074 (Mohammadi
et al., 1998; Mohammadi et al., 1997) (a kind gift of Pfizer) was added
at 0.25 µM. RAR and RXR antagonists LG100815 and LG101208
(Sockanathan and Jessell, 1998) were a kind gift of Ligand Pharmaceuticals
and were used at 0.5 µM. Cell viability was assessed following all inhibitor
treatments by the proportion of non-viable cells staining with To-Pro3 in flow
cytometry experiments. The Fgf8-blocking antibody and isotype control were
supplied by R&D Systems (MAB323 and MAB002, respectively).

Immunoblotting
Immunoblotting was performed as described previously (Stavridis et al.,
2007). All results shown are representative of three or more experiments,
unless stated otherwise. Antibodies used were: anti-Crabp1 (Affinity
Bioreagents, #MA3-813); anti-a-tubulin (Abcam, #ab7291); anti-phospho-
Erk1/2 (Thr202/Tyr204; #9101), anti-Histone-H3 (#9717) and anti-total-
Erk1/2 (#9102), all from Cell Signaling Technology. Secondary antibodies
for fluorescence immunoblotting were 610132121 (Rockland) and A21109
(Invitrogen). Membranes were scanned on a LiCor scanner and analysed
with Odyssey software.

Immunocytochemistry
Immunocytochemistry was performed as described in Kunath et al. (Kunath
et al., 2007). Antibodies used were as follows: anti-Oct4 Santa Cruz (#sc-
8628); LE61 supernatant (against keratins 8/18), provided by Birgit Lane
(University of Dundee, UK), used neat on methanol-fixed samples; anti-
Phospho-Erk (Cell Signaling Technologies, #4370); anti-Nanog (Abcam,
ab21603); anti-Pax6 (Developmental Studies Hybridoma Bank, University
of Iowa, USA).

Flow cytometry
Flow cytometry was performed as described previously (Stavridis et al.,
2007). Results shown are from a representative of three or more experiments
performed in triplicate unless stated otherwise.

QRT-PCR
Quantitative RT-PCR was performed as described previously (Stavridis et
al., 2007). Samples were run and analysed on a Mastercycler Realplex2

(Eppendorf) using the Pfaffl method for quantification. Primer sequences
and annealing temperatures are given in Table S1 in the supplementary
material.

Embryo manipulations
Chick embryos at Hamburger and Hamilton stages HH9-HH10 were grafted
with AGX beads soaked in carrier DMSO, RA (9-cis or All-trans RA, 0.5
mM), or Fgfr inhibitors SU5402 (4 mM) or PD173074 (4 mM), or with
heparin-coated beads soaked in PBS, Fgf4 (100 ng/ml) or Fgf8b (200 ng/ml)
(see Storey et al., 1998). Following incubation at 38°C for desired periods,
embryos were processed for in situ hybridisation for chick Sox1 (kind gift
of Hisato Kondoh, Osaka University, Japan) or chick Sox3, using standard
procedures. Retinoid-deficient quail embryos were a gift of Emily Gale and
Malcolm Maden (King’s College London, UK), and normal and retinoid-
deficient quail embryos were fixed and processed together (see Diez del
Corral et al., 2003).

Statistics
Statistical analysis was performed using Student’s t-test at P<0.05, unless
stated otherwise.

RESULTS
Endogenous retinoid activity promotes ES cell
neural differentiation
To investigate how retinoid signalling promotes ES cell
differentiation, an ES cell line with GFP expression driven by the
promoter of the neural progenitor marker gene Sox1 (Aubert et al.,
2003; Ying et al., 2003) was used to provide cell quantification by
flow cytometry. The requirement for endogenous retinoid
production was first tested by plating ES cells in monolayer
differentiation conditions [lacking serum and leukaemia inhibitory
factor (Lif) in N2B27 medium] but using B27 supplement deficient
in retinyl, a precursor of RA (– retinyl conditions). Reduction of
retinoid signalling in retinyl-deficient conditions was assessed by
analysis of the RA-responsive gene Rarb, detected by quantitative
reverse-transcription PCR (qRT-PCR; Fig. 1A). Retinoid synthesis
commences in ES cells on withdrawal of Lif (Lane et al., 1999) and
Rarb can be detected from the first 24 hours of differentiation (with
some variability) in ‘+ retinyl’ conditions; however, a consistent 10-
fold increase in Rarb transcripts compared with in ‘– retinyl’
conditions is detected by day 2. This indicates that culture in retinyl-
deficient media leads to attenuation of retinoid signalling in ES cells
in differentiation conditions (at least for the first three days after
plating). Importantly, the percentage of Sox1-GFP-positive cells was
significantly lower in retinyl-deficient conditions (Fig. 1B). In these
conditions, cells downregulate genes characteristic of the inner cell
mass (ICM; Nanog and Rex1) (Chambers et al., 2003; Mitsui et al.,
2003; Pelton et al., 2002), continue to express the pluripotency gene
Oct4 (Nichols et al., 1998) (see Fig. S1 in the supplementary
material), but accumulate in an Fgf5-positive state characteristic of
primitive ectoderm (Haub and Goldfarb, 1991; Hebert et al., 1991),
as indicated by the significant increase of Fgf5 transcripts over days
1-4 (Fig. 1C). Reduction of retinoid signalling by a different
mechanism, using RAR (LG100815) and RXR (LG101208)
antagonists to block RA signal transduction, also led to inhibition of
the onset of Sox1-GFP expression (Fig. 1D). These experiments
indicate that reduction of endogenous RA activity compromises
progression from a primitive ectoderm-like state towards the neural
progenitor cell fate and suggest that RA signals are normally
required for acquisition of somatic cell fates.
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Retinoid signalling drives neural differentiation,
but does not obviate the requirement for Fgf/Erk
signalling
To examine the ability of retinoid signalling to promote neural
differentiation, all-trans RA (5 nM) was added to ES cells at plating
in differentiation conditions. At day 3, flow cytometry revealed a
clear increase in the number of cells plated in RA that were Sox1-
GFP positive (Fig. 1E). A similar result was also obtained with an
independently isolated wild-type cell line (Collins et al., 2003),
which exhibited upregulation of the neural progenitor marker nestin
in response to RA (data not shown). This demonstrates that retinoid
signalling can promote the acquisition of neural progenitor status in
ES cells cultured in monolayer differentiation conditions.

As a period of Fgf/Erk signalling is required for ES cell
differentiation (Kunath et al., 2007; Stavridis et al., 2007), we next
tested whether the ability of RA to drive Sox1 expression is
dependent on Fgf/Erk signalling. Cells were plated in differentiation
conditions and cultured for 3 days either in the high affinity Fgf
receptor inhibitor PD173074 together with RA, or with RA alone.
The presence of PD173074 prevented RA induction of Sox1
expression (Fig. 1E,F) and cells remained in a self-renewing state,
as indicated by persisting expression of the pluripotency gene Nanog

(Fig. 1F). These findings indicate that retinoid signalling cannot
substitute for Fgf/Erk signalling in order to initiate the normal
differentiation process. This might indicate that a prior period of
such signalling is required before RA can act, but it also raises the
possibility that RA promotes differentiation by stimulating the Fgf
signalling pathway.

RA initially stimulates Fgf/Erk signalling
To investigate the impact of RA on the Fgf pathway, potential
downstream Erk activity (measured by the phosphorylation status
of Thr202/Tyr204) was assessed at 2-hour intervals in ES cells
placed in monolayer differentiation conditions following exposure
to RA or a DMSO-only control. Importantly, exposure to RA but not
DMSO elicited an increase in Erk activity in these day 1 cells by 8
hours (Fig. 2A). This is unlikely to be generated by non-genomic
mechanisms that are independent of retinoic acid receptors
(Aggarwal et al., 2006; Canon et al., 2004), as Erk phosphorylation
was blocked in the presence of RAR/RXR antagonists (Fig. 2B).
Non-genomic actions of RA that do depend on RAR are either too
fast acting to account for increased Erk activity at 8 hours (Chen and
Napoli, 2008) or they rely on PI 3-kinase signalling (Masia et al.,
2007), inhibition of which in the presence of RA does not reduce Erk
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Fig. 1. Retinoid signalling is required for
neural differentiation of mES cells and
depends on Fgf signalling. (A) Rarb
transcripts rise during 4 days of differentiation
in standard N2B27 media (+Retinyl), but are
significantly lower in cells in N2B27 lacking
retinyl (–Retinyl); data from two independent
experiments (*P<0.05). (B) Emergence of
Sox1-GFP expressing neural progenitors is
impaired without retinyl, as analysed by flow
cytometry. Results are average values ±s.e.m.
from two independent experiments (*P<0.05).
(C) Fgf5 transcripts are increased in cells in
–Retinyl conditions. Results are averages
±s.e.m. from a representative of two
experiments performed in triplicate (*P<0.05).
(D) Differentiation over 3 days is impaired in
the presence of 0.5 mM of each of LG100815
and LG101208 (RAR and RXR inhibitors,
respectively), as indicated by expression of
Sox1-GFP. Results are average of two
experiments performed in triplicate +s.e.m.
(E) All-trans RA (5 nM) promotes neural
differentiation in monolayer conditions, but
this effect is blocked by Fgfr inhibitor
PD173074 (250 nM). Results are averages
from a representative experiment performed in
triplicate ±s.e.m. (F) Photomicrographs of
experiment as in E. In the presence of
PD173074, RA fails to induce differentiation
and Nanog levels remain high. Scale bar: 50
mm.
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signalling (see Fig. S2 in the supplementary material). These data
suggest that RA does not stimulate Erk activity in this ES cell
context by known non-genomic mechanisms and we therefore next
set out to confirm that the ability of RA to promote an increase in
Erk activity on day 1 is dependent on Fgfr signalling.

At the 24-hour time point, RA still elicited robust high-level Erk
activity in comparison with control DMSO-treated cells (Fig. 2C),
and cell-by-cell analysis revealed a largely ubiquitous increase in
Erk signalling across the day 1 cell population in response to RA
(Fig. 2D). However, exposure to RA and an Fgfr inhibitor blocked
this increase in Erk activity (Fig. 2C). This indicates that RA
promotes Erk phosphorylation via Fgfrs and confirms that Fgfrs are
responsible for Erk1/2 activity during early ES cell differentiation
(Stavridis et al., 2007). To elucidate this signalling mechanism, the
effects of RA on Fgf4 and Fgf8 expression were examined. RA
treatment of differentiating ES cells on day 1 led to a reduction in
Fgf4, but this was accompanied by a large increase in Fgf8, as
measured by qRT-PCR, and both of these actions were found to be
RAR/RXR dependent (Fig. 2E). Detailed analysis of Fgf8
transcription by qRT-PCR further shows progressive upregulation
from ~8 hours in response to RA, consistent with increasing Erk
activity within this timeframe (Fig. 2F). Furthermore, RA can induce
Fgf8 expression even when differentiation is blocked with
PD173074 (Fig. 2F), indicating that Fgf8 induction is not simply a
downstream consequence of differentiation. Importantly, the RA-
induced increase in Erk activity on day 1 is attenuated in the
presence of an Fgf8-blocking antibody (but not by a non-specific
isotype control, data not shown; Fig. 2G), indicating that Fgf8

contributes to this RA action. Overall, these data suggest that RA
stimulates Erk activity in day 1 ES cells, at least in part, via a
mechanism that involves RAR/RXR-mediated increase of Fgf8.
This initial increase in Erk signalling in response to RA may help to
ensure loss of ES cell self-renewal as Fgf4 levels begin to decline.

Following a period of endogenous Fgf activity, RA
promotes differentiation by attenuating Fgf
signalling
Retinoid signalling can repress Oct4 expression, and Oct4 in
conjunction with Sox2 is required to maintain expression of Fgf4 in
ES cells (Gu et al., 2005; Yuan et al., 1995). Because of the indirect
way in which RA acts to repress Fgf4, this consequence of RA
signalling may take longer than does the induction of Fgf8.
Consistent with this, qRT-PCR analysis of changes in the
endogenous transcripts of these ligands reveals that Fgf8 levels rise
on day 1 prior to the major downregulation of Fgf4 on day 2 (Fig.
3A). To understand better the changes taking place over these first
two days of differentiation, we next compared transcript levels of
key pluripotency and differentiation genes across this period. At the
end of day 1, cells have experienced endogenous Fgf/Erk signalling,
Rarb (see Fig. 1A), Fgf8 and Fgf5 levels are beginning to rise, and
expression of the pluripotency genes Nanog and Klf4, and also of
Rex1, decline (Fig. 3A). By contrast, levels of Oct4 and Fgf4 show
little change with respect to ES cell levels (indeed flow cytometry
indicates that 99% of cells are Oct4 positive at this time point, data
not shown). During day 2, however, Oct4 and Fgf4 levels begin to
decline (Fig. 3A). At this time, Fgf5 is expressed at its highest levels
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Fig. 2. Initial exposure to RA induces
Fgf8/Erk signalling during ES cell
differentiation. (A) On day 1 of
differentiation RA addition causes Erk
activation by 8 hours, western blots represent
two independent experiments, arrows
indicate elevated dP-Erk in RA but not DMSO
conditions. (B) Treatment with 0.5 mM of
each of LG100815 and LG101208 blocks the
ability of 50 nM RA to induce an increase in
dP-Erk levels by 8 hours on day 1 of
differentiation. This experiment was
performed twice with the same result.
(C) PD173074 blocks RA induction of dP-Erk
by 24 hours on day 1 of differentiation. This
experiment was performed twice with the
same result. a-Tubulin was used as a loading
control. (D) RA-treatment on day 1 increases
dP-Erk in differentiating cells. Scale bar: 50
mm. (E) On day 1, RA reduces Fgf4 but
increases Fgf8, and these effects are both
inhibited by RAR/RXR antagonists. Results are
weighted means ±s.e.m. from two
independent experiments performed in
triplicate. (F) Fgf8 transcripts rise in response
to RA during day 1 even when differentiation
is blocked by PD173074, representative of
two experiments, ±s.e.m. (G) The ability of
RA to induce dP-Erk1/2 is attenuated with
2.5mg/ml anti-Fgf8 blocking antibody for 24
hours. dP-Erk was quantified by fluorescence
immunoblotting. This experiment was carried
out twice; result shown is the mean from a
representative experiment performed in
triplicate ±s.e.m.
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Fig. 3. Inhibition of Fgf signalling mimics retinoid induction of neural differentiation. (A) Gene expression profile of key genes during
monolayer differentiation relative to expression in undifferentiated ES cells (for Fgf5 relative to expression at day 2). Transcript levels in ES cells and
at day 1 are significantly different for all genes (P<0.05), except Oct4, Fgf4 and Fgf8, comparison of levels in ES cells and at day 2 for Oct4 and Fgf4
are P<0.05 and 0.06, respectively. Data are means ±s.e.m. from a representative experiment performed in triplicate. (B) Rex1-GFP cells in N2B27,
analysed by flow cytometry. PD173074 treatment during day 2 increases Rex1-GFP+ cells compared to control (DMSO), suggesting a reversion of
some cells to the pluripotent state. Results are means of two experiments performed in triplicate +s.e.m. All pairs of treatments are significantly
different (P<0.05). (C) RA treatment for 24 hours during day 2 causes a decrease in dP-Erk and induction of Crabp1 [an RA-responsive gene (Lane et
al., 2008)] by western blotting, but a decrease in Oct4-positive cells and an increase in Sox1-positive cells as analysed by flow cytometry. Results are
representative of three experiments performed in triplicate ±s.e.m. (D) Cells labelled for Oct4, dP-Erk1/2 and Sox1-GFP, following day 2 treatment.
RA treatment reduced dP-Erk and Oct4 levels, but increased the number of Sox1-GFP-positive cells. (E) At the end of day 2, RA causes a further
decrease in Fgf4 and increase in Fgf8, data from two independent experiments performed in triplicate. (F) On day 2, treatment with RA or Fgfr
inhibitors (PD173074 or SU5402) reduces levels of dP-Erk and increases the number of Sox1-GFP-positive cells. Symbols indicate statistically
significant differences between treatments at P<0.05 (paired t-test, n=5 independent experiments performed in triplicate). (G) Fgfr inhibition or RA
treatment on day 2 causes a decrease in Fgf5 transcripts and an increase neural progenitor markers Ngn2 and Mash1 (P<0.05), except for RA-
induction of proneural genes, which was only statistically significant on exposure to 50 nM RA (Ngn2, P<0.05). Results are averages of three
experiments performed in triplicate ±s.e.m. (H) Following day 2 treatment, cells were labelled with an antibody against Pax6. Both RA and
PD173074 cause an increase in the number of Pax6-positive cells, with RA having a stronger effect. Result is representative of five randomly
selected fields. Scale bars: 50mm. D
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(Fig. 1C), indicative of the acquisition of a primitive ectoderm-like
state. Cell quantification analysis using GFP reporter lines indicates
that there is a small increase in Sox1-expressing cells from <2% on
day 1 to ~10% at the end of day 2 (Fig. 1B, and see below) (see also
Lowell et al., 2006; Ying et al., 2003), and that Rex1-expressing
cells (Toyooka et al., 2008) decline from 67% GFP-positive cells on
day 1 to 19% by day 2 (Fig. 3B). Given the low level of Rex1
transcripts at these time points, this indicates some perdurance of the
GFP protein, but also confirms that by day 2 the vast majority of
cells are Rex1 negative. So, whereas at the end of day 1 31% of cells
are likely to be primitive ectoderm-like cells (lacking Rex1 and Sox1
expression), by day 2 this proportion has increased to 71%.
Although this is therefore a heterogeneous cell population, which
includes some ES cells and possibly some Epi-stem-like cells [that
retain Nanog, but that lack other ICM genes, e.g. Rex1 and Klf4
(Brons et al., 2007)], the prevailing transcriptional profile on day 2
is of a Nanog-, Rex1- and Klf4-negative, Oct4-, Fgf4-, Fgf8- and
Fgf5-positive primitive ectoderm-like cell.

To investigate the mechanism by which RA promotes
differentiation after day 1, we exposed day 1 cells to RA for 24 hours
and assessed the impact on Oct4 and Sox1 expression and on Erk
activity. The number of Oct4 cells decreased and the number of Sox1
cells increased in response to RA (Fig. 3C). Strikingly, in contrast to
exposure to RA from plating, RA now elicited a clear decrease in Erk
phosphorylation by the end of day 2 (Fig. 3C). This reduction in Erk
activity and increased differentiation progression, as indicated by flow
cytometry analysis of Sox1-GFP, were also detected following RA
treatment for 24 hours on day 3 or day 4 (see Fig. S3 in the
supplementary material). These changes were further analysed on a
cell-by-cell basis to determine the extent of the cell population
experiencing changes in Erk activity. This revealed widespread and
largely uniform Erk activity in the day 2 cell population, consistent
with paracrine Fgf signalling, and that exposure to RA for 24 hours
now resulted in a reduction of Oct4 and phospho-Erk1/2 levels and an
increase in the number of Sox1-positive cells (Fig. 3D). In addition,
RA treatment on day 2 led to further reduction in Fgf4 levels, while
Fgf8 levels still increased (Fig. 2E, Fig. 3E). These findings are
consistent with Fgf4 being the principal stimulator of Erk signalling
in differentiating ES cells (Kunath et al., 2007), and support the
hypothesis that the initial rapid increase in Fgf8 when Fgf4 is still high

leads to the net dP-Erk increase on day 1, and that the slower, indirect
inhibition of Fgf4 underlies the Erk decrease on day 2. Several
alternative mechanisms by which RA might elicit a decrease in Erk
activity were also investigated: (1) the induction of Dusp genes
encoding Erk phosphatases (Mason et al., 1996; Moreno and Kintner,
2004); (2) induction of the Fgfr/Erk antagonist Sprouty2 (Minowada
et al., 1999); and (3) the repression of Fgfrs (McDonald and Heath,
1994; Mummery et al., 1990). However, RA did not induce these
transcriptional changes in this context (see Fig. S4A-C in the
supplementary material). Overall, these data suggest that a
consequence of RA driven differentiation on day 2 is the attenuation
of Fgf/Erk signalling due to downregulation of Fgf4.

Inhibition of Fgfr signalling also promotes
differentiation on day 2
If RA promotes differentiation on day 2 via its ability to inhibit Fgf4,
simply blocking Fgfr signalling should also drive this process.
Comparison of the effects of RA and the Fgfr inhibitors SU5402 or
PD173074 on day 2 shows that Fgfr inhibition can mimic the ability
of RA to increase the emergence of Sox1-GFP-positive cells (Fig. 3F).
As these small molecule inhibitors also block related Vegf receptors
(Mohammadi et al., 1998), cells were exposed to KRN633, a Vegfr-
specific inhibitor that does not block Fgfr signalling (Nakamura et al.,
2004). This had no effect on Sox1 expression, supporting specific Fgfr
inhibition by SU5402 and PD173074 in this context (see Fig. S5 in
the supplementary material). PD173074 generated a ~2-fold increase
in Sox1-positive cells (Fig. 3G). A reduction in Fgf5 transcription in
response to RA or Fgfr inhibition was also observed, together with
increases in the expression of further neural progenitor markers, such
as Ngn2, Mash1 and Pax6 (Fig. 3G,H).

To define better the cell population differentiating in response to
Fgfr inhibition, we further analysed the levels of Rex1-GFP
expression following exposure to PD173074. This revealed that
although the expression of neural progenitor markers increased (Fig.
3E), a subset of cells (~13%) now also had increased Rex1 levels
compared with the DMSO control (Fig. 3B). This ‘reversion’
identifies those Rex1-negative cells that are still able to return to the
ES cell state, and indicates that at the end of day 2 (when 80% of
cells are Rex1 negative) 67% of cells have now embarked on
differentiation.

RESEARCH ARTICLE Development 137 (6)

Fig. 4. Retinoic acid or Fgfr inhibition promote
BMP-induced non-neural differentiation. During
day 2 of differentiation in the presence of Bmp4, RA or
Fgfr inhibitor treatment causes an increase in the
proportion of keratin 8/18-positive cells, as indicated
by immunocytochemistry and flow cytometry. Results
shown are representative of two independent
experiments. Scale bar: 25mm.
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The induction of Sox1 by PD173074 was not, interestingly,
mimicked by the Mek inhibitor PD184352, indicating that
attenuation of Erk signalling alone is insufficient to promote
differentiation (data not shown) and implicating further Fgfr
downstream consequences in this process. Importantly, these
changes in gene expression in response to RA on day 2 were not
accompanied by any alteration in cell cycle phase distribution (see
Fig. S6 in the supplementary material). This suggests that reduction
of Fgf5 and increased acquisition of neural progenitor status is
unlikely to be due to preferential expansion of a sub-population of
cells. These findings show that RA-mediated neural differentiation
of day 2 primitive ectoderm-like cells can be mimicked by inhibition
of Fgf signalling, which is consistent with a mechanism involving
RA repression of Fgf4.

RA or Fgfr inhibition drive non-neural
differentiation in the presence of Bmp4
To address whether RA and Fgfr inhibition serve as generic
differentiation agents or specifically promote the acquisition of a
neural cell fate, the same monolayer differentiation protocol was
used, but cells were instead exposed to bone morphogenetic protein
4 (Bmp4), which strongly suppresses neural fate and causes cells to
adopt an epithelial morphology resembling surface ectoderm
(Kunath et al., 2007; Ying et al., 2003). The early epithelial markers
keratin 8 and 18 (K8/18) begin to be expressed after two days of
differentiation at very low levels (Fig. 4A). Addition of RA alone
during day 2 did not increase K8/18, but the presence of Bmp4
promoted K8/18 expression and exposure to RA increased this effect
(Fig. 4A). Moreover, inhibition of Fgfr signalling in the presence of
Bmp4 mimicked the effects of RA addition on day 2 and increased
K8/18 expression. These findings therefore indicate that RA
attenuation of Fgf signalling is not a neural specific step, but a
generic mechanism that can promote differentiation in multiple
cellular contexts.

The Fgf/RA signalling switch initiates neural
differentiation in the embryonic body axis
An analogous differentiation step has been identified in the
extending embryonic body axis, where the temporal sequence of
differentiation events is finely spatially separated as cells leave the
epiblast cell population in the region of the primitive streak. Here,
RA inhibition of Fgf signalling promotes differentiation as cells exit
the caudal lateral epiblast (CLE)/tailbud, a region of high Fgf/Erk
signalling (Diez del Corral et al., 2003; Lunn et al., 2007; Molotkova
et al., 2005; Ribes et al., 2009). To examine whether onset of Sox1
transcription is similarly regulated in this embryonic context, the
Sox1 mRNA expression pattern was examined in early chick
embryos, which are readily amenable to local experimental
manipulation of signalling pathways. Importantly, at the 10-somite
stage Sox1 is specifically absent from the stem zone (the caudal
lateral epiblast found adjacent to the node/primitive streak),
appearing first in the more rostral preneural tube (Fig. 5A, HH9-
HH11).

To test whether precocious exposure to RA is able to promote
Sox1 expression, beads delivering RA were grafted caudal to the
normal onset level, adjacent to the preneural tube. This elicited local
ectopic or caudal extension of Sox1 expression after 5-6 hours (8/12
cases), compared with control DMSO vehicle only (2/7 embryos
with Sox1 near bead) (Fig. 5B). Conversely, Sox1 expression extends
caudally in the neural tube, at least to the most recently formed
somite in normal quail embryos at HH10-HH11 (6/7 cases), but is
lacking in the neural tube of retinoid (vitamin A)-deficient (VAD)

quail embryos (8/11 cases; Fig. 5C). Such embryos also lack Sox3
transcripts (5/5 cases), whereas Sox3 is strongly expressed in normal
quails in this region (3/3 cases; Fig. 5D).

As one of the key actions of retinoid signalling in this region of
the axis is attenuation of Fgf signalling, we next investigated
whether premature loss of signalling via this pathway could mimic
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Fig. 5. Sox1 onset in the embryonic axis is regulated by
Fgf/retinoid signalling. (A) Sox1 mRNA is first detected in head-fold-
stage chick embryos (HH stage 6) and appears progressively in a rostral
to caudal direction, but is absent from the stem zone/caudal lateral
epiblast (CLE). (B) Control DMSO or retinoic acid (RA) beads were
grafted as indicated. All embryos were subject to in situ hybridisation
for Sox1 except where stated otherwise. (C) Sox1 expression in normal
quail (NQ) embryos and its reduction in vitamin A deficient (VAD)
quails. (D) Sox3 expression in normal quails and its reduction in VAD
embryos. (E) Beads soaked in DMSO (control) or the Fgfr inhibitor
PD173074 were grafted as indicated. Sox1 expression is extended
caudally in embryos grafted with PD173074-soaked beads. (F) Control
(PBS), Fgf8 or Fgf4 presenting beads were grafted as indicated. Sox1
expression is locally inhibited when beads soaked in Fgf8 or Fgf4 are
grafted near the preneural tube.
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the ability of retinoid signalling to promote Sox1. Beads delivering
the Fgf receptor inhibitors SU5402 or PD173074 were grafted
adjacent to the preneural tube and embryos were cultured for 5-6
hours. As with RA, Sox1 expression was induced precociously or
extended more caudally on loss of Fgfr signalling (6/6 SU5402, 0/2
DMSO-only control embryos; 10/12 PD173074, 1/7 DMSO-only
control embryos; Fig. 5E). To determine whether prolonging
exposure to Fgf signals blocks onset of Sox1 expression, beads
presenting Fgf4 or Fgf8 were grafted adjacent to the stem
zone/preneural tube and embryos cultured for 16 hours (Fig. 5F).
Local onset of Sox1 expression was inhibited by both Fgf4 (6/7
cases) and Fgf8 (5/7), whereas PBS beads had no effect (n=6, n=3
respectively; Fig. 5F). These findings indicate that onset of Sox1
expression in the embryo is regulated, as in ES cells, by retinoid-
mediated attenuation of Fgf signalling, and suggest that this
regulatory step is a conserved differentiation mechanism.

DISCUSSION
This study reveals that endogenous retinoid signalling is required for
timely acquisition of somatic cell fate during ES cell differentiation
and that exposure to RA promotes differentiation in this context by
creating a distinct Fgf signalling signature. This involves an initial
increase in Fgf/Erk signalling followed by a decrease, and our findings
suggest that this is achieved by the rapid induction of Fgf8 and a more
gradual repression of Fgf4. These actions could explain why RA is
such a potent differentiation agent; increased Erk signalling might
ensure loss of ES cell self-renewal, whereas the subsequent inhibition
of Fgf signalling induces the loss of primitive ectoderm markers and
the onset of expression of somatic cell-specific genes. Importantly,
RA or Fgfr inhibition in primitive ectoderm-like cells increases the
expression of neural or non-neural genes indicating that this second
step is a generic differentiation mechanism, which we demonstrate is
conserved in the developing embryonic axis.

Retinoid signalling advances acquisition of
somatic cell fates
We demonstrate here using defined monolayer culture conditions
that endogenous retinoid signalling is required for progression
towards neural differentiation, as indicated by Sox1-GFP
expression. We show that levels of endogenous Rarb and Fgf8
transcripts rise during the first two days in differentiation conditions.
This is consistent with induction of Fgf8 in response to exogenous
RA, which we show is RAR/RXR dependent, and leads to an
increase in Erk activity. Recent work has shown that undifferentiated
ES cell cultures constitute a mixture of cells with gene expression
profiles characteristic of ICM or primitive ectoderm, and that these
states are reversible in vitro (Chambers et al., 2007; Hayashi et al.,
2008; Kalmar et al., 2009; Silva and Smith, 2008; Toyooka et al.,
2008). Our findings show that RA requires Fgfr signalling in order
to promote neural differentiation and this may indicate that cells
need to experience a period of such signalling before RA can act.
Induction of Fgf8 and increased Erk activity elicited by exogenous
RA might also help to resolve this bistable ES cell state in favour of
differentiation. Interestingly, we have found previously that ES cells
cultured in the presence of a Mek inhibitor upregulate pluripotency
genes, but can still progress as far as Fgf5 expression, indicative of
the primitive ectoderm (Stavridis et al., 2007). These observations
therefore suggest that high Erk signalling is required to resolve
fluctuation between ICM and primitive ectoderm cell states.
Endogenous retinoid signalling could contribute to this step by
promoting Fgf8. However, we find that cells lacking retinoid
signalling accumulate in an Fgf5-positive state characteristic of

primitive ectoderm cells and do not require high-level retinoid
activity in order to downregulate ICM genes. This suggests that the
essential action of endogenous retinoid signalling during
differentiation is to promote progression from a primitive ectoderm-
like cell state towards somatic cell fates.

Retinoid signalling promotes somatic cell fates by
repressing Fgf signalling
We show that, once cells have experienced endogenous Fgf/Erk
signalling and have progressed to a high Fgf5-positive state at the end
of day 1, exposure to RA or inhibition of Fgfr signalling now advances
their differentiation towards neural or, in the presence of Bmp4, non-
neural fates. Importantly, as noted above, if Fgfr and Erk activity are
inhibited in ES cells, this promotes self-renewal (Ying et al., 2008),
not differentiation. These results therefore suggest that once ES cells
have experienced sufficient Fgf/Erk signalling they lose the ability to
return to the ES cell state in response to inhibition of such signals, as
this action instead now propels their differentiation (Fig. 6). Although
day 2 cells represent a heterogeneous cell population, it is clear that
pluripotency genes characteristic of the ICM (Nanog, Klf4 and Rex1)
are decreased, that only a minority of cells retain the ability to return
to the pluripotent ES cell state (as indicated by increased Rex1
expression on Fgfr inhibition), and that the prevailing gene expression
profile is indicative of a primitive ectoderm cell state. Furthermore,
cell-by-cell analysis revealed extensive Erk activity in this cell
population and the widespread loss of such signalling in the presence
of RA. These findings therefore suggest that RA acts on the majority
and not a sub-population of day 2 cells to promote differentiation. We
show that exposure to RA represses Fgf4 expression, and we propose
that this step is responsible for the overall reduction in Erk signalling
on day 2 in response to RA. Fgf4–/– ES cells exhibit greatly reduced
Erk activity, indicating that Fgf4 is the major endogenous source of
Erk signalling in ES cells (Kunath et al., 2007). The repression of Oct4
by RA and the reliance of Fgf4 expression on Oct4 and Sox2 (Gu et
al., 2005; Yuan et al., 1995) further indicate that RA acts indirectly to
repress Fgf4. These findings therefore suggest that a ‘rise and fall’
Fgf/Erk signalling signature is elicited by exogenous RA via an initial
rapid increase in Fgf8, when Fgf4 is still high, followed by a slower,
indirect inhibition of Fgf4.

Neural fate can be induced by forced bHLH proneural gene
expression in ES cells (Kanda et al., 2004) and our data show that
blocking Fgfr signalling induces proneural genes (Mash1 and Ngn2)
more efficiently than does treatment with RA over 24 hours (Fig. 3G).
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Fig. 6. Initial steps in mouse ES cell differentiation. Summary of
regulatory relationships between RA and Fgf pathways during ES cell
differentiation, diagram adapted from Silva and Smith (Silva and Smith,
2008). Fgf/Erk signalling is required for loss of self-renewal and addition
of RA stimulates Fgf8 transcription, which may ensure this step
(indicated in grey). RA exposure also indirectly inhibits Fgf4 expression
(indicated in grey). Cells lacking retinoid signalling accumulate in a
Rex1-negative, Fgf5-positive state and exhibit greatly reduced neural
differentiation, indicating that endogenous RA signalling normally
promotes lineage commitment. D
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This contrasts with the tendency of RA to promote two further neural
progenitor markers, Sox1 and Pax6, more effectively than loss of Fgfr
signalling, suggesting that proneural gene onset may have a specific
requirement for Fgf attenuation. This is consistent with RA taking
longer to reduce Fgf signalling than direct inhibition of Fgfr, and with
regulation of Ngn2 in the early mouse embryo, which involves both
repression of Fgf signalling and regulation by RAREs in the Ngn2
promoter (Ribes et al., 2008). It is therefore possible that upregulation
of proneural genes by direct action of RA and/or Fgfr inhibition is part
of the mechanism that promotes neural fate in ES cells, but our data
additionally show that RA or Fgfr inhibition also drive acquisition of
a non-neural fate when Bmp4 is provided. This suggests that RA has
two functions here, to promote differentiation beyond the primitive
ectoderm cell state and to induce neural genes. During neural
differentiation these two functions cannot be easily distinguished, but
in the presence of Bmp4 the neural differentiation action is suppressed
in favour of epithelial fates, revealing a generic effect of RA in driving
primitive ectoderm differentiation. This step must involve
downregulation of Fgf5, which we demonstrate is elicited by RA or
Fgfr inhibition. Furthermore, as Fgfr inhibition promotes both neural
and non-neural fates, this indicates that this generic differentiation
action is mediated by RA repression of Fgfr signalling (Fig. 6).

An analogous signalling mechanism in the early
embryo
In the mouse embryo, the earliest reported retinoid activity is sporadic
detection of RARE-driven b-galactosidase activity in E3.5 ICM
(Rossant et al., 1991), and this is followed by transient activity in the
primitive streak, node ectoderm, epiblast and emerging paraxial
mesoderm at E6.75 (Ribes et al., 2009; Rossant et al., 1991). Fgf8 is
first expressed in primitive ectoderm of the pre-streak mouse embryo
at E6.0 (Crossley and Martin, 1995). Fgf4 is first detected in the ICM
of late blastocysts (E4.5), persists in early epiblast and is
downregulated in this tissue, along with Fgf5, as the primitive steak
forms (Haub and Goldfarb, 1991; Hebert et al., 1991; Niswander and
Martin, 1992). The onset of Fgf8 expression in the primitive ectoderm
as RA activity rises and downregulation of Fgf4 and Fgf5 in this tissue
are thus consistent with the sequence of events we observe in
differentiating ES cells. A short time later, at headfold stage, retinoid
activity is excluded from the primitive streak and the adjacent caudal
lateral epiblast (CLE; stem zone/caudal neural plate), but detected in
the differentiating paraxial mesoderm and neural tube (Ribes et al.,
2009). Conversely, Fgf4 and Fgf8 are now confined to the primitive
streak, the newly formed paraxial mesoderm and the CLE (Crossley
and Martin, 1995; Niswander and Martin, 1992). This separation of
Fgf and retinoid signalling centres persists as the body axis is
generated progressively from these caudal tissues, with cells
experiencing Fgf and subsequently retinoid signalling. This spatial
separation of the temporal events of differentiation provides a unique
opportunity to locally manipulate signalling activity in the embryo.
This approach has already revealed that retinoid signalling acts via
repression of Fgf signalling to promote onset of neuronal
differentiation and ventral neural tube patterning, as well as mesoderm
differentiation (Diez del Corral et al., 2003; Molotkova et al., 2005;
Morimoto et al., 2005; Ribes et al., 2009; Ribes et al., 2008). In the
embryonic axis, however, RA now represses expression of Fgf8 (and
also Fgf4; Isabel Olivera-Martinez and K.G.S., unpublished). This is
likely to reflect the differences in cell state between pluripotent ES
cells newly exposed to differentiation medium and cells in the
CLE/tailbud, which lack pluripotency genes, already express Fgf8,
have experienced high-level Erk signalling and are poised to
commence somatic cell fate differentiation.

Despite the difference in Fgf8 regulation in these two contexts,
we show here for the first time that exposure to RA or inhibition of
Fgfr signalling promotes the onset of neural progenitor markers in
the avian embryonic body axis, as well as in ES cells. RA or Fgfr
inhibitors can locally accelerate Sox1 onset along the forming
neural axis, whereas expression of Sox1 and Sox3 is depleted in
retinoid-deficient embryos and following ectopic maintenance of
Fgf. Although an initial analysis of mice lacking the retinoid
synthesising enzyme Raldh2 suggested that Sox1 and Sox2
expression are unaffected by RA reduction (Molotkova et al.,
2005), recent work indicates that onset of Sox2 is indeed defective
in early Raldh2 mutant embryos (Ribes et al., 2009). It is also
noteworthy that in the early mouse embryo (E6.5) neural
differentiation, as indicated by expression of the anterior neural
maker Hesx1, is increased when Fgf signalling is blocked in
embryos lacking BMP signalling (Di-Gregorio et al., 2007),
identifying Fgf signalling levels as crucial regulators of
differentiation progression in this context as well.

Finally, other pluripotent cells, including human ES and Epi-stem
cells (EpiSCs) self-renew under Fgf signalling, and mouse EpiSCs
cells are maintained by Fgf and activin. It has been argued that these
cells are more finely poised to differentiate than mES cells, as
indicated by lineage bias in hES cell lines and increased expression of
early mesodermal and endodermal genes in EpiSCs (reviewed by
Rossant, 2008). In this study, we show that RA or inhibition of Fgfrs
can advance differentiation from a primitive ectoderm-like state, and
it may be that a primary action of RA in these later pluripotent cell
contexts is to repress Fgf signalling and thereby promote both loss of
self-renewal and the rapid acquisition of somatic cell fates.
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Table S1. qPCR primer sequences

Gene Forward primer (59-39) Reverse primer (59-39)
Annealing

temperature (°C)

Rarb CTGACCACCGGGTCCGAT GTATACCTGGTACAAATTCTG 65

Fgf4 CTACTGCAACGTGGGCATC TCGGTAAAGAAAGGCACACC 57

Fgf8 CATCAGCGCGAGGTGCACTTC CGTGAAGGGCGGGTAGTTGAG 65

Fgf5 TGTACTGCAGAGTGGGCATC TAAATTTGGCACTTGCATGG 60

Oct4 GAGAGTGAAGATGCCAGCAC AGCTGGACCTGGTGAAGATG 57

Rex1 CCCTCGACAGACTGACCCTAA TCGGGGCTAATCTCACTTTCAT 57

Nanog ATGCCTGCAGTTTTTCATCC ACAGTCCGCATCTTCTGCTT 57

Klf4 GTGCCCCGACTAACCGTTG GTCGTTGAACTCCTCGGTCT 57

Ngn2 CCAACTCCACGTCCCCATA AGGCGCATAACGATGCTTCT 57

Mash1 CAACCGGGTCAAGTTGGTC GTCGTTGGAGTAGTTGGGG 57

Sprouty2 TCCAAGAGATGCCCTTACCCA GCAGACCGTGGAGTCTTTCA 57

Dusp1 TCAGGAACGTGCGCTTCAG TCAGCGTTGGGCACGATATG 65

Dusp2 TTCTCAATGTCTCTGCCAGC GAACCAGGCACTTATCTCCA 65

Dusp6 CAGCGACTGGAATGAGAACA CAATGTCCGAGGAAGAGTCC 55

Fgfr1 CACTCTCTGCACTGCCAGG GGGTGGACCAGGAGAGAC 65

Fgfr2 TCCAACGCCCACAATGAGG TCCGACCACCGTGGAGGC 65

Fgfr3 GCCTGAACCTAGCCAG CCTTAGCCCAGACCGTG 63
β-actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT 57
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