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Abstract

Directed differentiation of embryonic stem (ES) cells has enormous potential to derive a wide variety of defined cell populations of therapeutic
value. To achieve this, it is necessary to use protocols that promote cell differentiation under defined culture conditions. Furthermore, understanding
the mechanisms of cell differentiation in vitro will allow the development of rationale approaches to systematically manipulate cell fates. Here we
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have analysed the differentiation of mouse ES cells to the neural lineage under serum and feeder cell-free conditions, using a previous
chemically defined medium (CDM). In CDM, ES cell differentiation is highly neurogenic. Cell differentiation was monitored by analysis o
expression array (Clontech–Atlas) and by semi-quantitative RT-PCR for a panel of genes involved in cell lineage specification and patte
epiblast. In addition to expression of neural markers, data identified a transient expression of several genes associated with the organisties
of the embryonic node and visceral endoderm, including regulators of WNT, BMP, Hedgehog and FGF signaling pathways. Neural diff
in CDM does not occur by a simple default mechanism, but was dependent on endogenous FGF signaling, and could be blocked by ad
and LiCl to simulate WNT activation. Neural differentiation was also inhibited by antagonising endogenous hedgehog activity. Taken to
profile of gene expression changes seen in CDM cultures recapitulates those seen in the early embryo, and is suggestive of common d
mechanisms.
© 2005 Elsevier Inc. All rights reserved.
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1. Background

Neural stem cells (NSC) have considerable therapeutic poten-
tial for the treatment of neurological disorders. Currently, clini-
cal studies have depended on the collection of human fetal tissue.
However, practical, as well as ethical, constraints severely limit
the number of patients who could benefit from therapies using

� We dedicate this manuscript to Isabelle Bouhon who died tragically in an
accident on 6th October 2005. Isa will be remembered as a loyal caring friend
with wonderful spirit and a dedicated scientist. Isa’s contribution of presenting
the first data on the neural differentiation of ES cells under defined, serum-free,
conditions, at the international Federation of European Neuroscience Societies
and Society for Neuroscience meetings in 2000 and 2001 will have lasting
impact. Some of that data is presented here.
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primary donor tissue, and this emphasises the imperative
alternative sources of cells are identified[7]. Alternative cel
sources under active consideration include expanded fe
adult neural stem cell populations, and neural derivatives
vitro differentiated embryonic stem (ES) cells. Despite ex
sive effort, progress using cultured fetal or adult neural s
cells has proved disappointing. Problems largely reflect the
ited developmental plasticity of in vitro expanded neural s
cell populations. Expanded stem cell cultures show three
riding problems: firstly cultures lose the differentiation poten
of primary precursor cells[56], secondly cells respond poo
to strategies designed to direct differentiation towards spe
(and diverse) neural phenotypes, and thirdly there is a signi
loss of neurogenicity in expanded cultures with the majorit
progenitor cells differentiating to form glia[8,21,46,60]. As an
alternative source of donor tissue neural precursors have
derived in vitro from cultured embryonic stem cells (ES-NP
Unlike adult and fetal NSCs ES-NPCs are developmen
näıve raising the possibility that neural cell fates of ES-NP
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may be manipulated more systematically than more mature, pre-
programmed, NSC populations[25,39,67].

Systematic manipulation of cell cultures to direct differen-
tiation to alternate neural fates requires the development of
protocols that maximise control over the extrinsic signaling
environment. Ideally this would involve the manipulation of cul-
tures with high degrees of cell homogeneity, and in which all
extrinsic and intrinsic signal are known. Strategies most com-
monly used to derive neural progenitor cells from ES cells are
initiated by spontaneous differentiation that occurs following
embryoid body (EB) formation, often with the addition of non-
physiological neural inducing agents such as retinoic acid (RA).
EBs are cell aggregates that form in non-adherent culture dishes
in the presence of serum and following LIF withdrawal. EBs
differentiate and grow with outer layers of visceral and pari-
etal endoderm that surround a core of ectoderm, mesoderm and
endoderm cell derivatives. Although ordered signaling from the
visceral endoderm to the core has been demonstrated in EBs
[36], differentiation of the ectoderm, mesoderm and endoderm
lineages is not known to be organised, and the origin and fate of
neuroectoderm in this system is also not clear[66]. Subsequent
to EB formation ES-NPCs can be enriched from the larger pop-
ulation by culture in serum-free media designed for the selective
survival and proliferation of neural precursor cells[6,43], or by
lineage selection using selectable transgene markers expressed
from neural lineage restricted promoters[30]. Given the com-
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ferentiation in NEBs occurs in the context of cell interactions
and a signaling environment that is present during early embryo
development.

2. Results

2.1. ES cell differentiation in chemically defined serum-free
medium

Classic studies inXenopus established that, in the absence of
mesoderm, neuroectoderm will develop from ectoderm through
a default differentiation pathway[17]. Using this premise of
default neural differentiation we cultured ES cells in a previ-
ously described chemically defined medium (CDM), in which
mesoderm development is prevented[22]. ES cells were washed
free of serum and plated directly in CDM at low density
(1× 105 ml−1). After overnight culture, small cell aggregates
formed as small free-floating spheres or NEBs, which compacted
and grew over the next 4 to 8 days. NEBs appeared distinct from
serum-derived EBs in that they did not develop overt outer lay-
ers of parietal and visceral endoderm, neither did they undergo
the regulated processes of cavitation to form cystic EBs (Fig. 1)
[36]. NEB formation also occurred when cells were plated at
5× 104 cells/ml, however at lower cell densities NEB forma-
tion was markedly reduced, and none were seen when cells were
plated at limiting dilutions.
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erum, it is very difficult to evaluate and control the rang
actors that may influence differentiation of ES cells to a ne
ate. This issue can be addressed by differentiating cells
he outset in serum-free medium. Efficient neural differen
ion of ES cells has been reported by co-culture with the str
ell line PA6 in serum-free medium, however the mechan
f PA6 induced neurogenesis are not known[24]. Serum-free
ulture has also been used to demonstrate neural different
f single ES cells, but at very low efficiencies (∼0.2% of plated
ells)[62].

In this study we have analysed the progress of neural d
ntiation of ES cells plated in a previously described chemi
efined medium (CDM) that is devoid of serum, feeder c
r neural inducers such as retinoic acid[22]. Differentiation of
ouse ES cells in CDM, has previously been shown to be re

ory to mesoderm induction. Instead, ES cells differentiate
xpress the neural marker Pax6 and failed to express the
ermal marker brachyury, however brachyury together with
esoderm markers goosecoid and nodal could be induc

he addition of the mesoderm inducing factors activin or BM
22]. In a separate study mesoderm induction by additio
MP4 to ES cells in CDM was shown to regulate Msx an
ene expression[19]. We show that ES cells plated in CD
lone generate highly neurogenic cell aggregates, or ‘n
enic embryoid bodies (NEBs)’ that are distinct in structur
erum-derived EBs. We have used gene profiling to stud
ntogeny of cell differentiation and to gain insight into deve
ental pathways that may be engaged during the differenti
rocess. Based on gene expression data and cell heterog

hat exists in the cultures we propose that neuroectoderm
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To assess their neurogenic potential, plated NEBs were
sed by immunocytochemistry for expression of nestin, s
nd RC2 to identify neural precursor cells,�-tubulin III, glial
brillary protein (GFAP) and NG2 to identify neurons, glia a
ligodendrocytes, respectively (Fig. 1). Extensive expression
estin, sox1 and RC2 was seen between day 4 (D4) and D8
few cells expressing MAP2 or�-tubulinIII. Following ES-NPC
ifferentiation the majority of cells adopted neuronal phenot
ith elaborate neurites that stained for�-tubulinIII (Fig. 1) or
AP2 (not shown). No GFAP or NG2 expression was see
4 or D8 cultures, however both markers could be detecte
inority of cells upon prolonged culture. Importantly we fai

o detect cells immunoreactive for markers of non-neural
ages such as the muscle marker desmin, or pan-cytoke

hat identifies epidermal derivatives. The development of
xpressing markers for neurons, glia and oligodendrocytes
ests the ES cell derived neural progenitor pool, in serum
onditions, to be multipotent but with a very strong bias tow
he generation of neurons.

.2. Exogenous FGF2 maintains ES derived neural
rogenitor cell cultures

To further investigate the development and heterogene
he neural precursor population within CDM NEBs, flow cyto
try was used to determine the number and character of n
ositive cells within the population (Fig. 2). FACS plots dis
laying forward scatter (FSC), a measure of cell size, ag
ide scatter (SSC), a measure of cell granulosity, were us
efine a region R1 for detailed analysis, that excluded po

ions comprising cell debris or cell clumps. Plots of FSC aga
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Fig. 1. Neural differentiation of ES cells in CDM serum-free medium. Nestin and Sox1 immunostaining, together with a merged image, on cryosections ofD8 NEBs.
RC2 staining is shown for a sphere plated in CDM at D4 on a laminin coated coverslip. NEBs plated at D8 and allowed to differentiate for a further 4 days showed
elaborate neurite outgrowth and stained for�-tubulin III. Rare cell clusters immunoreactive to NG2 and GFAP could also be detected but only after more extended
periods of culture (>14 days).

FL1 (fluorescence intensity) revealed two distinct cell subpopu-
lations, R2 and R3, within R1, seen by the presence of two small
peaks in nestin immunofluorescence relative to cell size. Inter-
estingly, with development to day 8, the population delimited
by R3 became more prominent, relative to R2. The distribution
of cells with different granulosities seen in the SSC/FL1 dot
plots showed that the R2 population had a higher granulosity
and also remained fairly homogeneous with time. In contrast,
the distribution of the R3 population showed it to be more het-
erogeneous. As development proceeded the overall granulosity
of the cultures tended to decrease, reflected by a decrease in
the ratio of all cells present in the upper and lower quadrants in
Fig. 2D ((UL + UR):(LL + LR)).

An estimate of the total number of nestin positive cells could
be made from the sum of the cells in the right hand quadrants
(UR + LR) in the SSC/FL1 plots. In the plots shown 83% of
cells expressed nestin on day 2 and this number decreased to
67% in day 8 cultures. The percentage of nestin positive cells
present in the R2 and R3 sub-populations were calculated from
FL1 histograms shown inFig. 2E and F. The marker M1 was set
on negative controls for each sample, sorted following omission
of the primary antibody. The percentage of nestin positive cells
within the R2 subpopulation decreased slightly from 62% on day
2 to 52% on day 8. This contrasted with the R3 sub-population
that maintained a constant, albeit slightly lower, percentage of
nestin positive cells at 47%.

the
a FGF

can support the development of early embryonic neural precur-
sors in vitro[63], and the expansion of ES-NPCs[29,43,62],
we determined the effects of adding FGF2 to cultures on D4 on
the nestin population analysed by FACS on D8. For all parame-
ters measured FGF2 appeared to maintain the characteristics of
younger (D2) CDM cultures (Fig. 2). Thus, FGF2 maintained
the percentage of nestin positive cells, and at the same time pre-
vented the increase in cell heterogeneity seen in D8 cultures, in
CDM alone. The predominant nestin population seen at D2 and
in the FGF2 treated cultures were larger and more granular in
phenotype compared to the more heterogeneous sub-population
that developed by D8 in CDM alone, characteristic of neural
stem cells previously analysed by FACS[37,50].

Further immunocytochemical comparison of D8 with D12
cultures maintained in CDM alone, showed a marked reduction
in the level of nestin staining (not shown), suggesting differenti-
ation and consequent loss of the NPC population. To determine
whether this reflected a requirement of the NPCs for exogenous
growth factor we measured three parameters of FGF respon-
siveness in passaged cultures; proliferation, sphere growth, and
sphere formation. This showed that FGF2 was required to suc-
cessfully passage ES-NPCs from D8 NEBs. FGF2 supported
increased proliferation, seen by BrdU incorporation, an increase
in sphere growth, and also had a major effect on the number of
new NEBs formed. Together these results show that development
of ES-NPCs initially involves intrinsic growth factor regulation,
h comes
d

Cell proliferation and development in CDM takes place in
bsence of exogenous mitogen. Since it is established that
 2

owever later passage and maintenance of the cultures be
ependent on exogenous FGF2 (Fig. 3).
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Fig. 2. FACS analyses showing developmental profile and heterogeneity of cells immunoreactive for nestin. NEBs cultured in CDM for 2 and 8 days, and supplemented
with FGF2 (10 ng/ml) between D4 and D8, were dissociated to a single cell suspension and analysed by FACS for nestin immunoreactivity. (A) FACS plot displaying
forward scatter (FSC), a measure of cell size, against side scatter (SSC), a measure of cell granulosity, defined a region R1 for detailed analysis (B–E), that excludes
populations comprising cell debris or cell clumps. (B) Plots of FSC against FL1 (fluorescence intensity) showed a major shift in the population to the right (increase
in fluorescence), indicating extensive nestin expression in D2 cultures, persisting to D8. Analysis also revealed two cell sub-populations (R2 and R3) within R1, seen
by the presence of two small peaks in nestin immunofluorescence relative to cell size. R2 and R3 are coloured blue and green, respectively. With development, R3
became more prominent, relative to R2. (C) SSC/FL1 dot plots showed the R2 sub-population to have a higher granulosity and also remained fairly homogeneous
with time. In contrast, the distribution of cells within R3 appeared more heterogeneous. The percentage of cells in each quadrant is indicated. (D) and (E) FL1
histograms with stringent placement of the marker M1, on negative controls for each sample, to calculate the minimum percentage of nestin positive cells R2 (D) and
R3 (E) sub-populations. Addition of FGF2 to the cultures maintained a nestin profile characteristic of younger CDM cultures, similar to D2 (B–E). (Forinterpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2.3. Gene regulation upon ES cell differentiation

Culture of ES cells in CDM clearly restricted the majority of
cells to differentiate down a neuroectodermal pathway. To fur-
ther determine the neurogenicity of cultures and to address the
mechanisms by which the lineage restriction occurs we deter-
mined changes in the expression profile of a set of 1176 known
genes in ES cell, days 4 and 8 CDM cultures using a nylon
broad coverage cDNA expression array (Clontech, mouse 1.1
Atlas). This array included representatives of several gene fam-
ilies involved in development. An example of hybridisations is
shown inFig. 4A. The data provided a semi-quantitative indi-
cation of gene expression levels for the higher and moderately
expressed genes. Several genes expressed at low levels could be
detected following long exposure of autoradiographs however

we would not exclude that genes scoring negative by hybridisa-
tion were not expressed at low levels and would not be detectable
by more sensitive RT-PCR techniques.Table 1summarises the
number of genes expressed in ES cells and in D8 cultures, and
the proportion of genes that were up or down-regulated upon
differentiation and the list of up and down-regulated genes is
given inTable 2.

Although of gene expression in ES cells is often described
as ‘relaxed’, non-specific, or ectopic, gene expression is likely
to be of low abundance since the profile of genes detected here
was highly restricted. Of the 1176 genes analysed expression
of 335 (28.3%) were detected by filter hybridisation. Genes
expressed at moderate to high levels in ES cells included the
ES cell specific markerPou5f1 (formerly Oct 4) and those
involved in maintaining pluripotency such as the LIF recep-
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Fig. 3. Responsiveness of ES derived neural progenitors to FGF2. (A) CDM cultures supplemented with FGF2 (20 ng/ml) between D4 and D8 showed increased
BrdU incorporation. (B) FGF2 supported the development of new NEBs from passaged D8 cultures, (C) FGF2 increased the growth of individual NEBs passaged
from either CDM or CDM/FGF2 cultures (* p > 0.01,** p > 0.001).

Table 1
Summary of gene expression changes analysed

Total (1176) Off On Down-regulated (≥2) Up-regulated (≥2)

ES cells 335 66 (19.7%)
Day 8 CDM 402 133 (33%)
ES + day 8 CDM 269 52 (19.5%) 64 (23.8%)

Table 2
Genes up and down regulated by >2× upon ES cell differentiation in CDM for 8 days

Genes up-regulated Genes down-regulated

Transcription factors Myt1, Dlx1, Dlx5, Arnt2, Zhfx1a, Nkx6.2, Ndn, Pou3f3, Ascl1,
Dbx1, Gsh1, Gsh2, Nkx2.2, Tbr1, Mrg2, Eya1, Lhx1, Lhx5,
Shox2, Lef, Foxa1, Foxa2, Bhlhb2, Irx3, Pou6f1, Hes5, Tclf1,
Sox3, Pax5, Pax6, Hoxa7, Nmyc, Lmyc1, Dlgh4, Cabp2, Nab1,
Ezh2, Cbx4

Zfp36, Tead4, Snai1, Tcf15, Pem, Cdx2, Tbx3, Prrx2,
Egr1, Eps8, Elk4, Gata4, Klf2, Klf4, Ifi1, Edr1,
Pou5f1, Tcea3, Irf1, Stat1, Stat6, Rarg, Myc

Intracellualar signaling Mfng, Rfng, Smad3, Smad5, Irs1, Rasgrf1, Fyn, Shc3 Ikbkg,
Mapkpk2, Ptpn13, Gnao, Cited1, Pea15, Vamp1, Apc, Mapre1,
Tsg101, Hras1, Nras, Bcl2l, Wsb1, Sgne1

Mybl2, Mdm2, Il6st, Cish1, Cish2, Syk, Camk2b,
Map2k1, S100a10, Dab2, Nfkbia, Jub, Eng

Intercellular signaling Dcc, Dll1, Notch1, Notch2, Notch3, Efna2, Efnb1, Ephb2,
Sema4a

Efna3, Epha2, Sema4b, Notch4

Growth factors/receptors Cspg3, Gdf1, Gdf9, Bmp1, Bmp7, Fgf3, Fgf15, Fgfr1, Cst3
Ednrb1, Ldlr, Insr, Igf2, Igf1ra, Igfbp5, Ptn, Vegfa, Wnt3, Wnt7a,
Wnt7b, Dkk1, Sfrp2, Sfrp3, Fzd3, Fzd6, Ntrk3, Grin1, Thra

Cmklr1, Pdgfra, Lifr, Tnfrsf1b, Acvr1b, Tgfbr3 Essrb,
Igfbp6, Fgf4, Tgfb1, Nodal, Ptch2

Cell adhesion/cytoskeleton/extra
cellular matrix

Cdh2, Cdh4, Cdh6, Catnd2, Kif3a, Kif3b, Kif3c, Ina, Tubb4,
Kif1b, Kif5c, Vtn, Sdc3, Cspg3, Lamb2, Tmsb4x

Cdh1, Cd31, Cd44, Spp1, Itga3, Lamb1-1, Lama5,
Lamc1, Fn1, Nid

Other Hap1, Fapbp7, Kl, Cnil, 168 Hsp25, Gpx3, Sqstm1, Gadd45a, St14, Timp2, Timp3,
Pole2, Pms2, Rad51, Mre11a, Laptm5, Cobl, Rga
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Fig. 4. Gene expression changes during ES cell differentiation in CDM serum-free medium. Gene expression profiling was performed using RNA prepared from ES
cell, D4 and D8 CDM cultures, and screening Clontech mouse 1.1 Atlas nylon gene arrays. Example hybridisations are shown for ES, D4 and D8 samples in (A).
Genes identified in (A) show down-regulation of ES cell specific genes ((1) Tbx3, (2) Pem, (3) Tcf15), and up-regulation of fate determining ((4) Nkx2.2, (5) Dbx1,
(6) Tbr1, (7) Irx3, (8) Dlx1, (9) Lhx2, (10) Foxa2) and neurogenic genes ((11) Ascl1, (12) Hes5). (B) genes down-regulated upon cell differentiation.Levels of gene
expression were determined from autoradiographs by densitometry and analysis using Atlas Image software (Clontech), and expressed in arbitrary units relative to
the levels of Gapd expression. (C) Distinct spatial restriction ofPou5f1 expressing cells in D4 CDM NEBs compared to D4 embryoid bodies grown in 10% serum.
LacZ expression marks Pou5f1 positive cells in CDM NEBs and embryoid bodies derived from the ES cell clone 710[65].
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tor (Lifr) and LIF signal transducerGp130 (Il6st) [41]. Several
genes known to be expressed in ES cells, the blastocyst inner cell
mass (ICM), primitive endoderm, and the pre-gastrula epiblast
were also detected (Fig. 4A, Table 1), including the transcrip-
tion factorsTbx3, Gata4, Tcf15, Pem, Cdx2, Klf4, and Egr1
[11,31,47], growth factors such asnodal, Fgf4, Bmp4, Tgfβ1 and
follistatin [3,9,13,74], and surface markers such asE-cadherin
(Cdh1), CD44 andCD31 (Pecam) [51,64]. Upon differentiation,
genes expressed in the ICM and also involved in posterior prim-
itive streak and paraxial mesoderm development were rapidly
down-regulated, includingNodal, Tbx3 and Tcf15. Since low
expression ofPou5f1 persisted for some time after LIF with-
drawal, we determined the pattern ofPou5f1 expression within
D4 NEBs using an ES cell line that expressedlacZ from an
Pou5f1 promoter[65]. Interestingly, thelacZ expressing cells
clustered, in a polar manner, at the edge of each sphere suggest-
ing that the residual ES cells were being selectively excluded,
possibly through differential cell adhesion (Fig. 4C). In con-
trast, in conventional EBs formed in the presence of serum and
without LIF, a much larger ES cell population persisted and was
located, and maybe protected from differentiation, within the
middle of the NEBs.

2.4. Proneural and neurogenic gene expression

Neural differentiation of ES cells in CDM was associated
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Perhaps the most significant change associated with dif-
ferentiation was seen in the profile of expressed transcription
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2.5. Cell heterogeneity in CDM cultures

t a
n rkers
o cell
p r-
e ak
i
L e
e or-
t E),
i rior
e
f th the
A emi-
q , 4, 6
a ted
t lation
w ween
D ption
f k-
e erm
(
g ear-
l f the
A
p n of
c th
t and
e isto-
c
c EBs
( ked
ith an up-regulation of proneural and neurogenic gene ex
ion (Fig. 5). Significantly, Notch1, 2 and 3 but not Notch4
ere expressed upon differentiation[20,28]. The Notch ligand
elta-like 1 (Dlk1) was markedly up-regulated, and two neu
ffectors of Notch signaling, the bHLH genesHes1 andHes5
ere expressed.Hes1 was expressed in ES cells; however

evel of expression decreased approximately two-fold ove
days of differentiation. In contrastHes5 was not expresse

efore D4 and became one of the most abundantly expr
enes in the cultures at D8. Although Notch signaling is u
xtensively to regulate cell fate throughout the embryo,
ignificant thatHes5 is expressed exclusively in the develop
NS, and is required to sustain a NPC population in E11.5 t
ephalon derived neurosphere cultures in vitro[42]. Together th
atterns of Notch and Hes gene expression are in good a
ent with the differentiation of ES cells to a neural progen

ell population in CDM.
Targets for transcriptional repression by Hes genes inc

he bHLH neurogenic genes. Of four genes present on the
Neurog1, Neurog2, NeuroD andAscl1) only Ascl1 was abun
antly expressed in D8 cultures, although expression of the
enes could be detected by RT-PCR (Fig. 4B). Despite high lev
ls of Hes5 expression,Ascl1 expression could be explain
y the down-regulation ofHes1 sinceHes1 is a transcriptiona
epressor that directly binds theAscl1 promoter[10].

Comparison of D8 with D4 gene expression profiles sho
he induction or up-regulation of several genes express
eveloping neural tissue, indicating continued differentiatio

he neural precursor cell population (Fig. 5A, Table 1). Neura
pecific genes included neural adhesion molecules, neu
ent and cytoskeletal components, and a change in the e
-

d

-

e-

s
y

r

n

-
s-

Although the majority of cells in the CDM cultures adop
eural fate, evidence from the array analysis identified ma
f primitive endoderm that were present in the initial ES
opulation (e.g.Cdx2, Pem) which down-regulated with diffe
ntiation (Fig. 4). Additionally we observed a transient pe

n the expression of markers for visceral endoderm (e.g.Ihh,
amb1, Hesx, Dkk1, Foxa2). The initial presence of primitiv
ndoderm derivatives in CDM cultures is of potential imp

ance since in vivo, it is the anterior visceral endoderm (AV
n conjunction with the node, that signals to specify ante
piblast fates and participates in neural induction[59,61]. To

urther investigate the expression of genes associated wi
VE organiser and also the node we performed additional s
uantitative RT-PCR analysis on cell samples taken after 2
nd 8 days of differentiation (Fig. 6). Since FACS data sugges

hat FGF2 maintained a more homogeneous nestin popu
e also analyzed cultures supplemented with FGF2 bet
4 and D8. RT-PCR detected expression of the transcri

actorsHesx1, Otx2, Hex, Gata6 and Ihh, that serve as mar
rs for AVE, anterior definitive endoderm and mesendod
ADE/AME) [33,34,36]. In vivo Goosecoid (Gsc) and Foxa2
enetically interact to regulate neural patterning and at the

iest stages of development serve as markers for cells o
VE and the anterior node[14]. Expression ofGsc andFoxa2
eaked between D4 and D6 of differentiation. The populatio
ells expressingFoxa2, a marker for cells characteristic of bo
he AVE and the node, was determined by FACS analysis
stimated to be 7–10% on day 8. Interestingly immunoh
hemistry of whole NEBs showed that Foxa2 (Hnf3�) positive
ells tended to cluster in a polarised manner within the N
Fig. 6). Addition of FGF2 had a major effect, causing a mar



I.A. Bouhon et al. / Brain Research Bulletin 68 (2005) 62–75 69

Fig. 5. Expression profile of proneural and neurogenic genes, and markers of cell differentiation and positional identity. Expression profile of genes present on the
Clontech mouse 1.1 Atlas array for ES cell, D4 and D8 CDM cultures (A, C and D). (A) Proneural and neurogenic genes together with the levels of neural cadherin
gene expression and neural and glial lineage restricted markers. (B) developmental profile of neurogenic gene expression determined by semiquantitative RT-PCR on
normalised cDNAs prepared from ES cells and CDM cultures harvested at D2, D4, D6 and D8 of differentiation and parallel CDM cultures supplemented withFGF2
(10 ng/ml) between D4 and D8, and harvested at D8. Note the effect of FGF2 to attenuate the onset of neurogenic gene expression seen in the untreated cultures.
(C) expression profile of rostrocaudal markers of positional identity. (D) expression profile of dorsoventral marker of positional identity. In (C) and (D), genes
are ordered according to their approximate rostrocaudal and dorsoventral expression domains, respectively. Gene expression is shown relative to hybridisation to
Gapd.

reduction in the detection of AVE and node markers (with the
exception ofHex).

Although our initial premise for using serum-free culture for
neural differentiation of ES cells was based on the model, estab-
lished usingXenopus animal cap assays, that differentiation of
dissociated primitive ectoderm will default to neuroectoderm in
the absence of BMP/activin signaling[18], the gene expression
data suggests that more complex mechanisms of differentiation
can not be excluded, possibly involving cell–cell signaling that
more closely recapitulates mechanisms of neural induction in

vivo [70]. Recent in vivo data has highlighted a requirement
to antagonise not only BMP, but also WNT signals for neural
development[72]. Our current analysis identified up-regulated
expression of both WNT (Dkk1, Sfrp2, Sfrp3 and Frzb1) and
BMP (follistatin, noggin, cerberus and chordin) antagonists
early in the differentiation process (Fig. 6). The function of these
antagonistic signals in this system remains to be determined,
however it is noteworthy that both autocrine BMP and WNT
signaling contribute to the maintenance of ES cell pluripotency
[53,75].
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Fig. 6. Developmental expression profile of genes related to patterning and differentiation of the epiblast. (A) Genes are ordered to indicate relevant sites of expression
in the embryo, and those involved in BMP, WNT and FGF signaling. Gene expression is compared from normalised cDNA samples prepared from ES cells and CDM
cultures harvested at D2, D4, D6 and D8 of differentiation and parallel CDM cultures supplemented with FGF2 (10 ng/ml) between D4 and D8, and harvestedat D8.
(B) HNF3� expression in D8 CDM NEBs. Immunostaining for HNF3� identified positive cells that tended to cluster, demonstrating a degree of cell organisation
within the growing NEBs. The proportion of HNF3� positive cells in non-manipulated D8 NEBs was estimated to be of the order of 5–10%, by FACS analysis of
dissociated immunostained cells, seen by the shift in fluorescence intensity of cells in plots of SSC against FL1.

In addition to regulation of WNT and BMP signals, in vivo
studies in the chick have shown that induction of neural compe-
tence of the epiblast involves FGF signaling[57,71]. Plating ES
cells in CDM caused a large up-regulation ofFgfr1 gene expres-
sion, amongst eleven FGFs screened on the array we observed
a down-regulation ofFgf4 and identified a major induction of
Fgf15 (Figs. 4B and 6). The steady expression ofFgf15 makes
it a strong candidate to be involved in maintenance of early
embryonic neural stem cell proliferation. Although prolifera-
tion of embryonic neural stem cells may be maintained in vitro
using exogenous FGF2[63], endogenous FGF2 is unlikely to
be relevant[62] sinceFgf2 expression could not be detected
by array hybridisation or by RT-PCR (Fig. 6). In addition to
Fgf15, RT-PCR consistently detected a transient expression of
Fgf8 which interestingly followed a similar pattern to expression
of the node/AVE markers.

2.6. Neural differentiation is dependent on endogenous
FGF signaling and antagonism of BMP, WNT signals

To test the effects on neural differentiation of BMP, WNT
and FGF signaling ES cells were plated in CDM in the presence
of BMP4, or LiCl (which activates GSK3� thereby mimicking
WNT signaling), or the FGF receptor antagonist SU5402[40].
Given the regulation of HH gene expression in the CDM cultures,
and the established importance of Ihh expression in primitive
endoderm in particular[36], we also determined the effect on
neural differentiation of blocking HH signaling using KAAD, a
derivative of cyclopamine and potent inhibitor of the HH signal-
ing pathway[58]. The percentage of Sox1 positive cells at D4
in culture under each condition is shown inFig. 7. This showed
that the percentage of neural progenitor cells induced was signif-
icantly reduced by all treatments used, confirming antagonism
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Fig. 7. Suppression of neural differentiation of ES cells by BMP4 and the
WNT pathway agonist LiCl, and FGF and HH pathway antagonists SU5402
and KAAD. Drugs and growth factors were added to cultures at the time of
plating ES cells in CDM. The percentage of Sox1 positive cells was determined
by immunocytochemistry at D4, cultures were dissociated and cells plated onto
laminin coated coverslips for 4 h to allow cell adherence, before being fixed and
processed for Sox1 immunocytochemistry.

of neural differentiation by BMP and WNT signaling, and a
dependency on endogenous FGF signaling (selectively through
Fgfr1), and interestingly a possible role for HH signaling.

3. Discussion

Given the therapeutic potential of embryonic and adult stem
cells, the in vitro differentiation of lineage restricted progeni-
tor cells from pluripotent stem cells is an area of considerable
interest. The derivation of neural progenitors from ES cells in
completely defined medium (i.e. in the absence of serum, feede
cells, or conditioned medium) is particularly important as it pro-
vides ultimate control over the extrinsic signaling environment
that can be systematically manipulated to influence derived ce
fates. Here, we describe the differentiation profile of mouse ES
cells cultured in a chemically defined medium CDM.

Gene expression analysis supports the notion that neuroe
toderm differentiates in the absence of significant mesoderm
formation in CDM spheres. ES cell specific genes such asPou5f1
were rapidly down regulated as were mes/endoderm specifi
genes that are also expressed in ES cells, such asTbx3, Fgf4,
Pdgfra, Tcf15, and Nodal. Furthermore, induction of genes
involved in specification of embryonic endoderm, mesoderm,
or paraxial mesoderm such asTwist or Tbx6 were not observed.
Although these results demonstrate that a significant mesode
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from mes/endoderm induction by BMP’s and activins that are
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concentration of ES cell derived mes/endoderm inducing fac-
tors may not be sufficient to influence cell fate. In contrast at
much lower cell densities (1× 104 cells/ml) ES cell survival and
differentiation was very poor. A recent study claiming ‘default
neurogensis’ from single ES cells demonstrated a requirement
for LIF when ES cells were plated at limiting dilution densities
in B27 supplemented medium[62]. The function of LIF in this
case was not clear, however it may have provided a cell survival
function that allowed cell division and the initial formation of an
aggregate of a critical cell number that is required to sustain fur-
ther sphere development. The dependence of muscle precursor
cells on a critical cell density for survival and differentiation has
been documented as a ‘community effect’ and a similar phe-
nomenon could be operating here[15]. In CDM, addition of
LIF did significantly increase the number of developing NEBs,
however unlike the previous report using B27 medium[62],
LIF maintained high levels of Pou5f1 expression over an 8-day
period (data not shown).
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ate characteristics of the embryo[1,26,52].
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nown to involve FGF signaling and antagonism of WNT
GF� signals[70]. In the chick ongoing FGF signaling, pr
ided byFgf3 expression, is required for neural induction[71].
n mice, although a number of Fgf and Fgfr genes are expre
arly in post-implantation development[4,12,13,16,35,77], their
elative contributions to neural induction are not clear. In C
ultures, blocking FGFR signaling with the antagonist SU5
40] caused a significant reduction in the number of sox1
tive cells. This observation has been made independent
ing et al.[76], and is consistent with a previous observatio

educed neural induction of Fgfr1−/− mutant ES cells in B2
upplemented serum-free medium[62].

We found significant expression ofFgf15 and a limited
xpression ofFgf8. It is also established thatFgf4 and Fgf5
re expressed in ES cells[48] and have significant roles to pl

n epiblast development.Fgf15 represents a candidate for
nduction of neural competence.Fgf15 was induced early, an
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expression was maintained at steady levels in all cultures stud-
ied, and is broadly expressed in the neural tube of D10 mouse
embryos[38].

Neural specification of competent cells involves antagonism
of TGF� and WNT signals that would otherwise divert differ-
entiation to alternative cell fates. Despite early expression of
Bmp4, Bmp7 and Wnt3a the expression of several BMP and
WNT antagonists were also developmentally regulated in CDM
cultures (Figs. 4 and 6). Although neural induction can occur as
a default process[17], neural differentiation of ES cells in CDM
is likely to involve active BMP and WNT antagonism[72,70].
The origin of these signals may be from sub-populations of cells
with ‘anterior organiser’ activities, suggested by early expres-
sion of markers of the node and AVE, includingGsc, Foxa2,
Hex1, Hesx1, Lhx1, Gata4, Gata6 andOtx2. It will be of par-
ticular interest in future studies to further determine the spatial
organisation of neural and non-neural cell populations in devel-
oping NEBs, and to determine the requirement for the node and
visceral endoderm-like cell populations in the CDM cultures
for differentiation of cells to neuroectoderm. A recent study
found that HEPG2 conditioned medium restricted the pluripo-
tency of ES cells to early primitive ectoderm (EPL cells), but
was non-permissive for visceral endoderm differentiation[48].
Interestingly, EPL cells and EBs derived from EPL cells were
defective in neural development. However, neural development
could be rescued in mixed ES cell/EPL cell embryoid bodies
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cells were trypsinised to a single cell suspension and washed three times in PBS
to remove serum and LIF. ES cells were resuspended in CDM medium (Iscove’s
modified Dulbecco’s medium)/Hams F12 1:1 (Gibco Invitrogen), 1× lipid con-
centrate (Gibco Invitrogen, Cat. No. 11905-031), penicillin/streptomycin (Gibco
Invitrogen), transferrin 150�g/ml final (Sigma), insulin 7�g/ml final (Sigma),
monothioglycerol 450�M (Sigma), bovine serum albumin (Sigma, Cat. No.
A-3311)[69] and plated at between 5× 104 and 1× 105 cell/ml on 10 cm bacte-
riological grade culture dishes (Sterilin). Medium was changed every 2 days by
first harvesting growing cell aggregates, or ‘NEBs’, by gravity in conical tubes.
Cultures were passaged by dissociating NEBs using enzyme-free cell dissoci-
ation buffer (Gibco-BRL) or by trypsinisation and stopping reactions with soy
bean trypsin inhibitor, washing in culture medium and replating. Growth factors
and drugs were used at the following concentrations unless otherwise stated,
FGF2 10 ng/ml, BMP4 5 ng/ml (R&D System) KAAD 1�M (Toronto Research
Chemicals), 10�M SU5402 (Calbiochem), 10 mM LiCl (Sigma).

BrdU incorporation was determined in D8 cultures following a 24 h pulse-
label with 10�M BrdU. After labeling, NEBs were dissociated to a single cell
suspension, plated onto laminin coated coverslips for 4 h to allow cell adherence,
fixed in 4% PFA and processed for BrdU immunocytochemistry. BrdU positive
cells were counted and expressed as a percentage of DAPI. NEB formation
was assessed by dissociating D8 NEBs and plating single cells at a density of
1× 104 cell/ml in CDM or CDM/FGF2. NEB diameters were determined as an
index of NEB growth. D4 NEBs were transferred individually to drops (10�l) of
medium and cultured under liquid paraffin oil to prevent evaporation, and NEB
diameters were measured using a graticule. Diameters of the same NEBs were
then measured at days 6 and 8. This procedure allowed the growth of individual
NEBs to be followed with time and was necessary due to the high tendency of
NEBs to aggregate to each other in bulk culture.

4.2. Immunocytochemistry
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Negative effects on neural differentiation of the BMP
NT pathways were confirmed by adding BMP4 and LiC

ultures, and confirm observations also reported by Aubert
5]. Surprisingly, inhibiting the HH signaling pathway by ad
ion of KAAD, a cyclopamine derivative that blocks smoothe
ctivity with high efficiency[58], also reduced the percentage
ox1 positive cells induced in CDM cultures. The mechan

or this is not clear since analysis of Smo−/− mutant embryo
oes not suggest a function of HH signaling in neural induc
er se, but rather affects neural patterning[68,78]. The action o
AAD and the function of HH signaling in neural differentiati

n vitro will require further study.

. Methods

.1. Cell culture

ES cells were maintained following standard techniques[23] by routine
ulture on mitotically arrested primary embryonic fibroblasts. ES cell cu
edium used was DMEM:F12 with glutamax (Gibco) supplemented with

etal calf serum, penicillin/streptomycin,�-2-mercaptoethanol, non-essen
mino acid (Sigma) and 10 ng/ml LIF. Studies focussed on use of the E

ine E14 (129/Ola derived), however similar differentiation was observed
onfirmed using additional ES cell lines including CGR8.8 (129Ola deri
gTP6.3 (derived from E14)[44], 710 (HM1 (129Ola) derived[65]), and IMT11
129Sv derived), all of which showed similar differentiation properties. Pri
ifferentiation of ES cells, feeder cell contamination was minimised by pa

ng cultures twice onto culture dishes coated with 0.1% gelatin (in the pre
f LIF). In the case of cell lines CGR8.8 and TgTP6.3 similar differentiation
bserved after growing ES cells in feeder-free conditions. For differentiatio
t-

l.
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-
e

Immunocytochemistry was performed on either free-floating whole N
wholemount), cryostat sections, or plated cells. For wholemount staining
ere collected and treated in V-bottomed tubes. Cells were fixed in ice co
araformaldehyde (PFA) in PBS for 20–30 min, and then washed three

n PBS. For intracellular antigens, cells were permeabilised for 20 min in
riton X-100/PBS (Sigma). Non-specific antibody binding was blocked by

ncubation with 5% normal goat serum. Primary antibody incubations
erformed at room temperature for 2–4 h or overnight at 4◦C, in 1% serum
nd 0.1% Triton in PBS. After washing three times, cells were incubated
econdary antibodies for 1–2 h at room temperature in PBS and finally w
hree times in PBS. Cells were mounted in Vectafluor mounting medium
or) and visualised by fluorescence microscopy (Zeiss Axiophot). For cry
ections, NEBs were harvested, fixed in fresh 4% PFA for 2 h, and dehy
n 30% sucrose (in PBS) overnight. Pelleted NEBs were equilibrated with
ryo-compound (BDH) and frozen on dry ice. Nine micrometers frozen
ions were cut onto slides (Bright), dried and processed for immunostain
escribed above. For plated cells, cells were fixed with 4% PFA for 10 mi
ermeabilised with absolute methanol at−20◦C for 15 min and processed
escribed above. DAPI nuclear stain (1:5000) was included in the final an
pplication. Cell counting was performed using a grid and five consecutive
ere counted for each coverslip. The number of positive cells was expres
mean± SEM from two to four coverslips and from three separate experim

Primary antibodies used were monoclonal supernatants (used at 1:
ions) 4C7 and RC2 reactive to Foxa2 (HNF3�) and radial glia, respectively (Un
ersity of Iowa, Developmental Studies Hybridoma Bank), anti-BrdU (Sig
at401, anti-nestin (Pharmingen 1:400), G-A-5, anti GFAP (1:400, Sig
uJ1, anti-�tubulin III (1:400, Sigma), NG2 reactive to oligodendrocyte p
ursors (1:200, Pharmingen) and rabbit polyclonal anti-Sox1 (1:500, kin
f Robin Lovell-Badge) Secondary antibodies used were FITC-anti m

gG (1:200, Sigma), Cy3-anti-mouse (1:800, Chemicon) FITC-anti-rabbi
1:200, Sigma).

.3. LacZ staining

�-Galactosidase activity in NEBs derived from ES clone 710 was determ
n situ in whole NEBs fixed in 4% formaldehyde in PBS (20 min) followed
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staining in PBS containing 35 mM potassium ferricyanide, 35 mM potassium fer-
rocyanide, 1.5 mM magnesium sulphate and 1 mg/ml X-gal overnight at 37◦C.

4.4. Flow cytometry

Prior to immunostaining, cell aggregates were dissociated by incubation for
15 min at 37◦C in Trypsin + DNAse (Clontech), the reaction was stopped in
trypsin inhibitor (Sigma) or serum and a single cell suspension was obtained by
gentle trituration. Cell suspensions were washed in Ca/Mg-free PBS, 2% serum,
10 mM sodium azide (PFN), fixed in ice cold 4 % PFA for 30min, then washed
in ice cold PFN. Cells were counted and aliquoted in samples of 2–5× 105 cells
per well in a 96-well U-bottomed microtitre plates (Nunc, Denmark). Cells were
pelleted by centrifugation (1200 rpm). Incubation with primary antibodies was
performed in PFNS (PFN + 0.14% saponin) for 30 min at 4◦C. The same anti-
bodies and dilutions were used as described for immunocytochemistry above.
Cells were then washed three times by centrifugation (1200 rpm for 2 min) in the
plate with PFNS and then incubated with the secondary antibodies for 30 min
at 4◦C. Finally, cells were washed three times in PFN and used for sorting.

FACS analysis was performed using a FACScalibur flow cytometer (Becton
Dickinson) equipped with an argon laser emission wavelength of 488 nm. FITC
was identified by using a 530 band pass filter. Data analysis was performed
using CellQuest software (Beckton Dickinson). Three to ten thousand events
were acquired per sample.

4.5. Gene expression profiling

Gene expression profiles for cultures were determined for 1176 independent
genes gridded on the Clontech mouse Atlas 1.1 nylon array. Total RNA was
prepared from cells of duplicate cultures using Tri-reagent (Sigma) or RNeasy
(Qiagen) and32P-radiolabelled (Amersham) cDNA probes were synthesised
using a primer set specific for the genes on the arrays (Clontech). Array fil-
ters included negative controls for genomic DNA and plasmid contamination
together with positive control house keeping genes. Hybridised filters were
analysed by autoradiography followed by image analysis using Atlas Image
1.5 software (Clontech).

Systematic analyses of specific gene expression patterns on CDM cultures
sampled after 2, 4, 6, and 8 days in culture, and at 8 days after addition of FGF2
on day 4, were performed by RT-PCR using SMART technology (Clontech).
SMART enabled reproducible, linear amplification of RNA allowing multiple
PCRs to be performed from matched cDNA samples. Gene expression compar-
isons were always made using matched samples, normalised between each other
for the level ofGapd expression quantified by ethidium bromide- or SYBR Green
staining and band intensity measurements using FLA-3000 Imager System (Fuji-
film). The basic PCR condition is: 16 mM (NH4)2SO4, 67 mM Tris–HCl (pH
8.8 at 25◦C), 0.01% Tween-20 (provided as 10× buffer; Bioline), 0.8 mM dNTP
(Sigma, Promega) each, 0.4�M each primer and 1unit Taq DNA polymerase
(Sigma, Bioline) for a 25�l reaction. MgCl2 and DMSO (in %) are added as
shown in the primer table.

PCR primer specifications

PCR ID Accession no. Forward primer Forward primer Seq Reverse primer Reverse primer Seq Mg DMSOTann

B atcc 50
B caag 0
B c 50
C 50
C agg 50
D c 50
D acc 50
F tcc 50
F gac 50
F 50
F acc
F ctgag 50
F cc 50
G ac
G cttc 50
H cc 0
H c 50
F g 55
I 50
L tgc 50
A at 50
N tgg 50
N tcc 50
N cc 50
N
N
N
P
O
P
S
W

mp4 NM 007554 Bmp4F01 tcttcaacctcagcagc
mp7 NM 007557 Bmp7F02 aagacgccaaagaac
rachyury NM009309 T1F02 ccttgcataagtatgaac
erberus1 NM009887 Cer1F02 gcttgttctcttgcctctgg
hordin NM 009893 ChrdF02 ctatggctcagaggctc
kk1 NM 010051 Dkk1F01 gtccaagatctgtaaac
kk2 NM 020265 Dkk2F01 atactgccacagtcccc
gf15 NM 008003 Fgf15F02 catctccatatcatcttca
gf2 NM 008006 Fgf2F01 accaggccacttcaag
gf8 U18746 Fgf8F02 cacttgctggttctctgc
gfr1 NM 010206 Fgfr1F01 tataaccccagccaca
ollistatin NM 008046 FstF02 cctgtataagacagaa
rzb1 NM 011356 Frzb1F01 ctctgtgcaatgtacgca
apd NM008084 G3PDH 5′ accacagtccatgccatc
oosecoid NM010351 GscF02 aagccctggagaacct
esx1 NM010420 HesxF01 agtaagaccccacaga
ex1 NM 008245 Hex1F01 gaaatacctctccccac
oxa2 NM010446 Foxa2F01 ggacaagggaaatgaagg

hh NM 010544 IhhF01 cagtgatgtgcttattttcc
im1 NM 008498 Lim1F02 catcccctcgactctaat
scl1 NM 008553 Ascl1F01 cgtcctctccggaactg
estin NM 016701 NestinF01 agtcagagcaagtgaa
etrin NM 008744 Ntr1F01 gccccttgcatcaagat
euroD1 AK005073 NeuroD1F01 gtgcatccctactccta

eurog1 NM010896 Neurog1F02 actctctgaccccagtagtcc 50
eurog2 NM009718 Neurog2F02 gatgccaagctcacgaagat 0
oggin NM 008711 NogF02 cggccagcactatctacaca
ou5f1 NM013633 OCT-1 cgcgttctctttggaaaggtgttc
tx2 AA199520 Otx2F03 gctctgtttgccaagacc
tc1 NM 008957 Ptc1F02 ctccgcacagagtatgacc
hh X76290 ShhF01 tcacccccaattacaacc
nt3a NM 009522 Wnt3aF01 ataccaagacctaacaaacc
Bmp4R01 ccaatcattccagcccacg 3 0
a Bmp7R02 gctcaggagaggttggtctg 3 0 5

T1R02 taccattgctcacagacc 3 0
Cer1R02 gtcttcatgggcaatggtct 3 0
ChrdR02 ctgcgttgtttctctggaca 3 0
Dkk1R01 gagtcaagacaatcaacc 3 10
Dkk2R01 gctccacattcttaccacatcc 3 0
Fgf15R02 tgctcgctaaaaccatcc 3 0
Fgf2R01 tcagctcttagcagacattgga 3 0

Fgf8R02 gcacgatctctgtgaatacg 3 0
Fgfr1R01 atgagagaagacagagtcctcc 3 10 50

c FstR02 gtaagtcactccatcatttcc 3 0
Frzb1R01 actttcttaccaagccgatcc 3 10

G3PDH 3′ tccaccaccctgttgctgta 3 0 50
GscR02 cagtcctgggcctgtacatt 3 0
HesxR01 ctatacaactggaagagaagc 3 0 5

Hex1R01 gaaagtcagtcaagatcagc 3 0
Foxa2R01 aaataaagcacgcagaaacc 3 0

IhhR01 tagagtcccttcagcttcc 3 0
Lim1R02 caaaggctgccttcaacg 3 0
Ascl1R01 tcctgcttccaaagtccatt 3 0
NestinR01 agaaacaagatctcagcagg 3 0

Ntr1R01 ttgcacttgcccttcttctcc 3 0
NeuroD1R01 actgacgtgcctctaatcg 3 0
NgnR02 ctcaaaccgaattttcatgc 3 0
Neurog2R02 ggagacgagagagggagacc 3 0 5
NogR02 cttggatggcttacacacca 3 0 50
OCT-2 ctcgaaccacatccttctct 3 0 50
Otx2R03 cagcatagccttgactataacc 3 0 50
Ptc1R02 agtcactgtcaaatgcatcc 3 0 50
ShhR01 acgtaagtccttcaccagc 3 10 50
Wnt3aR01 cagacagacactagagaagc 3 10 50
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