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a b s t r a c t

Neural crest (NC) is a transient population, arising during embryonic development and capable of
differentiating into various somatic cells. The defects of neural crest development leads to neuro-
cristopathy. Several signaling pathways were revealed their significance in NC cell specification. Fibro-
blast growth factor (FGF) is recognized as an important signaling during NC development, for instance
Xenopus and avian; however, its contributions in human species are remained elusive. Here we used
human pluripotent stem cells (hPSCs) to investigate the consequences of FGF inhibition during NC cell
differentiation. The specific-FGF receptor inhibitor, SU5402, was used in this investigation. The inhibition
of FGF did not found to affect the proliferation or death of hPSC-derived NC cells, but promoted hPSCs to
commit NC cell fate. NC-specific genes, including PAX3, SLUG, and TWIST1, were highly upregulated, while
hPSC genes, such as OCT4, and E-CAD, rapidly reduced upon FGF signaling blockage. Noteworthy, TFAP-2a,
a marker of migratory NC cells, abundantly presented in SU5402-induced cells. This accelerated NC cell
differentiation could be due to the activation of Notch signaling upon the blockage of ERK1/2 phos-
phorylation, since NICD was increased by SU5402. Altogether, this study proposed the contributions of
FGF signaling in controlling human NC cell differentiation from hPSCs, the crosstalk between FGF and
Notch, and might imply to the influences of FGF signaling in neurocristophatic diseases.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

Neural crest (NC) cells arise at the border between the neural
plate and the adjacent non-neural ectoderm [1,2]. They are tran-
sient and multipotent that can migrate extensively and differen-
tiate vastly to form NC derivatives, such as peripheral neurons, glia,
melanocytes, and mesenchymal cells [3,4]. NC cell is marked by the
expression of neural plate border-specific genes, like ZIC1, DLX5 and
MSX1/2 [5]. NC progenitor cells remain within the neural folds and
subsequently localize within the dorsal portion of the neural tube
during the neural tube folding process, marked by the expression of
NC-specifier genes, SNAIL, SLUG and TWIST1 [6,7]. Following neural
tube formation, NC progenitor cells undergo epithelial to mesen-
chymal transition, delaminating from neuroepithelium, and
migrating from the neural tube to various embryonic tissues.
Disruption of genes involved in the ontogeny of NC development
can lead to congenital disorders, such as albinism and
neurocristopathy, while disruption at later stages contributes to
cancers, such as melanoma and neuroblastoma [8,9].

Specification of NC cells from embryonic ectoderm is directed by
multiple signaling pathways, including WNT, BMP, Notch and FGF
[10e12]. FGF is proposed to act indirectly during the inductive
phase by activating WNT ligand in the mesoderm. Several FGFs are
expressed in a spatiotemporal manner and associated with the
induction of NC cells. In Xenopus embryos, Fgf ligands, in particular
Fgf8, can induce neural crest cell fate through the activation of STAT
pathway [13]. FGF/ERK pathway is demanded in the gastrula
epiblast for avian NC commitment, and impedes the ectopic
expression of lateral ectoderm markers [11]. Although the previous
evidence of various species proposed the instructive roles of FGF
signaling in promoting NC cell fate, the actual contributions of FGF
signaling in controlling human NC cell differentiation has not yet
been investigated.

Human pluripotent stem cells (hPSCs), both human embryonic
stem cells (hESCs) and induced pluripotent stem cells (hiPSCs), are
extensively used to explore the mechanisms of human develop-
ment and diseases [14,15]. The differentiation of hPSCs is follow the
hierarchical sets of signals that regulate embryonic development
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[16,17]. Specific cell types could efficiently be obtained from hPSCs
when appropriate signallings are manipulated [16,18]. Besides, the
roles of numerous cell signallings in controlling human develop-
ment are established by using hPSCs [19,20]. In this paper, we re-
ported the contributions of FGF signaling involving in the
differentiation of NC cells of hPSCs. The specific FGF receptor in-
hibitor, SU5402, was used to block FGF/ERK during NC differenti-
ation, and it was found that hPSCs accelerated their fate
commitment into NC lineage. This finding might imply the signif-
icance of FGF signaling in neurocristopathy, and guide the potential
therapeutic approaches.
2. Materials and methods

2.1. Culture and maintenance of human pluripotent stem cells,
transfections

FES29 hESCs and HEL11.4 iPSCs (both from Biomedicum Hel-
sinki) were cultured in Geltrex-coated plates with StemPro com-
plete medium (Invitrogen) and propagated with combination of
collagenase IV treatment and mechanic disassociation.
Fig. 1. Inhibition of FGF signaling by SU5402 blocked neural differentiation, but not NC cells
and large cells when differentiated. OCT4 and NANOG were homogenously expressed in hES
endoderm, NESTIN represented ectoderm, and muscle-Actin referred mesoderm. C) Phase c
10 mM SU5402 was added, hESCs appeared as extraembryonic endoderm, indicated by th
represented p < 0.05 by student's t-test. D) Immunocytochemistry stained against PAX6, a m
DAPI. E) hESCs were cultured in NC-inducing medium with for 10 days, and examined the
relatively compared to hESCs, and normalized by Cyclophilin G. Values were presented as me
the control NC cells. SU5402-induced NC cells abundantly expressed TWIST1 (green), SOX
hESCs. (For interpretation of the references to colour in this figure legend, the reader is ref
2.2. Neural crest, neural lineage and mesenchymal derivative
differentiation

NC differentiation protocol was based on the previous report
[19]. Briefly, when confluent, hESCs where passaged with 0.02%
EDTA (Sigma) into a Geltrex-coated dishes. NC lineage was induced
by N2B27 medium, supplemented with 2 mM Dorsomorphin
(Sigma) and 5 mM 1-Azakenpaullone (Sigma). Osteocyte, adipocyte,
and chondrocyte differentiation from NC progenitor cells was
performed according to the manufacturer's instructions of StemPro
Mesenchymal Kit (Invitrogen). ND lineage was induced by N2B27
medium, supplemented with 10 mM Dorsomorphin (Sigma).
2.3. Immunocytochemistry

Cells were fixed at room temperature with 4% para-
formaldehyde. Non-specific proteins were blocked by incubation in
PBS, containing 10% FBS (Sigma). The cells were then treated with
primary antibodies overnight at 4 �C. After washing with PBS, the
cells were incubated with fluorescence-conjugated secondary
antibody, and finally mounted to cover-slip.
. A) hESCs presented typical round colony structure with large nuclei, and became flat
Cs. B) Spontaneous differentiated hESCs produced the three germ cells. GATA6 marked
ontrast images and gene expression of ND differentiation from hESCs at day 10. When
e expression of CGB, GATA6, and SOX7. Values are presented as mean ± SD (n ¼ 3). *
arker of neural progenitors, of cells differentiated at day 10. Nuclei were detected by
expression of AP-2a, MSX2, ZIC1 and PAX3. The expression levels of each gene were
an ± SD (n ¼ 3). F) Following SU5402 treatment, cells exhibited similar morphology to
10 (green), AP-2a (red), while hardly detected E-CAD (red)-positive cells, a marker of
erred to the web version of this article.)



Fig. 2. Multipotential differentiation of NC cells, induced with/without SU5402. A)
Phase contrast images of adipocytes, chondrocytes and osteocytes, derived from the
control NC cells. The differentiation to neural lineages from NC cells was confirmed by
Peripherin/TUJ1 staining. B) SU5402-induced NC cells were able to give rise mesen-
chymal cells. Adipocytes are recognized as red lipid droplet-containing cells stained by
Oil Red O, chondrocytes as blue Alcain blue stained cells, and osteocytes as red Alizarin
Red stained cells. Peripheral neurons, marked by Peripherin/TUJ1-positive cells, were
also observed.
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2.4. Flow cytometry

Cell were detached by trypsin/EDTA solution and washed with
PBS. Cells were then stained with antibodies against specific anti-
gen and analyzed by FACScan, using CELLQUEST (BD Biosciences).
2.5. Reverse transcription and real-time PCR

Total RNA was extracted using RNA Spin II (Macherey-Nagel).
RNA was reverse transcribed using 2-steps RT-PCR Kit (Vivantis
Technologies, Malaysia). PCR reactions were carried out in a
QuanStudio 5 thermal cycler (ABI). The relative expression level of
genes was calculated by calibrating their CT values with that of the
house-keeping genes (Cyclophilin G), and normalized to hESCs.
3. Results

3.1. Human embryonic stem cells expressed pluripotent markers
and retain pluripotency

To validate that hESCs used in this study, immunocytochemistry
was performed to investigate the expression of pluripotent stem
cell markers and differentiation potential. hESC colony exhibited
typical shape with large nuclei (Fig. 1A). When spontaneously
differentiated, cells became flat with various cellular structures.
Antibody staining against hPSC markers showed that the cells ho-
mogeneously expressed key pluripotent transcription factors, OCT4
and NANOG (Fig. 1A). After 2 weeks of spontaneous differentiation,
cells were contained all three germ layers, marked by the GATA6
positive, an endoderm marker, Nestin, a neuroectoderm marker,
andmuscle actin, amesodermmarker (Fig.1B). Altogether, hESCs in
this study maintained the normal characteristics of pluripotent
stem cells, being able to self-renew and differentiate into three
germ layers.
The inhibition of FGF signaling prevented neural, but not neural

crest cell differentiation.
Several studies gained knowledge underlying the significance of

FGF signaling on neural (ND) and NC development, although
different model organisms presented distinct roles [21,22]. The
expression of ND/NC-specific genes was assessed in induced cells in
the presence/absence of 10 mM SU5402. After day 10, SU5402
prevented neural differentiation, marked by morphological aber-
rations (Fig. 1C). The extraembryonic endodermal markers (GCB,
GATA6, and SOX7) were upregulated, while neural-specific genes
(PAX6, NGN2 and SOX1) were significantly reduced (Fig. 1C). This
was in line with the immunocytochemistry results, showing that
the number of PAX6-positve cells were diminished upon SU5402
supplement (Fig. 1D). In contrast, SU5402 did not impede NC cell
differentiation of hESCs. The influence of SU5402 on NC cell dif-
ferentiationwas validated by varying its concentrations,1, 5,10, and
20 mM in NC-inducing medium and assessed the NC-specific gene
expression. The expression of NC-specific markers, AP-2a, MSX2,
ZIC1 and PAX3, were upregulated in a dose-dependent manner of
SU5402 (Fig. 1E). Immunocytochemistry resulted showed similar
outcomes. Prior to the differentiation, hESCs homogeneously
expressed E-Cadherin and OCT4 (Fig. 1F). After 10 days, hESC-
derived NC cells expressed SOX10, together with the remained E-
Cad in the control. Intriguingly, the supplementation of 10 mM
SU5402 led to the expression of multiple NC markers, not only
SOX10, but also TWIST1 and AP-2a, while E-Cad was hardly
detected (Fig. 1F). These results indicated that the inhibition of FGF
signaling facilitated NC cell differentiation of hESCs.

3.2. Neural crest cells derived in the presence of SU5402 exhibited
normal differentiation capacity

The multipotency of NC cells was characterized by the induction
of differentiation into mesenchymal and neural lineages. To
determine multipotency, the induced hESC-derived NC cells in the
presence/absence of SU5402 were differentiated into the adipo-
genic, chondrogenic and osteogenic lineages. hESC-derived NC cells
in NC-inducing medium with SU5402 possessed typical NC cell
differentiation capacity, as similar as the control NC cells (Fig. 2).
The resulting adipocytes exhibited lipid droplet-containing cells
and were stained by Oil Red O, while chondrocytes and osteocytes
were detected by Alcian Blue, and Alizarin Red, respectively. To
induce neural differentiation, NC cells were cultured in N2 medium
with Notch inhibitor, DAPT. Neural-like cells were spontaneously
formed in some areas of both the control and SU5402-induced NC
cells. These cells were positive for TUJ1/Peripherin, representing
peripheral neurons. These results revealed that NC cells induced by
the presence of FGFR inhibitor were capable of differentiating into
adipocytes, osteocytes, chondrocytes as well as peripheral neurons.

3.3. Modulation of FGF signaling during neural crest differentiation
did not affect cell proliferation and death

ERK1/2 is a key downstream mediator of FGF signaling. It can
regulates several cellular responses, including differentiation, pro-
liferation, and apoptosis. ERK1/2 signaling is also important for NC
cell maintenance and differentiation [23]. To evaluate the activity of
FGF/ERK during NC cell differentiation, phosphorylation of ERK1/2
was measured by immunoblotting. The levels of phosphorylated
ERK1/2 between undifferentiated cells and NC cells were not
significantly different (Fig. 3A). Further attempting had been
examined the expression of FGF signaling components. FGFR 2, 4,
and FGF2, were found significant decrease upon NC cell differen-
tiation at day 10, compared to the undifferentiated hESCs (Fig. 3B).
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The inhibition of FGF by SU5404 was concerned its effect on cell
proliferation and apoptosis. Notably, SU5402 did not influence
neither proliferation nor apoptosis during NC cell differentiation
(Fig. 3C, D). BrdU cell proliferation assay showed that the treatment
of SU5402 at 5 or 10 mMdid not reduce the number of BrdU/SOX10-
positive cells, referring to the proliferating NC cells (Fig. 3C). Cell
apoptosis was measured by Annexin V/PI staining. At various
concentrations of SU5402 (5, 10, and 20 mM), the percentage of
Annexin V/PI positive cells did not have a significant difference
from the control cells (Fig. 3D). These data suggested that the in-
hibition of FGF was also not involved in NC cell proliferation or
death, but promoted NC cell differentiation.
3.4. The inhibition of FGF signaling activated Notch signaling, which
in turn promoted neural crest cell differentiation

Reportedly, Notch signaling is indispensable for NC cell differ-
entiation, and ERK1/2 is a negative regulator of NICD production
[19,24]. To reveal the interplay between FGF and Notch signallings
in NC cell differentiation, the expression of Notch-related genes
were determined in the presence of SU5402. The treatment of
SU5402 at various concentrations, ranging 0, 5, 10 and 20 mm,
effectively reduced the phosphorylation level of ERK1/2. Interest-
ingly, the reduction of phospho-ERK1/2 resulted in a substantial
upregulation of the Notch1 intracellular domain (NICD1) (Fig. 4A).
Consistently, Notch-related genes, HES5 PSEN1, and PSEN2, were
Fig. 3. Modulation of FGF signaling during NC cell differentiation did not affect cell prolifera
of hPSCs. Levels of total and phospho-ERK1/2 were analyzed by immunoblotting. B) FGFR1, 2
as mean ± SD (n ¼ 3). * represented p < 0.05 by student's t-test. C) Representative fluoresce
affect NC cell proliferation. D) Apoptotic cell death was detected by Annexin/PI during NC
upregulated in SU5402- induced NC cells (Fig. 4B). NC-specific
genes, including SLUG, DLX, and TWIST1, were significantly sup-
pressed where Notch inhibitor, 10 mM DAPT, was presented in NC-
inducing medium (Fig. 4C). SU5402 were shown its ability to
restore the expression of those NC-specific genes even in the
combination with DAPT, implying that this SU5402 antagonized
Notch inhibitor and potentiated the progression of NC cell differ-
entiation. In the control NC cells E-Cadherin, an epithlial-associated
marker expressed in hESCs, was remained its expression of at day 5
of the induction. But when SU5402 was supplemented, E-Cadherin
expression was markedly reduced its (Fig. 4D). Besides, upon the
treatment of 10 mM SU5402 for 5 days, specific-NC cell markers
(TWIST1, SOXE, SLUG, AP-2a, and SOX10) were evidently detectable
by immunofluorescence, while those in the control induction were
still hardly detected (Fig. 4D). Altogether, these results pointed out
that NC cell differentiation of hESCs was apparently promoted by
the inhibition of FGF pathway, leading to Noch activation.
4. Discussion

NC cells are specified at a region called the neural plate border.
The specification of NC cell fate from hPSCs involves the modula-
tion of multiple signaling pathways, for instance Wnt, BMPs and
Notch signaling [19,25]. FGF signaling is reportedly demanded for
the maintenance and differentiation of hPSCs, and ERK1/2 activa-
tion was responsible for the FGF-mediated regulation of neural
tion and death. A) ERK1/2 did not change its phosphorylation during NC differentiation
, and 4 and FGF2, were downregulated after the differentiation. Values were presented
nt images of BrdU cell proliferation assay showed that SU5402 at 5 and 10 mm did not
differentiation, and found not affected by the supplement of SU5402.
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differentiation [26]. The defects in FGF signaling is one of the
causatives that lead to NC developmental disorders, called neuro-
cristopathy [27]; however, the involvement of FGF signaling in NC
cell differentiation in human is still uncertain [28,29]. In Xenopus
embryos, FGF signaling induces the formation of neural crest cell
fate by activating Wnt signaling [30]. In contrast, blocking of Wnt
signaling alters neural crest-inducing activity of FGFs [31]. SU5402,
a widely-used FGFR-specific inhibitor and found to influence
several cellular processes [32,33], was used in this study to assess
the contributions of FGF signaling to human NC differentiation.
Here we found that FGF signaling was not indispensable, but
facilitated NC cell differentiation of hPSCs by upregulating NC-
specific markers, including AP-2a, MSX2, ZIC1 and PAX3. During
NC cell differentiation, ERK1/2 phosphorylation did not change, but
FGF component genes, including FGFR 2, 4, and FGF2, were reduced
their expression. FGF2 signaling was found to sustain the expres-
sion of the pluripotency controlling gene NANOG, thus exempted
expression of FGF genes resulted in cell differentiation [34]. The
inhibition of FGF signaling by SU5402 rapidly suppressed E-Cad-
herin expression, promoted the onset of NC-specific markers, as
well as restored the expression of NC genes from the blockage of
Notch (Fig. 4C). Gamma-secretase is a key proteolytic enzyme to
cleave and activate Notch receptor [35]. The activation of FGF
signaling through ERK1/2 phosphorylation was found to be a
Fig. 4. The attenuation FGF signaling accelerated NC cell differentiation via Notch activati
ferentiation, whereas NICD1 level was increased. Notch1, a total Notch1 receptor, was use
upregulated upon the addition SU5402 at 10 mm. Values were presented as mean ± SD (n ¼
re-activated the expression of NC-specific genes in the presence of DAPT. Values were prese
group versus combined SU5402 and DAPT group. D) Representative images of NC cells at da
genes (TWIST1, SOXE, SLUG, AP-2a, and SOX10). At day 5, it hardly detected the expression of
SOXE (red), SLUG (green), AP-2a (red), and SOX10 (green). (For interpretation of the reference
negative regulator of gamma-secretase [24]. This explained the
induction of NICD by SU5402 (Fig. 4A), and proposed that the in-
hibition of FGF signaling potentiates hESCs toward NC cell fate by 2
possible mechanisms: 1) triggers the exit of pluripotent state of
hPSCs [36,37] and 2) activates Notch signaling, which in turn in-
duces the expression of NC-specific genes [19,24].

The NC cells are of particular clinical significance, as several
human pathologies result from NC development, referred as neu-
rocristopathy [38]. The development of NC differentiation protocols
from hPSCs could assist the discovery of causative mechanisms
underlying the NC-related diseases. Several NC differentiation
protocols were successfully developed, utilizing different ap-
proaches, either co-culture [39], cell aggregate [40] or chemically-
defined system [19,25]. Nevertheless, a chemically-defined and
monolayer NC differentiation protocol of hPSCs is superior because
it enables the direct visualization of the differentiation process.
Premigratory NC cells, marked by the absence of AP-2a, were
generated by combining 1-Azakenpaulone and Dorsomorphin [19].
The inhibition of FGF signaling by SU5402 accelerated NC cell dif-
ferentiation and upregulated the expression of AP-2a, (Fig. 1E).
Premigratory NC cells represents developmentally more naïve
stage with potential to differentiate towards all NC derivatives [41].
During the migration from the neural tube to peripheral tissues,
migratory NC cells sequentially lose their potential and
on. A) SU5402 had an effect on the reduction ERK1/2 phosphorylation in NC cell dif-
d as a control input, together with b-actin. B) Notch effector genes in NC cells were
3). * represented p < 0.05 by student's t-test. C) During NC cell differentiation, SU5402
nted as mean ± SD (n ¼ 3). *P < 0.05, DAPT group versus control cells, **P < 0.01, DAPT
y 5 of the differentiation against undifferentiated hESC marker (E-Cad), and NC-specific
NC-specific genes in the control, while SU5402-treated cells presented TWIST1 (green),
s to colour in this figure legend, the reader is referred to the web version of this article.)
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differentiate according to instructions received from the sur-
rounding tissues [42]. The ability to switch NC phenotypes by
modulating FGF signaling would benefit the generation of specific
NC derivatives [42]. It is challenging to develop specific priming
protocols to drive multipotent NC cells toward tissue-specific
functional cells that should be safe for cell replacement [43]. In
conclusion, our study revealed the contributions of FGF signaling in
NC differentiation of hPSCs. This investigation is valuable for the
understanding of the underlying roles of FGF signaling in human
NC fate specification, and might explain the etiology of neuro-
cristophatic diseases.
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