
Neural Crest Stem-Like Cells Non-genetically Induced from Human
Gingiva-Derived Mesenchymal Stem Cells Promote Facial Nerve
Regeneration in Rats

Qunzhou Zhang1
& Phuong D. Nguyen2

& Shihong Shi1 & Justin C. Burrell3 & Qilin Xu1
& Kacy D. Cullen3

& Anh D. Le1,4

Received: 25 October 2017 /Accepted: 15 January 2018
# Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
Non-genetic induction of somatic cells into neural crest stem-like cells (NCSCs) is promising for potential cell-based therapies for
post-traumatic peripheral nerve regeneration. Here, we report that human gingiva-derived mesenchymal stem cells (GMSCs)
could be reproducibly and readily induced into NCSCs via non-genetic approaches. Compared to parental GMSCs, induced
NCSC population had increased expression in NCSC-related genes and displayed robust differentiation into neuronal and
Schwann-like cells. Knockdown of the expression of Yes-associated protein 1 (YAP1), a critical mechanosensor and
mechanotransducer, attenuated the expression of NCSC-related genes; specific blocking of RhoA/ROCK activity and non-
muscle myosin II (NM II)-dependent contraction suppressed YAP1 and NCSC-related genes and concurrently abolished neural
spheroid formation in NCSCs. Using a rat model of facial nerve defect, implantation of NCSC-laden nerve conduits promoted
functional regeneration of the injured nerve. These promising findings demonstrate that induced NCSCs derived from GMSCs
represent an easily accessible and promising source of neural stem-like cells for peripheral nerve regeneration.
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Introduction

There has been growing enthusiasm for the combinatorial use
of stem cells and biomaterial scaffolds in tissue engineering
and regenerative medicine (TE/RM) [1] to provide transplant-
able tissues and organs for unmet clinical needs [2, 3],

including neural tissues [4–6]. The source of stem cells in
TE/RM includes embryonic stem cells (ESCs), induced plu-
ripotent stem cells (iPSCs), and adult stem cells such as neu-
ral stem (NSC) or progenitor cells (NPCs) and mesenchymal
stem cells (MSCs) derived from different tissues [7–9].
However, use of ESCs encounters ethical issues, and genera-
tion of neural progenitor cells or neural lineages from iPSCs
is time-consuming and rigged with safety concerns in clinical
application [10]. MSCs can be differentiated into functional
glial and neuronal cells; however, the induction efficiency is
quite low and variable due to their inherent heterogeneity.
Recently, adult NSCs or NPCs have been proposed as a
promising cell source to facilitate nerve repair/regeneration;
nevertheless, it remains difficult to expand and propagate
them in multiple passages to meet the cell number for clinical
use [11]. Other studies have shown that somatic cells, includ-
ing fibroblasts and MSCs, could be converted into
multipotent and expandable NSCs or NPCs by direct
reprogramming with a combination of transcription factors
[12–18]. Meanwhile, induced NSCs or NPCs could be gen-
erated from somatic cells by non-genetic approaches, e.g., a
combination of small-molecule compounds or under specific
culture conditions [19–21].
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During embryogenesis, neural crest (NC) forms transiently
in the dorsal neural primordium and its migratory NC cells
invade nearly all tissues, giving rise to not only classic neural
cells, but also diverse non-neural cells [22, 23]. More impor-
tantly, post-migratory NC-derived tissues/organs, including
oral mucosa/gingival lamina propria [24–27], contain a small
population of stem cells of NC origin (NCSCs), including
MSCs [22, 24]. After isolation and in vitro culture, these
NCSCs could differentiate into classical NC cell lineages,
such as neurons and Schwann cells, and various non-neural
cells such as melanocytes, endoneural fibroblasts, a subpopu-
lation of bonemarrow and dental mesenchymal stem cells [22,
28–30]. In comparison to mesodermal-derived MSCs, these
NC-derived MSCs constitutively express neural-progenitor
cell markers, such as nestin and p75, and possess highly neu-
rogenic differentiation potentials [27, 29].Most recently, it has
been shown that neural crest stem-like cells could be induced
from human postnatal fibroblasts by direct reprogramming
with a single transcription factor SOX10 [17] or FoxD3
[31]. Therefore, efficient isolation and enrichment of NCSCs
from adult tissues, particularly from neural crest-derived cra-
niofacial tissues [23, 32], may provide an important alterna-
tive cell source for bioengineering nerve tissues.

We have isolated a unique subpopulation of MSCs from
human gingival tissue (GMSCs) [33] and our recent study has
shown that human GMSCs can be easily induced into neural
progenitor-like cells, which displayed better therapeutic ef-
fects in the repair/regeneration of peripheral nerve injuries
(PNI) than the parental GMSCs [34]. Here, we demonstrated
that neural progenitor-like cells induced from human GMSCs
under defined culture conditions were endowed with neural
crest stem-like cell (NCSC) properties, whereby the RhoA/
ROCK activity-mediated non-muscle myosin II (NM II)-de-
pendent contraction of the actomyosin cytoskeleton andYAP1
activation play a pivotal role in the process. Using a rat model
of facial nerve transection injury, we showed that GMSC-
derived NCSCs in combination with a nerve conduit showed
better therapeutic effects on facial nerve regeneration and
functional recovery than parental GMSCs. Our findings sug-
gest that GMSCs of NC-origin possess the intrinsic propensity
to be reprogrammed to early NCSC-like cells, thus
representing an easily accessible source of neural stem-like
cells for cell-based therapy of post-traumatic peripheral nerve
repair/regeneration.

Materials and Methods

Animals

Female Sprague-Dawley rats weighing 200–250 g (6–8 weeks
old) were obtained from Charles River Laboratories. All ani-
mal procedures were approved by the Institutional Animal

Care and Use Committee (IACUC) of University of
Pennsylvania. Rats were group-housed in polycarbonate
cages (three animals per cage) in the animal facilities with
controlled temperature (23 °C ± 2 °C), 40–65% of humidity
and a 12-h light/dark cycle, fed with a standard laboratory diet,
and allowed ad libitum access to drinking water.

Cell Culture

Gingival tissues were obtained as remnants of discarded tis-
sues under the approved Institutional Review Board (IRB)
protocol at University of Pennsylvania. The isolation and
characterization of human gingival tissue-derived MSCs
(GMSCs) were described previously [33]. Culture plates were
precoated with poly-L-ornithine (15 μg/ml) and laminin
(5 μg/ml) in PBS at 37 °C for 2 h [35–37]. For neural induc-
tion, adherent monolayer GMSCs were collected and seeded
onto laminin/poly-L-ornithine (LN/PLO) precoated 6-well
plates (5 × 105 cells/well) with neural culture medium,
DMEM/F12: neurobasal medium (1:1) supplemented with
N2 (100×) [38, 39], B27 (50×), 100 U/ml penicillin, 100 μg/
ml streptomycin, 55 μM β-mercaptoethanol (β-ME) (all from
Life Technologies), 20 ng/mL of epidermal growth factor
(EGF), and 20 ng/mL of basic fibroblast growth factor
(bFGF) (Peprotech) (Table 1). After culture for 3 days under
this condition, GMSCs aggregated into spheroids. To passage
the spheroid cells, spheroids were collected and completely
dissociated into single cells using StemPro® Accutase® Cell
Dissociation Reagent (Life Technologies) and the cell viabil-
ity was determined by trypan blue staining. Dissociated cells
were seeded onto polyornithine/laminin precoated dishes for
serial passaging and culture under the same conditions.

Neural Differentiation of GMSCs and Induced NCSCs

GMSCs or induced NSCSs were seeded onto poly-D-lysine
pre-coated 4-well slide chamber (2 ×104/well) and cultured for
14 days at 37 °C and 5%CO2 under neuronal or Schwann cell
differentiation conditions, while the media were changed ev-
ery 3d. Neuronal induction media contains neurobasal medi-
um supplemented with 1% N2 supplement, 5% FBS serum,
0.5 μM all-trans-retinoic acid, and 10 ng/mL of brain-derived
neurotrophic factor (BDNF) [20]. Schwann cell induction me-
dia contains α-MEM supplemented with 10% FBS, 35 ng/ml
all trans-retinoic acid (RA), 5 μM forskolin, 10 ng/ml basic
fibroblast growth factor (bFGF), 5 ng/ml platelet-derived
growth factor AA (PDGF-AA), and 200 ng/ml heregulin-β-
1 (PeproTech) (Table 1) [40, 41].

siRNA Transfection

Human YAP1 siRNA (sc-38637), a pool of 3 target-specific
19-25 nt siRNA, and a nonspecific control siRNA (sc-36869)

Mol Neurobiol



Table 1 Compositions of different culture media

Components Working concentration Catalog number Vendors

GMSC culture media
α-MEM 90% 12561-056 Life Technologies
Fetal bovine serum (FBS) 10% SER-500 ZenBio, Inc.
Penicillin/streptomycin (100×) 100 U/100 μg/mL 15140-122 Life Technologies
β-mercaptomethanol (55 mM, ×1000) 55 μM 21985-023 Life Technologies

NCSC induction media
DMEM/F12 (1:1) 50% 11330-032 Life Technologies
Neurolbasal® medium 50% 21103-049 Life Technologies
Human bFGF 20 ng/mL 100-18C PeproTech
Human EGF 20 ng/mL AF-100-15 PeproTech
β-mercaptomethanol (55 mM, ×1000) 55 μM 21985-023 Life Technologies
*N2 (100×) 17-502-048 Life Technologies
*B27 (50×) 17-504-044 Life Technologies
Penicillin/streptomycin (100×) 100 U/100 μg/mL 15140-122 Life Technologies

*N2 supplement Human Transferrin (Holo)
Recombinant Insulin
Progesterone
Putrescine
Selenite

1.0 mM
0.086 mM
0.002 mM
10.0 mM
0.003 mM

*B27 supplement Biotin
DL Alpha Tocopherol
Acetate
DL Alpha-Tocopherol,
Vitamin A
BSA
Fatty acide free Fraction V
Catalase
Human Recombinant Insulin
Human Transferrin
Superoxide Dismutase
Corticosterone
D-Galactose
Ethanolamine HCl
Glutathione (reduced)
L-Carnitine HCl
Linoleic Acid
Linolenic Acid
Progesterone
Putrescine 2HCl
Sodium Selenite
T3 (triodo-I-thyronine

Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown

Schwann cell induction media α-MEM 90% 12561-056 Life Technologies
FBS 10% SER-500 Zenbio, Inc.
All trans-retinoic acid (RA) 35 ng/mL R2625 Sigma
Forskolin 5 μM 11018 Cayman Chemical
bFGF 10 ng/mL 100-18C PeproTech
PDGF-AA 5 ng/mL 100-13A Peprotech
β-heregulin 200 ng/mL 100-03 PeproTech
Penn/Streptomycin 100 U/100 μg/mL 15140-122 Life Technologies

Neuronal induction media Neurolbasal® medium 95% 21103-049 Life Technologies
FBS 5% SER-500 Zenbio, Inc.
All trans-retinoic acid (RA) 0.5 μM R2625 Sigma
BDNF 10 ng/mL 450-02 PeproTech
Penn/Streptomycin 100 U/100 μg/mL 15140-122 Life Technologies
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were obtained from Santa Cruz. A total of 2 × 105 GMSC-
derived NCSC-like cells were seeded into six-well plates and
transfected with the control and YAP1 siRNA according to the
siRNA transfection protocol provided by the manufacturer
(Santa Cruz). After 48 h, whole cell lysates were prepared
for further analysis.

Western Blot Analysis

Whole cell lysates were separated on polyacrylamide-SDS gel
and electroblotted onto nitrocellulose membrane (BioRad,
Hercules, CA, http://www.bio-rad.com) (Supplemental
Experimental Procedures). After blocking with TBS/5%
nonfat dry milk, the membrane was incubated with
antibodies against Nestin (Millipore), FoxD3, Slug (Santa
Cruz), YAP1, RhoA, Sox9, Twist1 and Snail1 (Cell
Signaling Technology) followed by incubation with a
horseradish peroxidase (HRP)-conjugated secondary
antibody, and the signals were visualized by enhanced
chemiluminescence detection (ECL) (Santa Cruz). The blots
were also re-probed with a specific antibody against β-actin
(Sigma).

Flow Cytometry

Human GMSCs cultured under regular condition or NCSC
induction conditions were harvested and washed twice with
PBS containing 2% heat-inactivated FBS and resuspended in
cell staining buffer (BioLegend, San Diego, CA, USA) at a
concentration of 107/ml, followed by incubation with FITC-
conjugated antibodies for human CD29, CD44, CD73, CD90
or an isotype-matched mouse IgG control (BioLegend) at 4 °C
for 30 min. For analysis of CD271/p75 expression, cells were
fixed in 2% paraformaldehyde (PFA) at 4 °C for 20 min. Then
cells were washed and incubated with a rabbit anti-human p75
antibody (1:200; Bio-Rad) at 4 °C for 30 min, followed by
incubation with FITC-conjugated goat anti-rabbit IgG (1:200)
at 4 °C for 30 min. For analysis of the expression of NCSC-
related transcriptional factors, SLUG, SOX9 and FOXD3,
cells were immunostained by using the True-Nuclear™
Transcription Factor Buffer Set according to the manufac-
ture’s protocols (BioLegend). After staining, cells were
washed twice with PBS/2% FBS and submitted to flow cyto-
metric analysis (BD LSRII).

Immunofluorescence Studies

Cells fixed with 4% paraformaldehyde (PFA) were blocked
and permeabilized for 1 h at room temperature in PBS with
2.5% goat serum and 0.5%Triton X-100, followed by incuba-
tion with the following primary antibodies at the appropriate
dilution overnight at 4 °C: Nestin (mouse IgG, 1:250,
MAB5326; Millipore), Sox9 (rabbit IgG, 1:250, CST),

Snail1 (rabbit IgG, 1:250, CST), p75 (rabbit IgG, 1:250,
Bio-Rad), FoxD3 (mouse IgG, 1:250; Santa Cruz), Slug
(mouse IgG, 1:250, Santa Cruz), YAP1 (mouse IgG, 1:250,
CST), CD29 (mouse IgG, 1:250, BD Bioscience), cleaved
caspase-3 (Rabbit IgG, 1:250;Millipore), type I collagen (rab-
bit IgG, 1:250, Rockland Biotech). After washing with PBS,
cells were incubated with appropriate secondary antibodies at
room temperature for 1 h: goat anti-rabbit IgG–fluorescein
isothiocyanate (FITC) (1:250, sc2012; Santa Cruz), goat
anti-rabbit IgG–rhodamine (1:250, sc2091; Santa Cruz), goat
anti-mouse IgG–FITC (1:250, sc-2010; Santa Cruz), goat
anti-mouse IgG–rhodamine (1:250, sc2092; Santa Cruz).
Isotype-matched control antibodies (BioLegend) were used
as negative controls. Nuclei were counterstained with 4′, 6-
diamidino-2-phenylindole (DAPI). Images were captured
using Olympus inverted fluorescence microscope (IX73).
For semi-quantitative analysis, cells with positive signals in
at least six random high-power fields (HPF) were visualized,
counted, and expressed as the percentage of total DAPI-
positive cells [33].

Surgical Procedures

Adult Sprague-Dawley female rats (8 weeks old) were
anesthetized intraperitoneally with ketamine/xylazine
(100/10 mg/kg). Following sterile surgical technique, a
preauricular incision with a marginal mandibular exten-
sion was made in the left face of the rat. Under a surgical
microscope, buccal and marginal mandibular branches of
the facial nerves were exposed and a 6-mm gap was cre-
ated with a sharp microsurgical scissor at sites that were
10 mm distal to the stylomastoid foramen. The facial
nerve gaps were bridged with AxoGuard® Neural Wrap
Conduit (1.5 mm in diameter) (Cook Medical Inc.,
Bloomington, IN) in combination with GMSCs or in-
duced NCSCs. Two 8/ Ethilon interrupted sutures were
applied at each side of the gap. To apply GMSCs and
induced NCSCs, cells (0.5×106/rat) were mixed with
30 μl of Matrigel and injected into AxoGuard Neural
Wrap Conduit immediately following suture, while
AxoGuard Neural Wrap Conduit filled with Matrigel
alone were used as controls. To block the signal to the
whisker pad, a 6-mm defect was created in the marginal
mandibular branch and ligated with 8/0 Ethilon
interrupted sutures. The muscle layers and skin were
closed in a layered fashion [42–44].

Histological and Immunohistochemical Studies

The facial nerves were fixed in 4% PFA for 24 h and
cryoprotected in 10, 20, and 30% sucrose and embedded in
O.C.T. and 8 μm-thick cryostat sections were cut. After
blocking and permeabilization in PBS with 3% bovine serum
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albumin (BSA) and 0.5%Triton X-100 at room temperature for
1 h, the sections were incubated with primary antibodies forβ-
tubulin III (1:250) or S-100β (1:250) overnight at 4 °C, follow-
ed by incubation with FITC-conjugated secondary antibodies
for 1 h at room temperature. Isotype-matched control antibod-
ies (BioLegend) were used as negative controls. Nuclei were
counterstained with DAPI.

Morphological Evaluation of Regenerative Nerves

Twelve weeks after surgery, the facial nerve segments cover-
ing the resected area were isolated and fixed with 2.5% glu-
taraldehyde overnight at 4 °C, and then postfixed with 1%
osmium tetroxide (OsO4) for 2 h, dehydrated, and embedded
in epoxy resin. Semi-thin sections (1-μm) were cut vertically
with an ultramicrotome (EM UC7i, Leica Microsystems,
Denver, CO, http://www.leica-microsystems.com), stained
with 1% toluidine blue solution, and examined under a light
microscope (Olympus IX-73). The density of the myelinated
fibers (fibers/1000 μm2) was analyzed from six non-
verlapping visual fields per specimen. Ultra-thin sections
(60 nm) were stained with lead citrate and uranyl acetate and
then examined under a transmission electron microscope
(TEM; JEM-1400; JEOL, Tokyo, Japan, http://www.jeol.co.
jp). The diameter of myelinated fibers and axons and the
thickness of the regenerated myelin sheath were evaluated
by cellSens Dimension software (Olympus), and the G-ratio
was calculated as the ratio of the inner axonal diameter to the
total outer diameter of the fiber.

Facial Functional Analysis Using the Facial Palsy Score

Facial palsy scores were blindly evaluated from animals in
different treatment groups at every week until the termination
of the study according to the standards as described previously
[43]. The facial palsy score was valued based on the following
functional evaluation: (1) symmetry of the vibrissae at rest (0,
asymmetry; 0.5, slightly; 1, normal); (2) motion of the vibris-
sae (0, no motion; 1, minor trembling; 2, effective movement;
3, normal); (3) symmetry of the nose at rest (0, asymmetry;
0.5, slightly; 1, normal); (4) motion of the nose (0, asymmetry;
1, slightly; 2, normal). A maximum seven-point indicates a
normal midface without facial palsy, while a zero-point indi-
cates complete facial palsy of the midface [43].

Compound Muscle Action Potential (CMAP)
Recordings of the Vibrissa Muscles

CMAP of the regenerated facial nerve (left side) and the con-
tralateral normal nerve (right side) was measured as described
previously [43]. Following anesthesia, CMAP amplitude was
recorded and calculated as a difference in voltage between the
maximum and baseline CMAP amplitude. CMAP duration

was calculated as the time between 2 points where the baseline
is crossed by the rising and declining CMAP curves. CMAP
latency was estimated as the time between the stimulus artifact
and the point where the baseline was crossed by rising CMAP
curve. CMAP recovery (%) = CMAP of regenerated facial
nerve/CMAP of the contralateral nerve.

Statistical Analysis

All statistical analyses were carried out using SPSS Statistics
version 18.0 (IBM, Inc., Armonk, NY, USA). Direct compar-
isons between experimental and control groups were analyzed
by paired Student’s t test. One-way analysis of variance
(ANOVA) was employed for multiple comparisons. Post-
hoc pairwise comparison between individual groups was per-
formed using the Tukey’s test. All data were expressed as
mean ± standard deviation (S.D.). A P value of less than
0.05 was considered statistically significant.

Results

Enriched Expressions of NCSC-Related Genes
in GMSCs Cultured on Lamin/Poly-L-ornithine
Pre-coated Dishes with Defined Neural Progenitor
Cell Culture Medium

We initially seeded GMSCs into tissue culture dishes pre-
coated with either laminin or poly-L-ornithine (PLO) or both
(LN/PLO) in complete neural progenitor cell culture medium
[35, 36] for 3 days. Morphologically, GMSCs cultured under
PLO- or LN/PLO-coating conditions spontaneously aggre-
gated into 3D-spheroid structures, while spheroid formation
was less efficient with PLO or LN alone than LN/PLO coat-
ing (Fig. 1a). The PLO, LN and LN/PLO substrates induced
protein expression of several neural crest stem cell (NCSC)-
related genes, including NESTIN, FOXD3, SOX9, SLUG,
SNAIL1, and TWIST1 [22, 31, 45, 46], whereas LN/PLO
had a stronger effect than PLO or LN alone (Fig. 1b). Even
though SOX10 is well accepted as one of the classical NCSC-
related transcription factors in mouse embryonic and adult
neural crest cells, it is not consistently expressed in human
adult NCSCs [22, 29, 30]. Similarly, we did not observe a
consistent change in the expression of SOX10 in human
GMSCs under our current experimental conditions (data not
shown). The LN/PLO substrate induced morphological
changes in a gradual fashion with a more discernible spheroid
structure on day 3 (Fig. 1c); the spheroid formation appeared
to correlate with an increased expression of NCSC-related
genes, as early as 4 h, under LN/PLO-coating conditions
(Fig. 1d), and sustained at a relatively high level up to 3 days
of the course of the study (Fig. 1d, e).
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To further characterize GMSC-derived spheroids, we disso-
ciated them into single cells and continue similar neural culture
conditions for 6 days (Fig. 2a). The induced neural progenitor-
like cells (NCSC) formed compact colonies and showed
marked increase in protein expression of NCSC-related genes
as compared with non-induced parental GMSCs (Fig. 2b).
Immunofluorescence studies further confirmed a significant
increase in the percentage of cells that were positively stained
for NCSC-related markers, NESTIN, p75NTR, SOX9, FOXD3
(Fig. 2c–e), SLUG, and SNAIL1 (Fig. 2f–h).

Increased Expression of NCSC-Related Genes
in GMSCs in Sphere-Forming Culture

The suspension sphere-forming culture approach is com-
monly used to enrich and isolate NCSCs from a variety of

adult tissues [25, 47, 48]. We next characterize the expres-
sion of NCSC-related markers by GMSCs under sphere-
forming culture conditions (Fig. 3a). We observed a grad-
ual increase in protein expression of NCSC-related genes
in GMSCs under sphere-forming condition, as compared
to those under adherent condition, in a time-dependent
manner, which peaked at day 3 (Fig. 3b). The increased
expression of these NCSC-related genes was also observed
in the third passage of spheroid GMSCs (Fig. 3c).
Immunofluorescence studies further confirmed a signifi-
cant enrichment of cells that positively expressed NCSC-
related genes in spheroid culture (Fig. 3d–h); approximate-
ly 40% of cells within spheroids were positive for BrdU
and expressed PCNA (Fig. 3i). These findings suggest that
sphere-forming culture can facilitate the induction of
GMSCs into NCSC-like cells.

Fig. 1 Increased expression of
NCSC-related genes in human
GMSCs under defined culture
conditions. a Morphological
changes in GMSCs after culturing
for 3 days on laminin/poly-L-
ornithine (LN/PLO)-precoated
plates with defined neural culture
medium, DMEM/F12:
neurobasal medium (1:1)
containing N2, B27, 20 ng/mL
EGF and 20 ng/mL bFGF. b
Western blot data showed
increased expression of NCSC-
related genes, including NESTIN,
FOXD3, SOX9, SLUG, SNAIL1,
and TWIST1, in GMSCs cultured
for 3 days on culture plates pre-
coated with either laminin (LN),
poly-L-ornithine (PLO) or both
(LN/PLO), while cells cultured on
non-coated culture plates with
defined neural culture medium
were used as controls (Con). c
Dynamic morphological changes
in GMSCs following culturing on
LN/PLO-precoated culture plates
with defined neural culture
medium for different days. d, e
Time-course studies on the
expression of NCSC-related
genes in human GMSCs
following culturing on LN/PLO
pre-coated culture plates with
defined neural culture medium for
different time periods as
determined by Western blot. β-
actin served as the internal
reference. Scale bar: 200 μm.
Data are representative of 3
independent experiments
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Optimizing the Induction of NCSC-Like Cells
from GMSCs

Previous studies showed that combination of chemically de-
fined medium using small-molecule inhibitors of glycogen syn-
thase kinase 3 (GSK-3β) activity and TGF-β signaling path-
ways could optimize the induction of human neural crest cells
[49]. Following culture under LN/PLO-coating culture condi-
tions for 3 days, GMSCs were passaged and treated with
CHIR99021 (2.5 μM), a potent and specific inhibitor of GSK-
3β, or SB43152 (5 μM), a potent and selective TGF-β type I

receptor activin receptor-like kinase (ALK5), or both (Fig. 4a,
b). Our results showed that addition of CHIR99021 and
SB43152 synergistically increased the expression of FOXD3,
SLUG, and SOX9 proteins in GMSC-derived NCSCs (Fig. 4c).

We then observed the dynamic changes in the expression of
a panel of mesenchymal stromal cell (MSC)-associated cell
surface markers, including CD29, CD44, CD73, and CD90, in
GMSCs under the defined induction conditions with
CHIR99021 and SB43152 at different passages (Fig. 4a).
Morphologically, induced GMSCs became more homoge-
neous and epithelial-like cells (Fig. 5a); the expression of

Fig. 2 Induction of NCSCs from human GMSCs under defined culture
conditions. aMorphology of NCSC-like colonies induced from GMSCs
after culturing for 9 days on LN/PLO-precoated plates with DMEM/F12:
neurobasal medium (1:1) containing N2, B27, 20 ng/mL EGF and 20 ng/
mL bFGF. Scale bar: 200 μm. bWestern blot analysis showed increased
expression of NCSC-related genes, including NESTIN, FOXD3, SOX9,
SLUG, SNAIL1, and TWIST1, in induced NCSC-like colonies as
compared to non-induced GMSCs. β-actin served as the internal
reference. c–e Immunocytochemistry and semi-quantification showed

increased expression of NCSC-related genes, SOX9 and FOXD3, in
induced NCSC-like colonies as compared to non-induced GMSCs. f–h
Immunocytochemistry and semi-quantification showed increased
expression of NCSC-related genes, SLUG and SNAIL, in induced
NCSC-like colonies as compared to non-induced GMSCs. Cell nuclei
were counter-stained by DAPI (blue). Scale bar: 20 μm. Data are
representative of 3 independent experiments. **P < 0.01 versus the
control GMSCs
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CD90 and CD44 dramatically decreased as early as day 3,
while the expression of CD29 and CD73 also gradually de-
creased (Fig. 5b). Interestingly, the expression of CD271/p75,
a classical neural crest marker, gradually increased following
spheroid induction (Fig. 5c). Likewise, a consistent increase in
the expression of NCSC-related transcription factors, SLUG,
SOX9, and FOXD3, was observed in GMSCs following

induction for up to 12 days with three consecutive passages
as determined by immunofluorescence staining, flow cytom-
etry, and Western blot (Fig. 6a–c), respectively.

We next determined the multipotent neural differentiation
capabilities of GMSC-derived NCSCs. Upon exposure to neu-
ronal or Schwann cell differentiation conditions for 14 days,
about 20% of parental GMSCs could differentiate into

Fig. 3 Sphere-forming culture induced the expression NCSC-related
genes in human GMSCs. a GMSCs aggregated into 3D-spheroids after
culturing for 48 h in ultra-low attachment plates with defined neural
culture medium, DMEM/F12: neurobasal medium (1:1) containing N2,
B27, 20 ng/mL EGF and 20 ng/mL bFGF. Scale bar: 200 μm. bWestern
blot analysis showed increased expression of NCSC-related genes,
including NESTIN, FOXD3, SOX9, SLUG, SNAIL1, and TWIST1, in
GMSCs following sphere culturing (nSP) for different time periods. c
Increased expression of NCSC-related genes in the third passage of

spheroid GMSCs as compared to adherent GMSCs as determined by
Western blot. β-actin served as the internal reference. d–h
Immunocytochemistry showed increased expression of NCSC-related
genes in spheroid GMSCs as compared to adherent GMSCs. i
Immunocytochemistry showed that about ~40% of cells inside the
spheroid were positively BrdU-labeled and express proliferating cell
nuclear antigen (PCNA). Cell nuclei were counter-stained by DAPI
(blue). Scale bar: 20 μm. Data are representative of 3 independent
experiments
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S-100β+ Schwann cells or β-tubulin III+ neuronal cells,
whereas more than 80% of GMSC-derived NCSCs could dif-
ferentiate into neuronal and Schwann-like cells (Fig. 6d, e).
Taken together, our findings suggest that GMSCs can be di-
rectly and robustly reprogrammed into NCSC-like cells under
defined serum-free culture conditions.

Potential Role of YAP1 in the Induction of NCSC-Like
Cells from GMSCs

Previous studies have indicated that Yes-associated protein
(YAP) signaling plays an important role inmechanotransduction
sensing [50], regulation of the proliferation, expansion, and ac-
tivation of neural progenitor or neural stem cells [51, 52], and
human neural crest cell fate and migration [53]. We then deter-
minedwhether YAP1 signaling was involved in the induction of
NCSC-like cells fromGMSCs. Our results showed that GMSCs
cultured for 24 h on culture dishes precoated with poly-L-
ornithine (PLO) alone or in combination with laminin (LN),
but not with laminin alone, showed a robust increase in the
expression of YAP1 (Fig. 7a). YAP1 level gradually increased
in GMSCs as early as 2 h following culture on LN/PLO-
precoated plates in defined neural culture medium (Fig. 7b),
and maintained at a high level for up to 72 h (Fig. 7c). As

expected, LN/PLO coating had minimal effects on the expres-
sion level of TAZ and phosphorylatedYAP (Ser127), the inactive
form of YAP (Fig. 7a–c). Both Western blot and immunofluo-
rescence studies showed that NCSC-like cells expressed a
higher level of YAP1 than the parental GMSCs (Fig. 7d–f).
Under sphere-forming culture condition, YAP1 expression also
significantly increased in spheroid GMSCs as compared to ad-
herent GMSCs (Fig. 7g, h). Knockdown of YAP1 expression in
NCSC-like cells significantly downregulated the expression of
several NCSC-related genes (Fig. 7i). Our results also showed
that addition of CHIR99021 and SB43152 could synergistically
increase the expression of YAP1 under the defined induction
conditions (Fig. 4c). These findings suggest that YAP signaling
may play an important role in orchestrating the induction of
NCSC-like cells from GMSCs.

RhoA Activity-Mediated Non-muscle Myosin II (NM II)
-Dependent Contraction of the Actomyosin
Cytoskeleton Contributes to Induction of NCSC-Like
Cells from GMSCs

It has been reported that actomyosin cytoskeleton is essen-
tial in mechanical signal transduction and that coactivators
YAP and TAZ serve as the downstream mediators or

Fig. 4 Blocking GSK-3β activity and TGF-β signaling pathways
enhanced the expression of NCSC-related genes in human GMSCs
under defined culture conditions. a Protocol for the induction of
NCSCs from GMSCs. GMSCs were seeded onto LN/PLO-precoated
culture plates and cultured with regular medium (α-MEM with 10%
FBS and antibiotics) for 24 h. On the second day (day 0), the medium
was replaced with the defined NCSC-induction media, DMEM/F12:
neurobasal medium (1:1) containing N2, B27, 20 ng/mL EGF and
20 ng/mL bFGF. On day 3, cells were passaged and continuously
cultured under the same condition; whereas starting on day 4, 2.5 μM

CHIR99021 and 5 μMSB43152 were included in the induction medium.
Cells were continuously cultured and passaged under the same condition
for up to 12 days. b After the addition of 2.5 μM CHIR99021 and 5 μM
SB43152 for 48 h (day 6), cells were observed under a microscope. Scale
bar: 100 μm. c On day 6, after the addition of CHIR99021 and SB43152
for 48 h, cells were harvested and the protein expression of FOXD3,
SLUG, SOX9, and YAP1 was determined by Western blot analysis. β-
actin served as the internal reference. Data are representative of 3
independent experiments
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effectors of mechanical cues [50]. We next determined
whether Rho-associated kinase (ROCK)-mediated non-
muscle myosin II (NM II)-dependent contraction of the ac-
tomyosin cytoskeleton [54, 55] was involved in the induc-
tion of GMSCs into NCSC-like cells. To this purpose,
GMSCs were cultured under NCSC induction conditions
in the absence or presence of (±)-blebbistatin, a specific
inhibitor of NMII activity [56], and Y27632, a specific
ROCK activity inhibitor [54] for 24–72 h, while (+)-

blebbistatin, an inactive enantiomer of (±)-blebbistatin
served as a control. Our results showed that inhibition of
NMII and ROCK activities prevented GMSCs, cultured on
LN/PLO pre-coated dishes, from aggregating into spheroids
(Fig. 8a). Next, we determined whether the change in RhoA
expression affected GMSCs undergoing NCSC induction.
Our data showed that RhoA expression time-dependently
increased in GMSCs under both LN/PLO-coating and
sphere-forming culture conditions (Fig. 7a; Fig. 8b).

Fig. 5 Dynamic changes in the expression of markers for mesenchymal
stromal cells and NCSCs in human GMSCs under defined culture
conditions. a GMSCs underwent morphological changes following
culture and serial passaging for different time periods on LN/PLO-
precoated plates with DMEM/F12: neurobasal medium (1:1) containing
N2, B27, 20 ng/mL EGF, 20 ng/mL bFGF. Starting from day 4,
CHIR99021 (2.5 μM) and SB43152 (5 μM) were included in the
induction medium. Scale bar: 200 μm. b Loss of the expression of
mesenchymal stromal cell markers CD29, CD44, CD73, and CD90 on

GMSCs following culture under defined NCSC-induction conditions for
different time periods as determined by flow cytometric analysis. Blue
histograms represent GMSCs and the red histograms represent induced
(NCSC). MFI, mean fluorescence intensity. c Increasing expression of a
classical neural crest cell marker, CD271/p75, on GMSCs following
culture under defined NCSC-induction conditions for different time
periods as determined by flow cytometric analysis. Data are
representative of 3 independent experiments
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Fig. 6 Characterization of NCSCs induced from human GMSCs.
GMSCs were seeded into LN/PLO-precoated plates, cultured and
serially passaged under defined induction media, DMEM/F12:
neurobasal medium (1:1) containing N2, B27, 20 ng/mL EGF and
20 ng/mL bFGF. Starting from day 4, CHIR99021 (2.5 μM) and
SB43152 (5 μM) were included in the induction media. At day 12,
cells were collected for further analysis. a Immunofluorescence study
on the expression of p75, SLUG, SOX9, and FOXD3 protein in
induced NCSCs as compared with GMSCs. Cell nuclei were counter-
stained by DAPI (blue). Scale bar: 20 μm. b Flow cytometric analysis
of the expression of p75, SLUG, SOX9, and FOXD3 protein in induced
NCSCs as compared with GMSCs. c Western blot analysis of the

expression of p75, SLUG, SOX9, and FOXD3 protein in induced
NCSCs as compared with GMSCs. β-actin served as the internal
reference. d GMSCs and their derivative NCSC-like cells were seeded
onto poly-D-lysine pre-coated 4-well chamber slides and cultured under
Schwann cell induction conditions for 14 days. The expression of S-100β
was determined by immunocytochemistry. e GMSCs and their derivative
NCSC-like cells were seeded onto poly-D-lysine pre-coated 4-well
chamber slides and cultured under neuronal cell induction conditions
for 14 days. The expression of β-tubulin III was determined by
immunocytochemistry. Cell nuclei were counter-stained by DAPI
(blue). Scale bar: 20 μm. Data are representative of 3 independent
experiments
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Subsequently, we determined the effect of blocking NMII
and ROCK activity on the expression of NCSC-related
genes and demonstrated that treatment with (±)-blebbistatin
or Y27632, but not (+)-blebbistatin, led to a dose-dependent
reduction in the expression of RhoA and YAP1 (Fig. 8c).
Consistently, blocking NMII and ROCK activity robustly
inhibited the expression of NCSC-related genes (Fig. 8c).
Similarly, blocking the activities of NMII and RhoA

significantly inhibited 3D-spheroid formation and the ex-
pression of YAP1 and NCSC-related genes, NESTIN,
FOXD3, SOX9, SLUG, and SNAIL1, in GMSCs following
culture for 3 days in ultra-low attachment plate with the
defined NCSC-induction media (Fig. 8d, e). These findings
suggest that RhoA/NMII/YAP1 axis-mediated biomechani-
cal signal transduction may play an important role in the
conversion of GMSCs into NCSC-like cells.

Fig. 7 Increased expression of YAP1 in human GMSCs under NCSC-
induction conditions. a GMSCs were seeded into culture dishes pre-
coated with either laminin (LN), poly-L-ornithine (PLO), or both (LN/
PLO) and cultured for 24 h with defined NCSC-induction media,
DMEM/F12: neurobasal medium (1:1) containing N2, B27, 20 ng/mL
EGF and 20 ng/mL bFGF. The expression of YAP1 and phosphorylated
YAP1 (pYAP-Ser127) was determined by Western blot. b, c Time course
studies on the expression of RhoA, YAP1, pYAP-Ser127, and TAZ in
GMSCs cultured in LN/PLO-precoated plates with the defined
induction medium for different time periods as determined by Western
blot. d–f Increased expression YAP1 in induced NCSC-like colonies
(NCSCs) in comparison to non-induced GMSCs as determined by

Western blot (d) and immunocytochemistry (e, f), respectively. g, h
Increased expression YAP1 in spheroid GMSCs in comparison to that
in their adherent counterparts as determined by immunocytochemistry (g)
and Western blot (h), respectively. Cell nuclei were counter-stained by
DAPI (blue) (n = 5). Scale bar: 20 μm. **P<0.01 versus the control
GMSCs. i Western blot analysis showed that knockdown of YAP1
expression by transfection with specific YAP1 siRNA (YAP-siR)
significantly inhibited the expression of NCSC-related genes, including
NESTIN, FOXD3, SOX9, and SLUG in NCSC-like cells induced from
GMSCs, whereas a non-specific siRNA (NS-siR) was used as a control.
β-actin served as the internal reference. Data are representative of 3
independent experiments
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Transplantation of Nerve Conduits Laden
with NCSC-Like Cells Promotes Rat Facial Nerve
Regeneration

We next used a facial nerve transection model in rat to evalu-
ate the nerve regenerative potentials of GMSC-derived
NCSCs transplanted with nerve conduits. Twelve weeks after

transplantation, continuity of the nerve was observed
(Fig. 9a). Clinical nerve function assessment at several
follow-up intervals, 4 to 12 weeks after surgery, indicated that
both GMSC and NCSC groups showed significantly im-
proved facial palsy scores as compared to the nerve conduit
alone, whereas NCSC group demonstrated even higher scores
than the GMSC group (Fig. 9b). Electrophysiological analysis

Fig. 8 Effects of blocking activities of non-muscle myosin II (NMII) and
Rho A on the expression of NCSC-related genes. a Treatment with (±)-
Blebbistatin (10 μM), a specific inhibitor of non-muscle myosin II
activity, or Y27632 (5 μM), a specific inhibitor of RhoA/ROCk
activity, prevented spheroid formation of GMSCs culturing on LN/
PLO-precoated plates with defined induction media, DMEM/F12:
neurobasal medium (1:1) containing N2, B27, 20 ng/mL EGF and
20 ng/mL bFGF, whereas (+)-Blebbistatin (10 μM), an inactive
enantiomer of (±)-Blebbistatin, had no effects on spheroid formation of
GMSCs. Scale bar: 200 μm. b Western blot showed that expression of
RhoAwas increased in GMSCs following culture on LN/PLO pre-coated
plates for different time periods (the left panel) or under neurosphere

culture condition for 48 h (the right panel) with defined NCSC-
induction media. c Blocking the activities of non-muscle myosin II
(NMII) and RhoA significantly inhibited the expression of YAP1 and
NCSC-related genes, NESTIN, FOXD3, SOX9, SLUG and SNAIL1, in
GMSCs following culture on LN/PLO pre-coated plates with the defined
NCSC-induction media for 3 days. (d, e) Blocking the activities of non-
muscle myosin II (NMII) and RhoA significantly inhibited 3D–spheroid
formation and the expression of YAP1 and NCSC-related genes,
NESTIN, FOXD3, SOX9, SLUG, and SNAIL1, in GMSCs following
culture for 3 days in ultra-low attachment plate with the defined NCSC-
induction media. β-actin served as the internal reference. Scale bar:
200 μm. Data are representative of 3 independent experiments
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of compound muscle action potential (CMAP) of the vibrissal
muscle, the innervated end target organ, at both the injury and
the contralateral healthy sides, were measured at week 12
[42]. The ratio of CMAP of the injured side compared to the
normal side was used to evaluate facial nerve functional re-
covery (Fig. 9c, d). Compared with the nerve conduit alone
and GMSC groups, CMAP was significantly restored in the
NCSC group with a nearly twofold recovery over these two
groups (Fig. 9c).

Histologically, longitudinal sections of the regenerated
nerves at the gap defect site in each group were stained with
antibodies for S-100β, β-tubulin III, neurofilament, and
growth associated protein-43 (GAP-43) for Schwann cell
and axonal regeneration. Compared to nerve conduit alone
and GMSC groups, Schwann cell and neuronal markers
were significantly enhanced in NCSC group (Fig. 10a, b).
Meanwhile, the regenerated nerve fibers demonstrated a
more highly organized arrangement in the NCSC group as
compared with that in nerve conduit alone and GMSC
groups (Fig. 10a, b). In addition, the regenerated myelin

sheaths were observed by toluidine blue staining (Fig. 9e)
and transmission electron microscopy (TEM) (Fig. 9f). The
number of myelinated axons, thickness, and G-ratio were
evaluated. TEM showed that nerves from implantation of
nerve conduit alone group revealed poorly regenerated
nerves composed of thin, dispersed myelinated and non-
myelinated nerve fibers. In contrast, combinatory implan-
tation of nerve conduit and cells, particularly NCSCs,
showed well regenerated nerves composed of thick and
ordered myelinated nerve fibers (Fig. 9f). Further analysis
showed that the number of myelinated axons and the thick-
ness of the myelin sheaths were significantly higher while
the G-ratio was lower in the NCSC group than those in
nerve conduit alone and GMSC groups (Fig. 9g–i). These
findings suggest that NCSCs exert significantly enhanced
potential to facilitate facial nerve regeneration in a rat facial
nerve defect model in comparison to the parental GMSCs.
Furthermore, the nerve conduit alone may act as a conduit,
however, does not substantially regenerate effective facial
nerve in this model.

Fig. 9 Implantation of nerve conduits laden with human GMSC-derived
NCSCs promotes regeneration of transected rat facial nerves. a
Representative clinical photographs showing continuity of regenerated
facial nerves at 12 weeks following implantation of a nerve conduit
alone or in combination with GMSCs and NCSCs (n = 5). b Facial
palsy scores evaluated at different time points following transplantation
(n = 5). *P<0.05, GMSC group v.s. nerve conduit alone; $P < 0.05,
$$P < 0.01, $$$P < 0.001, NCSC group v.s. nerve conduit alone;
&P < 0.05, &&P < 0.01, NCSC group v.s. GMSC group by Student’s t
test and 1-way ANOVA with Tukey’s post hoc test. c, d Compound
muscle action potential (CMAP) recordings of the vibrissal muscles of
both the injury side and the normal side of rats (n = 3). *P<0.05 by paired
Student’s t test. Data are representative of 2 independent experiments. e
Toluidine blue staining of semi-thin sections of the middle segment of the

regenerated nerve samples at 12 weeks after surgery. Scale bars, 20 μm. f
Transmission electron microscopy (TEM) of ultrathin sections of the
middle segment of the regenerated nerve samples at 12 weeks after
surgery. Nerves from implantation of nerve conduit alone group showed
poorly regenerated nerves composed of thin, dispersed myelinated and
non-myelinated nerve fibers. On the contrary, combinatory implantation
of nerve conduit and cells, particularly iNCSCs, showed well regenerated
nerves composed of thick and ordered myelinated nerve fibers. Scale
bars, 2 μm. Histograms show g density of myelinated axons (the
number of myelinated axons/1000μm2), h the thickness of the
regenerated myelin sheaths, and i the G-ratios (the inner axonal
diameter/the outer myelinated fiber diameter). Data are shown as the
mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001
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Discussion

Avariety of adult tissues, such as bone marrow [29, 30], skin
[57], hair follicle [58, 59], adipose tissue [30], cornea [60],
inferior turbinate [61], and several orofacial tissues [25–27,
62], have been shown to harbor a unique subpopulation of
tissue-specific progenitor cells which confer neural crest
stem-like cell properties. Even though there is still lack of
specific markers to identify and characterize these adult
NCSC-like cells due to their heterogeneity and distinct tis-
sue-origins, a panel of NCSC-related genes such as NESTIN,
p75NTR, SOX9, SOX10, PAX3, FOXD3, SNAIL1, SLUG, and
TWIST1 is commonly but differentially expressed in NCSCs
[22, 30]. However, among the major NCSC-related

transcription factors, SOX10 has been shown to be consistent-
ly expressed in both embryonic and adult NCSCs from ro-
dents [22, 29, 30], but occasionally expressed in NCSCs de-
rived from certain human adult tissues, e.g. hair follicle [59]
and inferior turbinate [61]. The lack of SOX10 expression has
been reported in adult NCSCs derived from human oral mu-
cosa [25, 27], bone marrow, and adipose tissues [30].
Consistently with these findings, our current study demon-
strated that NCSC-like cells induced from human GMSCs
under our experimental conditions showed increased protein
expressions in NESTIN, p75NTR, SOX9, FOXD3, SNAIL1,
SLUG, and TWIST1, but not SOX10 (Figs. 1, 2, 3). Even
though adult NCSC from different tissues exhibited differ-
ences in the expression profile of NCSC-related genes, they

Fig. 10 Histological analysis of regenerated facial nerves. a Left panels,
H & E staining of cryosections of the middle segment of regenerated
facial nerves at 12 weeks after surgery. Scale bars, 200 μm.
Immunohistochemistry showed increased expression of S-100β and β-
tubulin III, and organized axonal alignment in regenerated nerves from
transplantation with NCSC group. Scale bars, 50 μm. b Left panels, H &
E staining of cryosections of the middle segment of regenerated facial

ne rve s a t 12 weeks a f t e r su rge ry. Sca l e ba r s , 50 μm.
Immunohistochemistry showed increased expression of growth
associated protein-43 (GAP-43) and neurofilament, and an organized
axonal alignment in regenerated nerves from transplantation with
NCSC group. Scale bars, 50 μm. Cell nuclei were counter-stained by
DAPI (blue)
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possess similar multipotent differentiation capability into clas-
sical NC cell lineages, such as neurons and Schwann cells, and
various non-neural cell lineages [22, 30]. Thus, they may rep-
resent a promising alternative source of stem cells for cell-
based therapy for various human diseases, particularly, for
neurological disorders. However, the potential application of
these unique tissue-specific NCSCs in tissue engineering/
regenerativemedicine (TE/RM) is much less frequently inves-
tigated in comparison to other types of stem cells and might be
hurdled by their scarcity in adult tissues and the difficulty of
efficient isolation and ex vivo expansion.

In recent years, direct conversion of somatic cells, e.g.,
fibroblasts into pluripotent state by reprogramming with a
combination of transcription factors or even a single transcrip-
tion factor is emerging as a novel approach to generate large
number of neural stem or progenitor cells for application in
TE/RM [12–16, 18, 20]. Most recently, it has been reported
that multipotent neural crest cells can be induced by direct
reprogramming of human postnatal fibroblasts with enforced
expression of a single transcription factor SOX10 [17] or with
substrate-mediated transfer of the naked FOXD3 plasmids
[31]. Besides gene transfer, other non-genetic approaches such
as the use of small molecules, biophysical factors like me-
chanical properties and substrate topography, have also been
used to improve the induction efficiency of NSCs from somat-
ic cells [21, 63]. Suspension or floating sphere culture is a
classic approach for isolation and enrichment of neural pro-
genitor cells directly from tissues but the efficiency is relative-
ly low and thus difficult to obtain enough cells within a short
time window [22, 47]. Alternatively, two recent studies have
reported that human oral mucosa and gingiva-derived MSCs
were first expanded in vitro by culture as plastic adherent
monolayers in standard serum-containing medium and subse-
quently subjected to suspension or floating culture with
serum-free neural culture medium, which led to a significant
enrichment of NCSCs [25, 27]. Herein, we also showed that
direct floating sphere-forming culture with serum-free neural
culture medium significantly increased the protein expression
of several NCSC-related genes, NESTIN, FOXD3, SLUG,
SOX9, SNAIL1, and TWIST (Fig. 3). Additionally, it has
been shown that changing the mechanical and physical prop-
erties of the surface of culture dishes by coating with certain
types of materials, e.g., chitosan, promoted adherent human
gingival fibroblasts and MSCs to aggregate into spheroids,
which showed increased expression of stemness-regulatory
genes and the NCSC-related gene SOX9 [64, 65]. In the pres-
ent study, we showed that subject of human GMSCs ex vivo
expanded as adherent monolayers to culturing on laminin
(LN)/poly-L-ornithine (PLO)-precoated culture plates under
neural induction conditions had stronger inductive effect on
the expression of NCSC-related genes and morphological
changes than culturing GMSCs on plates pre-coated with ei-
ther laminin or poly-L-ornithine alone (Fig. 1). However,

further studies are warranted to explore whether such stronger
inductive effects on the expression of NCSC-related genes
mediated by pre-coating with both laminin and poly-L-
ornithine involve an elevated expression of extracellular ma-
trix components, particularly the adhesion molecules such as
different subtypes of integrin and focal adhesion kinase
(FAK), in GMSCs [66].

Geometrical and mechanical signals generated from
cell-extracellular matrix (ECM), cell-cell adhesions, the or-
ganization of the cytoskeleton and tension forces have
added an additional dimension to cell signaling pathways
that control cell proliferation, stem cell identity, differenti-
ation, and cell death [50]. However, how mechanical sig-
nals are sensed and transduced into the cell nucleus to reg-
ulate the downstream gene expressions has long remained
largely unknown. Most recently, several lines of evidence
have shown that mechanical signals converged on the reg-
ulation of the downstream effectors, Yes-associated protein
(YAP) and TAZ [50], wherein Rho-associated kinase
(ROCK)-mediated non-muscle myosin II (NM II) depen-
dent contraction of the actomyosin cytoskeleton may play
an essential role in mechanical signal transduction [54, 55,
67]. Previous studies have shown that Rho/ROCK activity
was involved in spheroid formation of human gingival fi-
broblasts (HGFs) and MSCs upon culturing on chitosan
membranes [64, 65]. In the current study, we demonstrated
that subjecting GMSCs directly to neurosphere culture or
culturing on PLO/LN-precoated plates robustly induced the
expression of YAP1, while knockdown of YAP1 expres-
sion significantly inhibited the expression of NCSC-
related genes (Fig.7). Meanwhile, we further demonstrated
that blocking non-muscle myosin II (NMII) and
RhoA/Rock activities prevented spheroid formation of
GMSCs culturing on LN/PLO-precoated plates and con-
comitantly inhibited the expression of YAP1 and NCSC-
related genes (Fig.8). These compelling findings support
the notion that activation of the RhoA-ROCK/YAP1 axis
mediated by mechanical cues generated by LN/PLO pre-
coating or neurosphere culture might play an important role
in the generation of induced NCSCs from GMSCs.
However, further studies are warranted to delineate the
overarching signals that orchestrate mechanical cues-
mediated generation of NCSCs from GMSCs.

Injuries to peripheral nerves, particularly the facial nerve,
often lead to long-term disability, social stigmatization, and
decreased function of the end target organs [7]. Currently,
autografts of nerves remain as the gold standard approach to
bridge the gap between the injured nerve stumps. However,
this approach also suffers from several major shortcomings,
such as permanent donor site morbidity, limited availability,
and the possibility of neuroma formation [7, 68]. In the last
several decades, much work has been done to develop a vari-
ety of synthetic and natural nerve guidance devices to improve
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peripheral nerve regeneration following injuries with small
gaps. However, the overall clinical outcomes of these ap-
proaches are still disappointing, as yet no suitable replacement
for autografts has been developed [7]. Most recently, there has
been growing enthusiasm to use stem cells in combination
with tissue engineering techniques to promote peripheral
nerve regeneration and functional recovery [9]. To date, vari-
ous types of mesenchymal stem cells or progenitor cells, such
as bone marrow mesenchymal stem cells, adipose-derived
stem cells, dental pulp stem cells, umbilical MSCs, have been
shown to possess certain degrees of beneficial effects on pe-
ripheral nerve regeneration [9] due to their multipotent poten-
tials to differentiate into neurons and Schwann cells as well as
their ability to produce neurotrophic factors [40, 41, 69–72].
However, the inherent heterogeneity, limited survival abilities,
unpredictable cell fate, and the variation of clinical outcomes
have significantly impeded their application [7]. In the present
study, we demonstrated that transplantation of NCSC-like
cells induced from human GMSCs in combination with a
nerve conduit, an extracellular matrix coaption aid, exhibited
significantly enhanced potentials to facilitate regeneration and
functional recovery of rat facial nerve as compared with the
parental GMSC counterparts (Figs. 9, 10).

In summary, a small subpopulation of post-migratory
neural crest cells (NCCs) is readily accessible from oral
and craniofacial tissues, particularly, the easily accessible
oral mucosa and gingival tissues. This study presented a
simple, safe, and reproducible non-genetic approach to in-
duce ex vivo expanded human GMSCs into NCSCs,
whereby the activation of RhoA-ROCK/YAP1 signaling
axis triggered by actomyosin cytoskeleton-transduced me-
chanical cues may play an important role. Functionally,
transplantation of GMSC-derived NCSCs in combination
with a nerve conduit exhibited significant beneficial effects
on rat facial nerve regeneration. These compelling findings
suggest that GMSC-derived NCSCs may be a promising
and easily accessible stem cell source for generating tissue-
engineered nerve constructs that are clinically applicable to
improve peripheral nerve regeneration and a potential re-
placement for the use of autologous nerve grafting.
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