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Abstract The ability to generate neural progenitor cells
from human umbilical cord mesenchymal stem cells (hUC-
MSCs) has provided an option to treat neurodegenerative
diseases. To establish a method for this purpose, we
characterized the early neural markers of hUC-MSCs-
derived cells under different conditions. We found that
neither the elimination of signals for alternative fate nor N2
supplement was sufficient to differentiate hUC-MSCs into
neural precursor cells, but the GSK3 inhibitor SB216763
could promote an efficient neural commitment of hUC-
MSCs. The results indicated that Wnt/B-catenin might play
an important role during the early neural differentiation of
hUC-MSCs. Here, we report a method for hUC-MSCs to
commit efficiently into a neural fate within a short period
of time. This protocol provides an efficient method for
hUC-MSCs-based neural regeneration.
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Introduction

Stem-cell-based therapies have been used as new strategies
to treat neurodegenerative diseases and neural damages,
such as Parkinson’s disease, Alzheimer’s’ disease, stroke,
and spinal cord injury (SCI) [3, 13, 30, 31]. Some reports
have shown that human mesenchymal stromal cells
(MSCs) are able to support axonal growth after transplant,
enhanced sensorimotor function, and significantly recov-
ered it in vivo [1, 25, 47]. However, there are still some
obstacles for stem-cell-based therapies, such as the differ-
ences between donors, survival of stem cells after trans-
plantation, and the differentiation ability of stem cell
in vivo. Currently, there is no single efficaciously estab-
lished stem-cell-based strategy, but efforts are being made
to achieve one; therefore, certain new strategies focus on
combining stem cells with gene-based therapies or small
molecules, such as growth factors and chemicals.
Umbilical cord-derived mesenchymal stem cells (UC-
MSCs) can develop into neural cells, and have been used to
replace damaged tissue in the central nervous system
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(CNS) [14, 20, 22]. UC-MSCs have certain advantages for
engraftment: (1) they are easily isolated; (2) they are
derived from the umbilical cord after birth, so the source of
the cells is less controversial; (3) they replicate faster
in vitro; (4) the source of the cells is quite young; and (5)
they are less immunoreactive after transplantation
[8, 35, 48]. Some protocols have been established to direct
the differentiation of UC-MSCs into neural cells, involving
the use of retinoic acid [29], heparin, basic fibroblast
growth factor [20], and epidermal growth factor [6]. UC-
MSCs have been found to differentiate into oligodendro-
cyte precursor cells (OPCs), neural stem-cell-like cells
[18], and motor neuron-like cells [20]. However, there are a
number of obstacles associated with stem-cell-based ther-
apies, such as the low survival rate of cells after trans-
plantation, the low efficiency of differentiation of the cells,
and the uncontrollable differentiation in vivo. Accordingly,
the purpose of this study was to find a factor, which can be
used both in vitro and in vivo, to promote the differentia-
tion of UC-MSCs into neural progenitor cells. Our previous
research showed that the stimulation of the Wnt/B-catenin-
signaling pathway could promote the generation of neural
precursor cells (NPCs) from embryonic stem cells (ESCs).
Other studies have also confirmed that Wnt signaling is
essential for the normal development of the cortex and
hippocampus [21]. In addition, they found that this sig-
naling pathway plays an important role in the proliferation
and maintenance of neural progenitor cells in vitro [24].
Thus, an alternative method which we investigated in this
study is based on the ability of SB216763, a small mole-
cule which has been confirmed to activate Wnt-signaling
pathway through inhibiting GSK3 and to promote the
neural differentiation of UC-MSCs. Specifically, we
examined the effect of SB216763 on promoting neural
differentiation of UC-MSCs under two conditions. The
default condition was routinely used in neural differentia-
tion of ESCs through the default mechanism, which indu-
ces neural differentiation by eliminating extra growth
factors and signals. This method makes it possible to
examine the effect of SB216763 in the absence of other
factors. The other condition involved the use of a defined
neuroectodermal-induction medium which contains
DMEM/F12 and N2. This method provides a simple yet
low-cost way to induce the formation of neural progenitor
cells. Our ultimate aim was to find out a chemical com-
pound which could direct the neural commitment of UC-
MSCs, and to establish a protocol for promoting the dif-
ferentiation of UC-MSCs into neural precursors which can
be used for transplanting in the future. Our results con-
firmed that SB216763 activates the Wnt-signaling pathway
by inhibiting GSK3, to promote the neural differentiation
of UC-MSCs. This suggests the potential use of SB216763
to generate neural precursors, which would be
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advantageous due to its low cost, high efficiency, and easy
manipulation.

Experimental procedures
Isolation and identification of UC-MSCs

The study protocol was subject to approval by the Ethic
Committee of the Affiliated Hospital of Guangdong Med-
ical University (Ref. PJ2015014). Fresh human umbilical
cords were collected after birth from healthy donors
(n > 6, age between 20 and 35 years, and gestation period
38-40 weeks), and washed several times with 1x sterile
phosphate-buffered saline (PBS; Gibco, Carlsbad, CA,
USA) until the cord blood was removed. Subsequently,
umbilical arteries and veins were peeled off, and the outer
layer of the umbilical cords was removed. The Wharton’s
jelly was cut into 5 mm® pieces and plated on 100 mm
petri dish (Corning, USA), after drying for 5 min, the
complete medium, which contained Dulbecco minimal
essential medium (DMEM) with 10 % FBS and 10 U/ml
penicillin, was added to cover the fragments. The petri
dishes were kept in an incubator at 37 °C with 5 % CO, for
days until cells migrated out of the tissues. Then, all tissue
fragments were removed from the petri dishes, and the
cells were cultured to confluence. For the passaging, cells
were detached with 0.25 % Trypsin-EDTA (Gibco), and
the trypsin was inactivated by PBS with 10 % FBS. Cells
were the centrifuged at 100 g for 5 min, resuspended in
complete medium at a density of about 2000-3000 cell/cm?
and seeded into new plates. The morphology of the cells
was examined using an inverted light microscope (EVOS;
Life Technologies, Carlsbad, CA, USA). The cells at pas-
sage 3 (P3) were collected and processed for flow cytom-
etry (FACScan. BD Biosciences) analysis to assess the
expression of monoclonal antibodies (CD31, CD34, CD45,
CD73, CD90, and CD105; BD Pharmingen, Franklin
Lakes, NJ, USA). SB216763 was used to increase the
accumulation of B-catenin in the cytoplasm by inhibiting
the activity of GSK-3B. The SB216763 was purchased
from Selleck (S1075; Houston, TX, USA).

Neural differentiation of UC-MSCs

For the neural differentiation under default condition, UC-
MSCs were cultured in 60 mm petri dishes to 70 % con-
fluence, and the cell monolayer was washed with PBS.
Then, instead of complete medium, cells were serum-free
DMEM high glucose (Hyclone, Logan, UT, USA) medium
[39]. For the direct neural differentiation, UC-MSCs were
centrifuged and resuspended at a density of 0.5 x 10°
cells/ml in DMEM/F12 (1139; Gibco) plus 1X N2 (Gibco).
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Cells were refed fresh medium every 2 days during the
neural differentiation of hUC-MSCs.

Immunocytochemistry

Cells were cultured in 24-well plates for 2 days to
60-70 % confluence. The cell monolayer was then washed
with PBS before being fixed with 4 % paraformaldehyde
(PFA). The fixed cells were permeabilized using PBS/
0.3 % triton X-100 for 15 min. The primary antibodies
were as follows: monoclonal Anti-POU5SF1 (OCT4,
1:1000; SIGMA-ALDRICH, Saint Louis, MO, USA), anti-
Nestin (1:50; Beyotime, China), neuronal class III -
tubulin (1:250, Beyotime, China), anti-GFAP (MXB,
China), anti-B-catenin (1:50-500; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA), anti-Ki67 (MXB, China), anti-
Vimentin (MXB, China), and anti-Cytokeratin (MXB,
China). The secondary antibodies were as follows: Alexa
Fluor 488 goat-anti mouse IgG2a (1:1000; Life Tech-
nologies), Alexa Fluor 488 goat-anti mouse IgG (H + L)
(1:1000; Life Technologies), and FITC-conjugated Affini-
Pure Goat-Anti-Rabbit IgG (H + L) (1:50-200; Jackson
ImmunoResearch, US). The 4,6 diamidino-2-phenylindole
(DAPI) was used for nucleus staining. The control cells,
which were stained without secondary antibodies, were
negative for immunolabeling. A Leica DMI3000B micro-
scope was used to capture the images of cells, and the LAS
V4.6 software was used to analyse the results.

RT-PCR analysis

Total RNA was extracted from the cell using the E.Z.N.A TM
Total RNA Kit I (OMEGA Bio-Tek., GA, USA). A total of
1 pg RNA was used to synthesize cDNA with oligo primers
(TAKARA Bio Inc., Kyoto, Japan), and the cDNA was used
directly for the RT-qPCR analysis (SYBR Remix Ex TaqTM
I, TAKARA Bio Inc.). All procedures were performed fol-
lowing the instructions of the manufacturer. The specific
sequences of genes were used to detect the early neural dif-
ferentiation and the “stemness” status of cells. The primers
were as follows: OCT4-forward: GCAAAGCAGAAACCCT
CGTG, OCT4-reverse: GAACCACACTCGGACCACAT;
NANOG-forward: CTTCTGCGTCACACCATTGC, NANO
G-reverse: CTTCTGCGTCACACCATTGC, NESTIN-for-
ward: GACCCTGAAGGGCAATCACA, NESTIN-reverse:
GGCCACATCATCTTCCACCA; PAX6-forward: AGAGA
AGACAGGCCAGCAAC. PAX6-reverse: TGGTTGGTAG
ACACTGGTGC; SOX1-forward: CAACCAGGACCGGGT
CAAAC, SOXI-reverse: TCGGACATGACCTTCCACTCG;
B-tubulin-forward: GATCGGGGCCAAGTTCTGG, B-tubu-
lin-reverse: GCCTCGTTGTAGTAGACGCT, p-tubulin-re-
verse: GCCTCGTTGTAGTAGACGCT; B-ACTIN-forward:
CCAACTGGGACGACATGGAG, and B-ACTIN-reverse:

AGGGATAGCACAGCCTGGAT. The housekeeping gene B-
ACTIN was used as the control in all RT-qPCR analyses.
Statistical significance was analyzed by SPSS (SPSS 19.0; IBM
Corp., Armonk, NY, USA), and the paired-sample ¢ test was
used. A p value of >0.05 was considered as insignificant; a
p value of <0.05 was considered as statistically significant; a
p value of <0.01 was considered as highly significant; and a
p value of <0.001 was considered as very highly significant. All
results were collected from at least three independent
experiments.

Results

Cytotoxicity and effects of SB216763
on undifferentiated hUC-MSCs

The hUC-MSCs were isolated from umbilical cord stroma,
and then examined by the FACS analysis. Similar to other
studies, we detected the expression of mesenchymal
markers, such as CD90, CD73, and CD105, but neither the
endothelial marker CD31 nor hematopoietic stem-cell
markers CD45 and CD34 were detected (Supplementary
Fig. 1A). The hUC-MSCs isolated were adherent to plastic
in culture could differentiate into osteoblasts, adipocytes,
and chondroblasts in vitro (Supplementary Fig. 1B).

To determine the concentration of SB216763 with the
least effect on the viability, proliferation, and other features
of hUC-MSCs, we conducted experiments using a serial
dilution of this small molecule. The hUC-MSCs were
plated into 96-well plates, and treated with 30, 300 nM, 3,
and 30 pM of SB216763 for 2 days. Subsequently, the cell
counting kit-8 (CCKS8) assay was used to examine the
viability of the hUC-MSCs. The results of the CCK8 assay
indicate that the population of live cells decreased in the
30 uM, 60, and 120 uM SB216763-treated groups, while
the concentration of 3 uM, 300, and 30 nM did not affect
the viability or proliferation of hUC-MSCs (Fig. 1a). The
examination of the morphology of untreated hUC-MSCs
and 3 uM SB216763-treated hUC-MSCs under an inverted
microscope revealed no differences between the two
groups. This suggested that 3 uM SB216763 did not affect
the shape and size of hUC-MSCs (Fig. 1b). In addition, the
accumulation of B-catenin was also detected in cytoplasm
of SB216763-treated cells (Fig. 1c), suggested that
SB216763 could inhibit GSK3 in hUC-MSCs.

To examine the effect of SB216763 on the expression of
certain important transcription factors, which related to
pluripotency of embryonic stem cells, OCT4, SOX2,
SSEA1, and NANOG were examined in this study. The
pluripotent marker OCT4 was detected in both untreated
and SB216763-treated hUC-MSCs (Fig. 1d). Moreover,
the results of the FACS analysis showed that the
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«Fig. 1 Characterization of the hUC-MSCs and optimal concentration
of SB216763 to treat cells. a Dosage-dependent cytotoxicity of
SB216736 on undifferentiated UC-MSCs was measured using CCK8
assay 48 h after treatment. Values are showed as a percentage of
control values (0 nM). Data are presented as mean &= SEM of three
separate experiments performed in three independent experiments.
b Morphology of non-treated hUC-MSCs and SB216763-treated
hUC-MSCs under inverted microscope (x10), the images, showed
that no obvious morphological changes after treating. ¢ B-catenin
(anti-B-catenin, green) expressed in non-treated hUC-MSCs and
SB216763-treated cells. The nuclei were stained with DAPI (blue).
Bar 100 um. d Expression of OCT4 (Anti-POUSF1, green) in non-
treated and SB216763-treated groups, respectively. The nuclei were
stained with DAPI. Bar 100 um. e FACS analysis results showed that
the percentage of OCT4 positive cells did not have a significant
change between two groups. f Expression of transcription factor
OCT4, NANOG, and SSEA1 in non-treated and SB216763-treated
UC-MSCs. There were no significant difference between non-treated
and SB216763-treated groups. Data are the average of three assays,
and error bar represents mean = SEM. *p < 0.05, **p < 0.01

percentage of OCT4 positive cells was not significantly
different between the untreated group and the SB216763-
treated groups (Fig. 1f). These results indicated that 3 pM
SB216763 did not affect the characteristics of hUC-MSCs.
Therefore, 3 uM SB216763 was adopted as an optimal
concentration for treating hUC-MSCs in this research. In
addition, to evaluate the gene expression of SB216763-
treated hUC-MSCs, qRT-PCR analysis was applied. The
analysis of the expression of OCT4, NANOG, SSEAI, and
SOX2 revealed that the expression of these three genes was
not significantly affected after treatment with SB216763
(Fig. 1d). Moreover, the ICC images showed that the
expression of stem-cell markers SOX2 and NANOG was
detected in both SB216763-treated and non-treated cells
(Fig. 1g, h). These results suggested that SB216763 did not
influence the expression of certain important “stemness”-
related transcription factor genes.

SB216763 protects hUC-MSCs from serum
starvation-induced apoptosis and enhances

the neural fate of hUC-MSCs by increasing
the expression of neural specific genes

To examine the effect of SB216763 on neural commitment
of hUC-MSCs, we adopted two adherent monoculture
methods, “default mechanism” and neural differentiation
medium. The “default mechanism” is one of the method to
trigger the neural differentiation of ESCs in vitro, which
has been used to eliminate the effects of some exogenous
factors during neural differentiation. To examine the neural
commitment of hUC-MSCs in the absence of other factors,
we adopt “default mechanism” to check the effect of
SB216763 on neural differentiation of hUC-MSCs.
Therefore, SB216763 was added into the serum-free

medium at different time points during the culturing, the
design of the experiment is shown in Fig. 2a.

To examine the percentage of cells surviving 48 h after
differentiation under ‘“default mechanism”, the CCKS
assay was used. The CCKS results showed that the cells in
the group constitutively treated (CT) with SB216763 sur-
vived twice as long as the untreated group cells (Fig. 2b).
This suggested that SB216763 either protected cells from
apoptosis induced by serum starvation or stimulated the
neural differentiation of hUC-MSCs. However, which
effects caused the increased cell population in the consti-
tutively treated group was not clear. Therefore, we cultured
the non-treated hUC-MSCs under “default condition” for
1 day, and then treated the cells with SB216763. The
CCKS result showed that the cell population in the group
subjected to treatment at day 1 (ET) was as large as that in
the untreated group (Fig. 2b). This indicated that the
SB216763 might play a major role in preventing the death
of hUC-MSCs at the early stage under the default
mechanism.

In addition, the expression of some neuronal specific
markers increased after treating the hUC-MSCs with 3 uM
SB216763 under “default condition”. For instance, 2 days
after treatment, the expression of NESTIN was found to be
significantly increased, and the expression of class III [-
tubulin was very significantly increased. In addition, the
expression of SOXI and PAX6 was increased in the
SB216763-treated cells, but the increase was not statisti-
cally significant when compared with the untreated group
(Fig. 2¢). These RT-qPCR results suggested that although
treatment with SB216763 did not impair the “stemness” of
hUC-MSCs, it enhanced the neural differentiation potential
of hUC-MSCs by increasing the expression of neural
specific genes.

The expression of NESTIN was monitored by
immunocytochemistry (ICC), 2 days after neural differ-
entiation of hUC-MSCs under “default condition”
(Fig. 2¢). The results indicate that there was no obvious
NESTIN expression in the untreated group, but it was
clearly detected in the group treated constitutively with
SB216763 (Fig. 2d). Moreover, ICC result showed that
the Ki-67, which is a nuclear protein associated with
cellular proliferation, was detected in SB216763 consti-
tutive-treated groups (Fig. 2e). These ICC analysis results
showed that SB216763 itself was able to stimulate and
accelerate the neural differentiation of hUC-MSCs into
neural precursor cells as well as protect proliferation of
the cells under serum starvation. However, this method
could not produce a large number of neural progenitor
cells. Moreover, its low efficiency makes the method less
appealing to researchers who want to produce more hUC-
MSCs derived progenitor cells. To overcome this prob-
lem, we developed a new protocol that involves the
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Fig. 2 Neural commitment of hUC-MSCs under “default condition”.
a Experimental design of time-course induction of UC-MSCs under
default condition. b Percentage of living cells after treated under
default condition. ET treated at day 1, CT constitutive treated. Data
are the average of three assays, and error bar represents mean =+
SEM. ¢ Expression of the early neural specific markers, NESTIN,
PAXG6, SOX1, and class III -tubulin in non-treated and constitutive-

replacement of serum with N2 supplement and the
reduction of other signals by resuspending single hUC-
MSCs in this defined medium, which consisted of
DMEM/F12 and the N2 supplement. The N2 supplement
has been widely used to culture primary hippocampal
progenitors and neural stem cells [42, 44]. The adherent
monoculture method was based on Ying’s report that
ESCs cultured in monolayer were able to convert ESCs
into neuroectodermal precursors [45].
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Constitutive treated(CT)

treated UC-MSCs showed that gene expressions have been stimulated
by 3 uM SB216763. d Expression of NESTIN (anti-NESTIN, green)
in cells which treated under default condition for 2 days. The nuclei
were stained with DAPI. Bar 200 px (100 um). e Expression of Ki-67
(anti-Ki-67, green) in non-treated and constitutive-treated UC-MSCs
under “default condition”. The nuclei were stained with DAPI. Bar
100 pm

SB216763 enhanced the direct neural differentiation
of hUC-MSCs and prolongs the expression of neural
markers in differentiated cells

In this step, neural differentiation medium, which contain
DMEM/F12/N2, was used to trigger the neural differenti-
ation of hUC-MSCs. To detect B-catenin during neural
differentiation of hUC-MSCs, the Western blot analysis
was used; moreover, the intensity of each band was
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analyzed by the ImageJ software. The results showed that
the B-catenin protein expression was increased after treat-
ing cells with SB216763 at different time points during
neural differentiation (Fig. 3). Indeed, we found that the
expression of B-catenin was increased in a time-dependent
manner (Fig. 3). Thus, the Western blot analysis results
suggested that B-catenin was required during the process of
neural differentiation triggered by the “neural differentia-
tion medium”.

To examine the neural differentiation of hUC-MSCs
using this protocol, the profiles of NESTIN, class III B-
tubulin, and GFAP at different time points were monitored
by ICC (Fig. 4). A strong expression of cytoplasmic Nestin
was detected in SB216763-treated cells after 6 h induction
(Fig. 4a), but no such expression was seen in the untreated
group. This finding suggested that SB216763 could effi-
ciently promote the differentiation of hUC-MSCs into
NPCs. The absence of obvious expression of NESTIN in
the untreated groups after prolong culturing (Fig. 4a),
suggested that DMEM/F12 plus N2 supplement might not
be sufficient to induce the generation of NESTIN positive
neural progenitors. The measurement of the expression of
Class III B-tubulin in both untreated and SB216763-treated
cells showed a strong expression of protein in both groups
after 6 h of induction (Fig. 4b). However, the class III B-
tubulin positive cells decreased dramatically in the
untreated group after 1 day (Fig. 4b). This result suggested
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Fig. 3 Expression of B-catenin at different time points during the
neural differentiation of hUC-MSCs under neural differentiation
medium. a Western blot result showed that total B-catenin increased
obviously in hUC-MSCs after treating with SB216763. b Histogram
indicated the relative expression of fB-catenin. The relative intensity
was examined by the ImageJ software. SBT SB216763-treated group;
¢ control, non-treated group

that SB216763 could maintain the expression of class III -
tubulin in differentiated hUC-MSCs longer than in the
untreated group. The expression of GFAP was clearly
detected in the SB216763-treated groups, but not in non-
treated group (Fig. 4c). Furthermore, similar to the NES-
TIN expression, the expression of GFAP only occurred in
the SB216763-treated group and its expression was sus-
tained more than 3 days.

Discussion

We have previously found that the Wnt signaling can
promote the generation of neural precursor cells (NPCs)
from mESCs, and in addition, it could stimulate the dif-
ferentiation of NPCs into post-mitotic neurons. There are
some chemicals to inhibit the activity of GSK, such as
Lithium, SB216763, CHIR99021, and 6-BIO [41]. In this
study, the small molecule SB216763 was used to investi-
gate the effect of Wnt signaling on hUC-MSCs. SB216763
is widely used as an efficient GSK3p inhibitor, which can
activate the Wnt-signaling pathway by increasing cyto-
plasmic B-catenin [5, 17]. It has been used in animal
models in vivo and cell culture in vitro [12, 15], as well as
in stem-cell research [2, 17]. SB216763 at a concentration
of 10 uM maintained the proliferation of mESCs in vitro
[5, 17]. In neural development, SB216763 at a concentra-
tion of 100-500 nM has been found to inhibit the devel-
opment of oligodendrocyte through the Wnt/B-catenin-
signaling pathway [34]. In addition, in vivo studies showed
that SB216763 combined with ECM and chitosan scaffold
could repair spinal cord injury in rat [16]. Moreover,
SB216763 could cross the blood—brain barrier and inhibit
GSK3 in some part of brain [19]. All these studies sug-
gested that SB216763 might be used as a drug, in combi-
nation with stem cells, to treat neurodegenerative diseases.
For this reason, we chose SB216763 as an activator of Wnt
signaling in this research.

To characterize the gene expression in SB216763-trea-
ted hUC-MSCs, stem-cell-related markers and neural
specific markers were examined. OCT4 is one of the key
transcription factor for the development of inner cell mass
(ICM) during the blastocyst stage of the embryo, and it has
been found to regulate the self-renewal and pluripotency of
embryonic stem cells and induced pluripotent stem cells
(iPSCs) [33, 37, 40, 46]. The expression level of OCT4 also
indicates the differentiation status of pluripotent stem cells,
as the previous research found that half-decreased expres-
sion of OCT4 led to the spontaneous differentiation of
embryonic stem cells [33]. Apart from pluripotent stem
cells, OCT4 is also expressed in adult stem cells and cer-
tain cancer cells [9, 11, 38], which suggests that OCT4 may
play an important role in cell differentiation and division.
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The expression of the primordial germ cell markers
NANOG and SSEAI, which are highly expressed in
pluripotent stem cells [4, 23, 36], was also evaluated in this
research to assess the “stemness” status of hUC-MSCs. We
found that SB216763 did not change the “stemness” status
of hUC-MSCs, but enhanced the neural fate by increasing
the expression of neural development-related genes.

For the neural differentiation of hUC-MSCs, two pro-
tocols were used in this study. The serum-free neural

a Non-treated

12h

1D

2D

Fig. 4 Expression neuronal markers NESTIN, class III B-tubulin
(TulJ1) and GFAP during the neural determination of UC-MSCs by
immunocytochemistry staining. a Expression of NESTIN (anti-
NESTIN, green) in non-treated and SB216763-treated groups at
different time points during neural differentiation. b Expression of
class III B-tubulin (anti-TuJl, green) in non-treated and SB216763-
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differentiation protocol based on the “default mechanism”
was previously used to trigger neural specification of
embryonic stem cells (ESCs) into neural progenitor cells
[27, 39]. It has been reported that the neural commitment of
ectoderm starts after withdrawal of all inhibitory signals,
such as BMP4 and TGFJ [28]. In addition, the neural fate
of ESCs emerged after dissociating cells in serum-free
medium [43]. The ESCs cultured in a serum-free, feeder
layer-free condition, referred to as the default condition,

SB216763 treated

treated groups at different time points during neural differentiation.
¢ Expression of GFAP (anti-GFAP, green) in non-treated and
SB216763-treated groups at different time points during neural
differentiation. Data represent three independent experiments. Bar
100 pm (200 px)
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b Non-treated

SB216763 treated

Fig. 4 continued

were able to generate sphere colonies, and further differ-
entiated into neurons and glia [39]. We found that the cells
which were cultured under the default condition could
change their morphology, but not develop into neural
progenitor cells. This suggested that suppressing inhibition
signals were not sufficient to induce the neural differenti-
ation of hUC-MSCs, and other factors were required to
trigger the neural fate of hUC-MSCs. The second protocol
we adopted in this research was based on the neuroecto-
dermal-inducing conditions, which include the use of N2
and DMEM/F12 [10, 44, 45]. It is a commonly used pro-
tocol to differentiate ESCs into neural progenitor cells. We
found that this direct neural differentiation protocol could

induce non-treated hUC-MSCs into class III-B-tubulin
positive cells, but not NESTIN and GFAP positive cells.
To explain this phenomenon, we found evidence from the
previous reports that fibroblast-like cells, which have
similar morphology to neural progenitor cells, could also
express some early neural markers, such as class III B-
tubulin, but fibroblast-like cells could not differentiate into
functional neurons and glia cells [26]. This evidence sug-
gested that the use of only DMEM/F12 plus N2 supplement
medium was not sufficient to induce the neural differenti-
ation of hUC-MSCs in a short time. However, different
from the untreated group, SB216763-treated cells expres-
sed class II B-tubulin, NESTIN, and GFAP after
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Cc Non-treated

SB216763 treated

12h

Fig. 4 continued

differentiation. It suggested that the Wnt/B-catenin-signal-
ing pathway, which is able to promote the neural differ-
entiation of ESCs (Kirby et al., [17], iPSCs, and adult
neurogenesis [7, 32], might also be crucial for the neural
differentiation of hUC-MSCs.

Conclusion

In conclusion, we developed a protocol to induce an
efficient direct neural differentiation of hUC-MSCs using
a defined medium in combination with the small mole-
cule SB216763. The expression profiles of NESTIN,

@ Springer

class III B-tubulin, and GFAP showed that our protocol
could efficiently induce the neural commitment of hUC-
MSCs, and moreover, sustain the in vitro survival of
hUC-MSCs-derived neural progenitor cells for a short
period of time.

Acknowledgments We would like to express our gratitude to staffs
of the Affiliated Hospital of Guangdong Medical Collage and the
Clinical Research Center of Guangdong Medical College for the
support and assistance in any circumstances related to this project.
This study was supported by the Guangdong Medical Research
Foundation (No. A2015483), the Zhanjiang Municipal Governmental
Specific Financial Fund Allocated for Competitive Scientific and
Technological Projects (No. 2014A06005), the Natural Science
Foundation of Guangdong Province (No. S2013020012866), and the



Glycogen synthase kinase 3 (GSK3)-inhibitor SB216763 promotes the conversion of human umbilical... 21

Innovation and Strengthening University Project of Guangdong Pro-
vince (No. 4CX14111G).

References

10.

11.

12.

13.

15.

. Abrams MB, Dominguez C, Pernold K, Reger R, Wiesenfeld-

Hallin Z, Olson L, Prockop D. Multipotent mesenchymal stromal
cells attenuate chronic inflammation and injury-induced sensi-
tivity to mechanical stimuli in experimental spinal cord injury.
Restor Neurol Neurosci. 2009;27:307-21.

. Atlasi Y, Noori R, Gaspar C, Franken P, Sacchetti A, Rafati H,

Mahmoudi T, et al. Wnt signaling regulates the lineage differ-
entiation potential of mouse embryonic stem cells through Tcf3
down-regulation. PLoS Genet. 2013;9:¢1003424.

. Brederlau A, Correia AS, Anisimov SV, Elmi M, Paul G, Roybon

L, Morizane A, et al. Transplantation of human embryonic stem
cell-derived cells to a rat model of Parkinson’s disease: effect of
in vitro differentiation on graft survival and teratoma formation.
Stem Cells. 2006;24:1433-40.

. Cananzi M, de Coppi P. CD117+ amniotic fluid stem cells state

of the art and future perspectives. Organogenesis. 2012;8:77-88.

. Chairoungdua A, Smith DL, Pochard P, Hull M, Caplan MJ.

Exosome release of beta-catenin: a novel mechanism that
antagonizes Wnt signaling. J Cell Biol. 2010;190:1079-91.

. Chen H, Zhang Y, Yang Z, Zhang H. Human umbilical cord

Wharton’s jelly-derived oligodendrocyte precursor-like cells for
axon and myelin sheath regeneration. Neural Regen Res.
2013;8:890-9.

. Chen Y, Guan Y, Liu H, Wu X, Yu L, Wang S, Zhao C, Du H,

Wang X. Activation of the Wnt/B-catenin signaling pathway is
associated with glial proliferation in the adult spinal cord of ALS
transgenic mice. Biochem Biophys Res Commun. 2012;6:1-7.

. Dasari VR, Veeravalli KK, Dinh DH. Mesenchymal stem cells in

the treatment of spinal cord injuries: a review. World J Stem
Cells. 2014;6:120-33.

. Di J, Duiveman-de Boer T, Zusterzeel PLM, Figdor CG, Mas-

suger LFAG, Torensma R. The stem cell markers Oct4A, Nanog
and c-Myc are expressed in ascites cells and tumor tissue of
ovarian cancer patients. Cell Oncol (Dordr). 2013;36:363-74.
Erceg S, Ronaghi M, Stojkovi¢ M. Human embryonic stem cell
differentiation toward regional specific neural precursors. Stem
Cells. 2009;27:78-87.

Fhoov V, Duh DQG, Wr D, Wrzdugv G, Olghdjhv P, Axlg P,
Pruh K, Ehhq U. Stem cells derived from amniotic fluid: new
potentials  in  regenerative = medicine. RBM  Online.
2009;18:17-217.

Gurrieri C, Piazza F, Gnoato M, Montini B, Biasutto L, Gattazzo
C, Brunetta E, et al. Displays therapeutic properties in a mouse
model of Pulmonary inflammation and fibrosis. J Pharmacol Exp
Therap. 2010;332:785-94.

Hassani Z, O’Reilly J, Pearse Y, Stroemer P, Tang E, Sinden J,
Price J, Thuret S. Human neural progenitor cell engraftment
increases neurogenesis and microglial recruitment in the brain of
rats with stroke. PLoS One. 2012;7:50444.

. Huang H, Chen L, Sanberg P. Cell therapy from bench to bedside

translation in CNS neurorestoratology Cell Med.
2011;1:15-46.

Iwakura T, Inui A, Reddi AH. Stimulation of superficial zone
protein accumulation by hedgehog and wnt signaling in surface

zone articular chondrocytes. Arthritis Rheum. 2014;65:408-17.

cra.

. Jian R, Yixu Y, Sheyu L, Jianhong S, Yaohua Y, Xing S,

Qingfeng H, et al. Repair of spinal cord injury by chitosan
scaffold with glioma ECM and SB216763 implantation in adult
rats. J Biomed Mater Res A. 2015;103:3259-72.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Kirby LA, Schott JT, Noble BL, Mendez DC, Caseley PS,
Peterson SC, Routledge TJ, Patel NV. Glycogen synthase kinase
3 (GSK3) inhibitor, SB-216763, promotes pluripotency in mouse
embryonic stem cells. PLoS One. 2012;7:¢39329.

Leite C, Silva NT, Mendes S, Ribeiro A, De Faria JP, Santos F,
Andrade PZ, et al. Differentiation of human umbilical cord
matrix mesenchymal stem cells into neural-like progenitor cells
and maturation into an oligodendroglial-like lineage. PLoS One.
2014;9:e111059.

Li L, Shao X, Cole EL, Ohnmacht SA, Ferrari V, Hong YT,
Williamson DJ, et al. Synthesis and Initial in vivo studies with
[(11)C]SB-216763: the first radiolabeled brain penetrative inhi-
bitor of GSK-3. ACS Med Chem Lett. 2015;6:548-52.

Liu X, Li D, Jiang D, Fang Y. Acetylcholine secretion by motor
neuron-like cells from umbilical cord mesenchymal stem cells.
Neural Regen Res. 2013;8:2086-92.

Machon O, Backman M, Machonova O, Kozmik Z, Vacik T,
Andersen L, Krauss S. A dynamic gradient of Wnt signaling controls
initiation of neurogenesis in the mammalian cortex and cellular
specification in the hippocampus. Dev Biol. 2007;311:223-37.
Ming-yuan H, Shi-qing F, Hui L, Chun-yuan W, Tie-qiang Y.
Transplantation of human umbilical cord-derived mesenchymal
stem cells for the treatment of spinal cord injury in rats. J Clin
Rehabil Tissue Eng Res. 2010;14:3483-9.

Moschidou D, Mukherjee S, Blundell MP, Drews K, Jones GN,
Abdulrazzak H, Nowakowska B, et al. Valproic acid confers
functional pluripotency to human amniotic fluid stem cells in a
transgene-free approach. Mol Ther. 2012;20:1953-67.

Munji RN, Choe Y, Li G, Siegenthaler JA, Pleasure SJ. Wnt
signaling regulates neuronal differentiation of cortical interme-
diate progenitors. J Neurosci. 2011;31:1676-87.

Neuhuber B, Timothy Himes B, Shumsky JS, Gallo G, Fischer 1.
Axon growth and recovery of function supported by human bone
marrow stromal cells in the injured spinal cord exhibit donor
variations. Brain Res. 2005;1035:73-85.

Park TI-H, Monzo H, Mee EW, Bergin PS, Teoh HH, Mont-
gomery JM, Faull RLM, Curtis MA, Dragunow M. Adult human
brain neural progenitor cells (NPCs) and fibroblast-like cells have
similar properties in vitro but only NPCs differentiate into neu-
rons. PLoS One. 2012;7:€37742.

Parmar M, Li M. Early specification of dopaminergic phenotype
during ES cell differentiation. BMC Dev Biol. 2007;7:4-6.
Piccolo S, Agius E, Leyns L, Bhattacharyya S, Grunz H,
Bouwmeester T, De Robertis EM. The head inducer cerberus is a
multifunctional antagonist of Nodal, BMP and Wnt signals.
Nature. 1999;397:707-10.

Province H, Command GM, Province H. Induction and differ-
entiation of umbilical cord mesenchymal stem cells into neuron-
like cells by all- trans retinoic acid. 2015;8(2):250-6.

Rhee Y, Ko J, Chang M, Yi S, Kim D, Kim C, Shim J, et al.
Protein-based human iPS cells efficiently generate functional
dopamine neurons and can treat a rat model of Parkinson disease.
2011;121(6):2326-35.

Ronaghi M, Erceg S, Moreno-Manzano V, Stojkovic M. Chal-
lenges of stem cell therapy for spinal cord injury: human
embryonic stem cells, endogenous neural stem cells, or induced
pluripotent stem cells? Stem Cells. 2010;28:93-9.

Rosso SB, Inestrosa NC. WNT signaling in neuronal maturation
and synaptogenesis. Front Cell Neurosci. 2013;7:103.

Sajini AA, Greder LV, Dutton JR, Slack JMW. Loss of Oct4
expression during the development of murine embryoid bodies.
Dev Biol. 2012;371:170-9.

Shimizu T, Kagawa T, Wada T, Muroyama Y, Takada S, Ikenaka
K. Wnt signaling controls the timing of oligodendrocyte devel-
opment in the spinal cord. Dev Biol. 2005;282:397-410.

@ Springer



22

L. Gao et al.

35.

36.

37.

38.

39.

40.

41.

Smith JR, Pfeifer K, Petry F, Powell N, Delzeit J, Weiss ML.
Standardizing umbilical cord mesenchymal stromal cells for
translation to clinical use: selection of GMP-compliant medium
and a simplified isolation method. Stem Cells Int.
2016;2016:e1-14.

Spring C. Stem cell biology. Cold Spring Harb Symp Quant Biol.
2008;73:479-90.

Szczepaniska K, Staficzuk L, Maleszewski M. Oct4 protein
remains in trophectoderm until late stages of mouse blastocyst
development. Reprod Biol. 2011;11:145-56.

Tai M-H, Chang C-C, Kiupel M, Webster JD, Olson LK, Trosko
JE. Oct4 expression in adult human stem cells: evidence in
support of the stem cell theory of carcinogenesis. Carcinogenesis.
2005;26:495-502.

Tropepe V, Hitoshi S, Sirard C, Mak TW, Rossant J, van der
Kooy D. Direct neural fate specification from embryonic stem
cells: a primitive mammalian neural stem cell stage acquired
through a default mechanism. Neuron. 2001;30:65-78.

Tsai C-C, Su P-F, Huang Y-F, Yew T-L, Hung S-C. Oct4 and
Nanog directly regulate Dnmtl to maintain self-renewal and
undifferentiated state in mesenchymal stem cells. Mol Cell.
2012;47:169-82.

Valvezan AJ, Klein PS. GSK-3 and Wnt Signaling in neuroge-
nesis and bipolar disorder. Front Mol Neurosci. 2012;5:1.

@ Springer

42.

43.

44.

45.

46.

47.

48.

Wexler EM, Paucer A, Kornblum HI, Palmer TD, Geschwind
DH. Endogenous Wnt signaling maintains neural progenitor cells
potency. Stem Cells. 2009;27:1130-41.

Wiles MV, Johansson BM. Embryonic stem cell development in
a chemically defined medium. Exp Cell Res. 1999;247:241-8.
Yao M, Bain G, Gottlieb DI. Neuronal differentiation of P19
embryonal carcinoma cells in defined media. J Neurosci Res.
1995;41:792-804.

Ying Q-L, Stavridis M, Griffiths D, Li M, Smith A. Conversion of
embryonic stem cells into neuroectodermal precursors in adherent
monoculture. London: Nature Publishing Group; 2003.

Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J,
Frane JL, Tian S, Nie J, et al. Induced pluripotent stem cell lines
derived from human somatic cells. Science (80).
2007;318:1917-20.

Zaminy A, Shokrgozar MA, Sadeghi Y, Norouzian M, Heidari
MH, Piryaei A. Transplantation of schwann cells differentiated
from adipose stem cells improves functional recovery in rat
spinal cord injury. Arch Iran Med. 2013;16:533—41.

Zhang Z, Fu J, Xu X, Wang S, Xu R, Zhao M, Nie W, et al.
Safety and immunological responses to human mesenchymal
stem cell therapy in difficult-to-treat HIV-1-infected patients.
AIDS. 2015;19:161-9.



	Glycogen synthase kinase 3 (GSK3)-inhibitor SB216763 promotes the conversion of human umbilical cord mesenchymal stem cells into neural precursors in adherent culture
	Abstract
	Introduction
	Experimental procedures
	Isolation and identification of UC-MSCs
	Neural differentiation of UC-MSCs
	Immunocytochemistry
	RT-PCR analysis

	Results
	Cytotoxicity and effects of SB216763 on undifferentiated hUC-MSCs
	SB216763 protects hUC-MSCs from serum starvation-induced apoptosis and enhances the neural fate of hUC-MSCs by increasing the expression of neural specific genes
	SB216763 enhanced the direct neural differentiation of hUC-MSCs and prolongs the expression of neural markers in differentiated cells

	Discussion
	Conclusion
	Acknowledgments
	References




