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Small molecules efficiently reprogram apical
papilla stem cells into neuron-like cells

QIXIN CHEN'*", CHANGYONG YUAN?", SHAN JIANG', BOON CHIN HENG®,
TING ZOU!, ZHONGSHAN SHEN*, PENGLAI WANG? and CHENGFEI ZHANG'

'Restorative Dental Sciences, Endodontology, Faculty of Dentistry, The University of Hong Kong, Hong Kong 999077, SAR;

2Department of Implant Dentistry, The Affiliated Stomatological Hospital of Xuzhou Medical University,

Xuzhou, Jiangsu 221002; 3School of Stomatology, Peking University, Beijing 100081;

4Jiangsu Province Key Laboratory of Anesthesia and Analgesia Application Technology,
Xuzhou Medical University, Xuzhou, Jiangsu 221004, P.R. China

Received November 5, 2019; Accepted September 8, 2020

DOI: 10.3892/etm.2021.9978

Abstract. Stem cell-based therapy may provide a novel
approach for neural tissue regeneration. A small molecule
cocktail-based culture protocol was previously shown to
enhance neurogenic differentiation of stem cells from dental
tissues. The present study aimed to investigate the early phase
of small molecule-induced neurogenic differentiation of stem
cells from the apical papilla (SCAP). SCAP were cultured
in neural-induction medium or neural-induction medium
with small molecules (NIMS-SCAP) and examined for their
cell morphologies. Expression levels of neural progenitor
cell-related markers, including Nestin, paired-box gene 6
(Pax6) and Sry-related HMG box 2 (Sox2), were exam-
ined using western blotting and immunocytofluorescence.
Expression of differentiated neuron-related markers, including
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neurofilament protein (NFM), neuron-specific nuclear
protein (NeuN) and microtubule-associated protein (MAP)-2,
were also examined using western blotting, while NFM and
MAP2 gene expression and cell proliferation were assessed
using reverse transcription-quantitative (RT-q)PCR and Cell
Counting Kit (CCK)-8 assays, respectively. SCAP morphology
was affected by small molecules after as little as 30 min.
Specifically, Nestin, Pax6 and Sox2 expression detected using
western blotting was increased by day 3 but then decreased
over the course of 7 days with neural induction, while immu-
nocytofluorescence revealed expression of all three markers in
NIMS-SCAP. The protein levels of NFM, NeuN and MAP2
on day 7 were significantly upregulated in NIMS-SCAP, as
detected using western blotting, while NFM and MAP2 gene
expression levels detected using RT-qPCR were significantly
increased on days 5 and 7. Proliferation of NIMS-SCAP
ceased after 5 days. Electrophysiological analysis showed that
only SCAP cultured in NIMS had the functional activity of
neuronal cells. Thus, small molecules reprogrammed SCAP
into neural progenitor cells within the first 3 days, followed by
further differentiation into neuron-like cells.

Introduction

Neural diseases and injuries, such as intracerebral hemor-
rhage, spinal cord injuries and peripheral nerve injuries, may
be life-threatening, and often have detrimental impacts on
patients' daily life and work activities (1-3). Various treatment
strategies, including pharmacotherapy and surgery, have been
investigated; however, effective strategies are still lacking
due to inconsistent clinical benefits (1-3). Stem cell-based
transplantation therapy has notable therapeutic potential,
but acquisition of an adequate, ready-to-use stem cells for
transplantation remains a major challenge. Neural progenitor
(NPCs)/stem cells derived from aborted human fetuses and
cadavers may be ideal candidates, but it is impossible to obtain
a sufficient number of transplantable cells for clinical appli-
cations. Furthermore, although human embryonic stem cells
possess a high tendency for neural differentiation, the ethical
issues limit their clinical application (4). Neural-lineage
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cells can easily differentiate from induced pluripotent stem
cells (iPSCs), but the use of retroviruses to generate iPSCs
causes safety concerns on retroviral DNA integration into the
host cell genome (5). Mesenchymal stem cells (MSCs) isolated
from bone marrow and adipose tissues also exhibit some
neurogenic differentiation potential (6-9), but procuring MSCs
from patients requires invasive surgical procedures, and the
neurogenic potential of these cells is limited.

Dental tissue-derived stem cells have high neurogenic
potential because of their embryonic neural crest origin, and
may represent an alternative cell source for neuroregenera-
tion (10). Furthermore, some dental stem cells were shown to
express pluripotency markers like NANOG and OCT4 that
are not usually expressed in other MSCs (11,12), and their
neuroregenerative potential has been corroborated by in vivo
studies on stroke (13) and neurodegenerative diseases (14).
Dental stem cells can be easily collected from extracted teeth,
cryopreserved and thawed when required. Stem cells from
apical papilla (SCAP) with strong survival in harsh environ-
ments and high proliferative capacity represent excellent
seed cells for tissue engineering (15). In previous studies,
SCAP transplanted into the injured spinal cord or sciatic
nerve significantly improved nerve regeneration and exerted
neuroprotective effects (16,17).

It was reported that small molecules could drive the neural
reprogramming of somatic cells (18). A previous study applied
the same small molecule cocktail used by Hu er al (18) and
successfully enhanced the differentiation of dental pulp stem
cells, SCAP and gingiva-derived MSCs into neural-lineage
cells within 14 days, and a longer induction period leads to
lower proliferation of the cells (19). Therefore, the present
study aimed to optimize this induction period. Secondly, due to
neural crest origin, SCAP are considered to be more amenable
to reprogramming into neural-lineage cells compared with
human fibroblasts (10,20). To the best of our knowledge, the
present study was the first to investigate the early phase of
SACP differentiation into neurons. Based on the aforemen-
tioned studies, 7 days was chosen as the induction period. It
was hypothesized that small molecules, including valproic acid
(VPA), CHIR99021, Repsox, forskolin, SP600125, GO6983
and Y-27632, may exert rapid effects on the neurogenic differ-
entiation of SCAP, and that this process may differ from that
observed in human fibroblasts (18). The present study inves-
tigated the differentiation of SCAP into neural-lineage cells
within 7 days of treatment with small molecules.

Materials and methods

Culture of SCAP. Human SCAP were gifted by Dr Anibal
Diogenes (Department of Endodontics, University of Texas
Health Science Center at San Antonio, TX, USA) (21). Cells
were seeded in o-minimum essential medium (a-MEM)
containing 10% (v/v) fetal bovine serum and 1% (v/v)
penicillin-streptomycin antibiotic solution (all Thermo Fisher
Scientific, Inc.). Cultures were maintained at 37°C in a 5% CO,
incubator. The culture medium was changed every 2-3 days,
and cells were subcultured when they reached 80% confluence.

Neural induction of SCAP. SCAP were seeded onto
6-well culture plates at a density of 20,000 cells/cm?. The

neural-induction protocol used was based on a previous
study (18) with some modifications, including shortening the
culture duration from 8 to 7 days. When the SCAP reached
60% confluence, the medium was changed to neural-induction
medium (NIM) comprising of DMEM/F12/Neurobasal A at
1:1 supplemented with 0.5% (v/v) N2, 1% (v/v) B27 (all Thermo
Fisher Scientific, Inc.), 100 mM cAMP (Sigma-Aldrich;
Merck KGaA) and 20 ng/ml basic fibroblast growth factor
(Thermo Fisher Scientific, Inc.), in the absence or presence
of the chemical cocktail VCRFSGY (0.5 mM VPA, 3 uM
CHIR99021, 1 uM Repsox, 10 uM forskolin, 10 uM SP600125,
5 uM GO6983 and 5 uM Y-27632) (NIMS). All of these
small molecules were obtained from Sigma-Aldrich; Merck
KGaA. The culture medium was refreshed on day 3. Cells
were examined using light microscopy at a magnification
of x20 or harvested for western blotting, immunocytofluo-
rescence, reverse transcription-quantitative (RT-q)PCR and
electrophysiological assays.

Western blotting. Cells were lysed by adding M-PER solution
(Thermo Fisher Scientific, Inc.) containing protease inhibitor
cocktail 4°C for 20 min. The resulting protein samples were
quantified using a BCA kit (Thermo Fisher Scientific, Inc.).
Equal amounts of protein (25 ug) were loaded per lane onto
a 7.5% gel, resolved using SDS-PAGE and subsequently
transferred onto Immun-Blot PVDF membranes (Cyvita). The
membranes were blocked with 5% (w/v) skimmed milk for
1 h and incubated overnight at 4°C with primary antibodies
against Nestin (1:100; cat. no. ab105389; Abcam), paired-box
gene 6 (Pax6; 1:1,000; cat. no. 60433; Cell Signaling
Technology, Inc.), Sry-related HMG box 2 (Sox2; 1:1,000;
cat. no. 3579S; Cell Signaling Technology, Inc.), neurofila-
ment protein (NFM; 1:1,000; cat. no. RMO-270; Invitrogen;
Thermo Fisher Scientific, Inc.), neuron-specific nuclear
protein (NeuN; 1:1,000; cat. no. 702022; Invitrogen; Thermo
Fisher Scientific, Inc.) and microtubule-associated protein 2
(MAP2; 1:500; cat. no. 13-1500; Invitrogen; Thermo Fisher
Scientific, Inc.). After washing with Tris-buffered saline/0.1%
Tween-20, the membranes were incubated with horseradish
peroxidase-conjugated anti-mouse IgG or horseradish
peroxidase-conjugated anti-rabbit IgG (both Cell Signaling
Technology, Inc.) secondary antibodies for 2 h at room
temperature. The antibody-antigen complexes were visualized
using Pierce ECL Western Blotting Substrate (Thermo Fisher
Scientific, Inc.). Relative densities quantified using ImageJ
software (v1.6.0; National Institute of Health).

Immunocytofluorescence. Cells were fixed with 4% (v/v) para-
formaldehyde at room temperature for 20 min, washed three
times with phosphate-buffered saline (PBS), permeabilized
with0.5% (w/v) Triton X-100 for 5 min at4°C,and blocked in PBS
containing 5% (w/v) bovine serum albumin (Sigma-Aldrich;
Merck KGaA) at room temperature for 1 h. The fixed samples
were incubated with primary antibodies against Nestin (1:100;
cat. no. ab105389; Abcam), Pax6 (1:200; cat. no. 60433; Cell
Signaling Technology, Inc.) and Sox2 (1:400; cat. no. 3579S;
Cell Signaling Technology, Inc.) overnight at 4°C. After
removal of excess primary antibodies by washing with PBS,
the samples were incubated with Alexa Fluor 488-conjugated
goat anti-mouse or tetramethylrhodamine-conjugated goat
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anti-rabbit (both Abcam) secondary antibodies for 1 h at
room temperature in the dark, followed by washing with PBS.
The cell nuclei were stained with DAPI for 5 min at room
temperature and the samples were imaged by laser scanning
microscopy (LSM710; Carl Zeiss AG) at x20 magnifica-
tion at specific excitation/emission wavelengths for TRITC
(540/570 nm) and Alexa Fluor 488 (490/520 nm).

RT-qPCR. Total RNA was extracted from cultured SCAP
using an RNeasy Plus Mini kit (Qiagen, Inc.). The extracted
RNA was reverse transcribed to cDNA using the SuperScript®
VILO® Master Mix (Thermo Fisher Scientific, Inc.) according
to the manufacturer's instructions. The reaction was incu-
bated at 25°C for 10 min, followed by 42°C for 60 min, and
terminated at 85°C for 5 min. RT-qPCR was carried out using
a StepOne Real-Time PCR system (Applied Biosystems;
Thermo Fisher Scientific, Inc.) and SYBR™ Green Master
Mix (Thermo Fisher Scientific, Inc.). The primer sequences
for the neural markers are shown in Table I. The 2-44¢
method (22) was used to calculate the Cqg-value for each gene
and target gene expression levels were normalized to the
housekeeping gene GAPDH. Analysis of all gene markers was
repeated three times. RT-qPCR amplifications were carried
out using the following parameters: 2 min At 50°C, 20 sec at
95°C, 40 cycles of 3 sec at 95°C, 30 sec at 60°C, 15 sec at 95°C
and 1 min at 60°C.

Cell proliferation assay. SCAP were seeded into 96-well
plates at a density of 10,000 cells/well and preincubated at
37°C under 5% CO, for 24 h. The original culture medium
was discarded and replaced with a-MEM, neural-induction
medium or neural-induction medium with small molecules.
The samples were analyzed on days 1, 3,5 and 7 using a Cell
Counting Kit (CCK)-8 cell proliferation assay kit (Dojindo
Molecular Technologies, Inc.) according to the manufacturer's
instructions. Briefly, CCK-8 solution (10 ul) was added to each
well and incubated for 3 h at 37°C under 5% CO,. Subsequently,
the absorbance was measured at 450 nm using a SpectraMax®
M2 microplate reader (Molecular Devices, LLC).

Electrophysiological assay. Whole-cell patch-clamp recordings
were conducted on the basis of a previously published method by
Li et al (23). The cells were bathed with a solution containing (in
mM): 145 NaCl, 1.5 KCl, 2 CaCl,, 2 MgCl,, 10 HEPES And 10
glucose (pH adjusted to 7.4 with NaOH). The patch-clamp pipettes
had a resistance of 6-8 MQ with an internal solution containing
(in mM): 125 KCl, 1 CaCl,, 2 MgCl,, 2 Mg-ATP, 2 Na,ATP,
10 HEPES And 10 EGTA (pH adjusted to 7.2 with KOH). The
recordings were acquired using a A&M amplifier (Model 2400;
A-M Systems, Inc.). Data were filtered at 4 kHz and analyzed
with pCLAMP version 10.4 software (Axon Instruments). All
experiments were performed at room temperature (22-25°C). For
voltage-clamp experiments, the cells were clamped at -80 mV
for 400 ms and depolarized for 40 ms with voltage pulses from
-80 to 200 mV at 20 mV intervals. Na*and K* current amplitudes
were measured at the peak outward and inward values, respec-
tively, and reported as current densities (pA/pF) for comparison.
The Na* and K* currents were selectively blocked by 1 yM
tetrodotoxin (TTX) and 35 mM tetraethyl ammonium (TEA),
respectively. For current-clamp experiments, the cells were set at

Table I. Primer sequences utilized for RT-qPCR.

Gene Primer sequence, 5'-3'
NFM
Forward GTCAAGATGGCTCTGGATATAGAAATC
Reverse TACAGTGGCCCAGTGATGCTT
MAP2
Forward TTGGTGCCGAGTGAGAAGAA
Reverse GGTCTGGCAGTGGTTGGTTAA
GAPDH
Forward TGCACCACCAACTGCTTAGC
Reverse GGCATGGACTGTGGTCATGAG

NFM, neurofilament protein; MAP2, microtubule-associated protein 2.

-80 mV holding potential, and the action potentials were elicited
by step current injection of 100-300 pA for 1,000 ms.

Statistical analysis. All experiments were conducted
in triplicate. Differences between SCAP were cultured
in neural-induction medium (NIM-SCAP) and cultured in
neural-induction medium with small molecules (NIMS-SCAP)
were analyzed using an unpaired Student's t-tests, while
differences among multiple cell groups were examined using
a Tukeys post-hoc with a One-way ANOVA. The data were
expressed as mean + standard error of the mean. P<0.05 was
considered to indicate a statistically significant difference. All
statistical analyses were carried out using SPSS version 19.0
software (IBM Corp.).

Results

Morphological changes during neural induction. SCAP
(Fig. 1A) were subjected to different neural-induction
culture protocols over a period of 7 days. The cells were
observed using phase-contrast light microscopy every
15-30 min during the first 12 h, and then on days 1, 3, 5
and 7. Morphological changes were discernible by 30 min
in NIMS-SCAP (Fig. 1C), but only after 24 h in NIM-SCAP
(Fig. 1D). The major initial changes included the appear-
ance of an elongated morphology and bipolar neurites
(Fig. 1C-K). NIMS-SCAP exhibited marked differences
in cellular morphology compared with NIM-SCAP from
days 1-7,including adoption of a rounded shape with a greater
number of and longer neurite outgrowths after treatment
with the small molecule cocktail. In contrast, NIM-SCAP
mostly retained the morphological characteristics of MSCs,
except for the appearance of neurites at the poles, with the
entire cells being spindle-shaped. In addition, NIMS-SCAP
neurites tended to become elongated until they connected
with the neurites of adjacent cells.

Variation in the expression of NPC-related protein markers.
The protein expression levels of NPC-related markers in
NIM-SCAP and NIMS-SCAP were analyzed using western
blotting on days 1, 3, 5 and 7 (Fig. 2A and B). Nestin, Pax6
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NIM-SCAP 30 min

NIMS-SCAP 30 min

Figure 1. Morphological changes during neural induction. (A) SCAP morphology. NIM-SCAP morphology at (B) 30 min, days (D) 1, (F) 3, (H) 5 and (J) 7.
NIMS-SCAP morphology at (C) 30 min, days (E) 1, (G) 3, (I) 5 and (K) 7. Scale bar, 100 m; magnification, x20. Arrows, cell body and neurite. SCAP, apical
papilla; NIM, neural-induction medium; NIMS, neural-induction medium with small molecules.

and Sox2 showed trends toward initial upregulation, followed
by subsequent decreases, regardless of the presence of small
molecules. In addition, all three NPC-related proteins peaked
on day 3 under both neural-induction culture conditions. These
results suggested that SCAP were induced into a NPC-like cell
state at day 3, but that this state was unstable and short-lived,
with the expression levels of NPC-related proteins decreasing
over the following 4 days.

NPC-related protein expression during the NPC-like cell
state. Both NIM-SCAP and NIMS-SCAP exhibited increased
Nestin (Fig. 3A-C), Pax6 (Fig. 3D-F) and Sox2 (Fig. 3G-I)
expression on day 3 compared with undifferentiated SCAP,
according to qualitative immunocytofluorescence analysis.

Nestin was expressed relatively strongly in SCAP, and thus
there were minimal differences in the staining intensities
compared with NIM-SCAP and NIMS-SCAP. Meanwhile,
immunofluorescence staining of Pax6 and Sox2 was strongly
enhanced in NIM-SCAP and NIMS-SCAP after induction,
most notably Sox2 expression in NIMS-SCAP.

Expression of differentiated neuron-related markers. NFM,
NeuN and MAP2 expression levels were significantly upregu-
lated in NIMS-SCAP compared with NIM-SCAP (Fig. 4B-D,
respectively), while these differentiated neuron markers were
hardly detectable in undifferentiated SCAP (Fig. 4A). The
gene expression levels of the neuron markers in NIM-SCAP
and NIMS-SCAP were analyzed on days 1, 3, 5 and 7 using
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Figure 2. Variation in the expression of NPC-related protein markers. (A) Detection of Nestin, Pax6 and Sox2 protein expression levels in NIM-SCAP by western
blotting on days 1, 3, 5 and 7. Corresponding line plots show the relative densities normalized to GAPDH (Nestin and Pax6) or f-actin (Sox2) as endogenous
controls. (B) Detection of Nestin, Pax6 and Sox2 protein expression levels in NIMS-SCAP by western blotting on days 1, 3, 5 and 7. Corresponding line plots
show the relative densities normalized to GAPDH (Nestin and Pax6) or -actin (Sox2) as endogenous controls. SCAP, apical papilla; NIM, neural-induction
medium; NIMS, neural-induction medium with small molecules; NPC, neural progenitor cell; Pax6, paired-box gene 6; Sox2, Sry-related HMG box 2.

RT-gqPCR (Fig. 4E and F). NFM and MAP2 gene expres-
sion levels were signifincantly increased on days 1-5 in both
NIM-SCAP and NIMS-SCAP. NFM expression continued to
increase until day 7 in NIMS-SCAP, while MAP2 expression
peaked on day 5 and was decreased on day 7, but remained
higher compared with that on day 3. Meanwhile, NFM and
MAP2 gene expression levels were only slightly increased
in NIM-SCAP. NFM and MAP2 gene expression levels
were significantly higher in NIMS-SCAP compared with
NIM-SCAP on both days 5 and 7.

Cell proliferation assay. NIMS-SCAP proliferated more
slowly compared with NIM-SCAP and SCAP, as evaluated
using CCK-8 assays, but there were no significant differences
in proliferation of SCAP, NIM-SCAP and NIMS-SCAP
on days 1 and 3 (Fig. 5). Undifferentiated SCAP prolifer-
ated rapidly from days 3-5, while the proliferation rates of
NIM-SCAP and NIMS-SCAP slowed down. The proliferation
rate was slowest in NIMS-SCAP and the proliferation had
ceased by day 7. Some cells failed to survive until day 7.

Electrophysiological functions. The cells thathad a neuron-like
morphology were selected. Whole-cell patch-clamp studies
were performed to measure the voltage-dependent Na* and
K* currents in the cells. The results indicated that there were
voltage-dependent Na* and K* currents in NIMS-SCAP (Na*
currents 18/45, K* currents 16/45), and not in NIM-SCAP
and SCAP (Fig. 6A and B). The inward Na* currents were
reversibly blocked by 1 #uM TTX and rapidly recovered with

washing off TTX (Fig. 6C and D). Similarly, the outward K*
current was reversibly blocked by 35 mM TEA and rapidly
recovered with washing off TEA (Fig. 6E and F). A single
action potential (AP) was observed in a subset of NIMS-SCAP
(n=3; AP 5/45; Fig. 6G), without any observed spontaneous AP
activity during the current clamp experiments.

Discussion

A select combination of small molecules has been shown to
reprogram human dermal fibroblasts into MSCs (24), and
to reprogram mouse fibroblasts into NPCs (25), functional
neurons (26), cardiomyocytes (27) and endothelial cells (28).
Chemical-based strategies, which avoid the use of viral vectors,
transgenic manipulation or gene modification, represent safe
methods for the generation of clinically relevant cell lineages
for regenerative transplantation and disease treatment (29-31).
Furthermore, small molecules can exert transient, reversible
and dose-dependent effects on the targeted cells, thereby
allowing the timing and dosage to be precisely controlled
and fine-tuned (29). Chemical-based approaches therefore
represent a new paradigm and viable alternative to gene-based
approaches for cell reprogramming.

A diverse variety of small-molecule chemicals have previ-
ously been utilized for cellular reprogramming (30-34). These
chemicals can be divided into several categories based on their
effects on cell physiology and signaling pathways: Histone
deacetylase inhibitors, such as VPA; signaling pathway inhibi-
tors, such as inhibitors of transforming growth factor (TGF)-3
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Nestin

Pax6

Sox2

NIM-SCAP C;

NIMS-SCAP

Figure 3. NPC-related protein expression during the NPC-like cell state. (A-C) Immunocytofluorescence for detection of Nestin expression in SCAP,
NIM-SCAP and NIMS-SCAP at day 3. (D-F) Immunocytofluorescence for detection of Pax6 expression in SCAP, NIM-SCAP and NIMS-SCAP at day 3.
(G-I) Immunocytofluorescence for detection of Sox2 expression in SCAP, NIM-SCAP and NIMS-SCAP at day 3. Nuclei were counterstained with DAPI
(blue). Scale bar, 100 #m; magnification, x200. SCAP, apical papilla; NIM, neural-induction medium; NIMS, neural-induction medium with small molecules;
NPC, neural progenitor cell; Pax6, paired-box gene 6; Sox2, Sry-related HMG box 2.

signaling (Repsox), glycogen synthase kinase (GSK)-3f
(CHIR99021), protein kinase C (GO6983) and ROCK
(Y-27632) and adenylate cyclase activators, such as forskolin,
and SP600125, which was reported to improve the reprogram-
ming efficiency of overexpressed exogenous transcription
factors (35). Therefore, the present study examined the effect
of the chemical cocktail VCRFSGY (0.5 mM VPA, 3 uM
CHIR99021, 1 uM Repsox, 10 uM forskolin, 10 uM SP600125,
5 uM GO6983, 5 uM Y-27632) on SCAP reprogramming.
Changes in cell morphology were observed as early as
30 min after application of the small molecules, compared
with no changes until 24 h in the NIM-SCAP. The
morphology of NIM-SCAP remained similar to that of
SCAP for the first 7 days of neural-induction culture, with
some residual adult MSCs memory. In contrast to this,
NIMS-SCAP were rapidly transformed into a neural-like
phenotype with a larger number of and longer neurite

outgrowths that became connected to one another to form
a web-like network. Y-27632 was reported to promote
neurite outgrowth in olfactory ensheathing cells (OECs)
by inhibiting the Rho-associated coiled-coil-containing
protein kinase (ROCK)/F-actin pathway Rho-associated
protein kinase signaling pathway, and TGF-f1 shortened
the length of the neurites and decreased cell elongation (36).
In addition, TGF-p1 treatment reprogrammed OECs into a
flattened morphology (37). In the present study, the effects
of Repsox on the TGF-p signaling specifically were not
demonstrated. Repsox is a known inhibitor of the TGF-f31
signaling pathway, therefore it was hypothesized that this
inhibitor contributed to the enhanced neurite outgrowth and
elongation of NIMS-SCAP in the present study.

NPCs, as a nascent neural-lineage cell type, can usually
be identified by the expression of upstream neural markers,
such as Nestin (38), Pax6 (39) and Sox?2 (40). The present study
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demonstrated time-dependent changes in the expression of these
NPC-related proteins in NIM-SCAP and NIMS-SCAP, with
increases during the early phase of neural induction followed

by subsequent downregulation. These results suggested that
SCAP may be induced by small molecules into an NPC-like
cell state by day 3, followed by further differentiation into
neuron-like cells. The NPC self-renewal marker Nestin (38)
was expressed at a lower level in NIMS-SCAP compared
with NIM-SCAP, suggesting that NIMS-SCAP progressed to
a more mature neural stage more rapidly. The immunocyto-
fluorescence results revealed that Sox2 expression was more
prominent in NIMS-SCAP compared with in NIM-SCAP or
SCAP. Both VPA and GO6983 have previously been shown
to induce cells into a more plastic state (30,32), while Sox2
expression levels in iPSCs treated with VPA were similar to
those in embryonic stem cells (30). Moreover, VPA, Repsox
and CHIR99021 inhibited histone deacetylases, while
TGF-p and GSK-3 activated the expression of endogenous
Sox2 (25,30,41-43). In contrast to the present results, the
immunostaining analysis reported Hu er al (18), who formu-
lated the small molecule cocktail-based induction protocol
used in the present study, showed no expression of neural
progenitor markers (Nestin, Pax6 or Sox2) during the induc-
tion procedure. These differences may be due to the cell types
used in both studies, for example SCAP have higher neuro-
genic potential compared with human fibroblasts (10). Even
without any neural induction, SCAP can also express Nestin
due to its neural crest origin (10).
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Figure 6. Electrophysiology of NIMS-SCAP. (A) I-V relationship of Na* currents from -80 to 200 mV on NIMS-SCAP (n=6), NIM-SCAP (n=6) and SCAP
(n=6). (B) I-V relationship of K* currents from -80 to 200 mV on NIMS-SCAP (n=6), NIM-SCAP (n=6) and SCAP (n=6). (C and D) Perfusion on NIMS-SCAP
of 1 uM TTX reversibly blocked Na*-inward currents (n=6). (E and F) Perfusion on NIMS-SCAP of 35 mM TTX reversibly blocked K*-outward currents (n=6).
(G) Trace showing 300 pA input current for 1,000 ms induced action potential waveform in the NIMS-SCAP. SCAP, apical papilla; NIM, neural-induction
medium; NIMS, neural-induction medium with small molecules; TTX, tetrodotoxin; TEA, tetracthyl ammonium.

In the present study, the expression levels of neural
progenitor markers continued to decline on days 5-7, therefore
it was hypothesized that the induced SCAP were progressing
further along the neural differentiation pathway. The expres-
sion levels of differentiated neural markers in the cells were
compared on day 7 using western blotting. NFM, NeuN
and MAP2, as markers of differentiated neurons (44-46),
were significantly upregulated, demonstrating that the small
molecules dramatically accelerated neural-lineage differen-
tiation. There was a consistent increase in gene expression in

NIMS-SCAP on days 1-5, and NFM expression was detected
up to day 7. MAP2 expression declined on day 7 compared
with day 5; however, it remained at a much higher level
compared with that in NIM-SCAP. Previously, the combi-
nation of GSK-3f inhibition (CHIR99021) and adenylate
cyclase signaling activation (forskolin) has been shown
to improve neuronal reprogramming efficiency (47), and
CHIR99021 and Repsox increases the neuronal conversion
of human fibroblasts via overexpression of Achaete-scute
homolog 1 and neurogenin 2 (31). In the present study, small
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molecules dramatically decreased the duration required for
differentiation into neural-lineage cells.

The proliferation of NIMS-SCAP slowed significantly
on day 5 compared with that of NIM-SCAP, as shown by the
CCK-8 assays. Moreover, some cells failed to survive until
day 7. Taken together with the presence of differentiated neuron
markers, these results suggested that stemness was decreased
after 5 days of induction with small molecules, thus preventing
stem/progenitor cells from undergoing self-renewal and
proliferation, given that neurons are highly differentiated and
mitotically inactive cells (19). In contrast to the present results,
Hu et al (18) found that the majority of induced neuronal cells
survived for 10-12 days, which could suggest that differenti-
ated neuron-like cells are in a mitotically inactive state after
small-molecule induction.

Besides morphological changes and upregulation of protein
and gene expression, the most important characteristics of
neuron is its electrophysiological activities (23). The result of
whole-cell patch-clamp studies revealed that NIMS-SCAP
resulted in voltage-dependent Na* and K* currents, which
were blocked by TTX and TEA and restored after the blocker
was washed away. Moreover, a single action potential was
observed. These results suggested that some of the cells have
been transformed into mature neurons. These results were
consistent with previous studies reporting that dental-derived
stem cells differentiated into neuron-like cells (23,48). In
previous studies, neurosphere culture was used to promote
the neurogenic differentiation of cells, which is also widely
utilized as a classical method to induce and amplify neural
lineage cells (25,49). By using the method of neurosphere
culture, neuron maturation takes ~1 month (23), while induc-
tion by small molecules significantly reduces the time for
neuron differentiation to have electrophysiological functions.
The combination of small molecules and neurosphere culture
can identify spontaneous cell postsynaptic currents (23).

In summary, the present study demonstrated that small
molecules can rapidly induce SCAP into an NPC-like state,
which are then easily differentiated into neuron-like cells.
Cell proliferation decreased in line with the downregulation
of NPC-related marker expression and ceased by day 5, indi-
cating that differentiated neuron-like cells had been generated.
This was the first study to efficiently induce SCAP into NPC.
The translational application of NPC derived from SCAP for
nerve regeneration and repair needs to be further studied by
animal models.
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