
Generation of Highly Purified Neural Stem Cells
from Human Adipose-Derived Mesenchymal Stem Cells

by Sox1 Activation

Nianhua Feng,1 Qin Han,1 Jing Li,1 Shihua Wang,1 Hongling Li,1

Xinglei Yao,1 and Robert Chunhua Zhao1,2

Neural stem cells (NSCs) are ideal candidates in stem cell-based therapy for neurodegenerative diseases.
However, it is unfeasible to get enough quantity of NSCs for clinical application. Generation of NSCs from
human adipose-derived mesenchymal stem cells (hAD-MSCs) will provide a solution to this problem. Currently,
the differentiation of hAD-MSCs into highly purified NSCs with biological functions is rarely reported. In our
study, we established a three-step NSC-inducing protocol, in which hAD-MSCs were induced to generate NSCs
with high purity after sequentially cultured in the pre-inducing medium (Step1), the N2B27 medium (Step2), and
the N2B27 medium supplement with basic fibroblast growth factor and epidermal growth factor (Step3). These
hAD-MSC-derived NSCs (adNSCs) can form neurospheres and highly express Sox1, Pax6, Nestin, and Vimentin;
the proportion was 96.1% – 1.3%, 96.8% – 1.7%, 96.2% – 1.3%, and 97.2% – 2.5%, respectively, as detected by flow
cytometry. These adNSCs can further differentiate into astrocytes, oligodendrocytes, and functional neurons,
which were able to generate tetrodotoxin-sensitive sodium current. Additionally, we found that the neural dif-
ferentiation of hAD-MSCs were significantly suppressed by Sox1 interference, and what’s more, Step1 was a key
step for the following induction, probably because it was associated with the initiation and nuclear translocation of
Sox1, an important transcriptional factor for neural development. Finally, we observed that bone morphogenetic
protein signal was inhibited, and Wnt/b-catenin signal was activated during inducing process, and both signals
were related with Sox1 expression. In conclusion, we successfully established a three-step inducing protocol to
derive NSCs from hAD-MSCs with high purity by Sox1 activation. These findings might enable to acquire enough
autologous transplantable NSCs for the therapy of neurodegenerative diseases in clinic.

Introduction

Nerve injury and neurodegenerative disorders
characterized by loss or dysfunction of neural cells are

major problems in clinic, and there are still no effective
treatments [1–3]. The emerging of stem cell-based therapy
provides a potential solution to this problem. Neural stem cell
(NSC) is a kind of adult stem cell with multipotency and can
differentiate into neural lineage cell, such as neuron, astrocyte,
and oligodendrocyte [4]. In vivo transplantation of NSCs re-
duced neuronal damage and significantly improved the
motor function of brain injury in mouse [5,6]. Recently, other
reports declared that NSCs could promote regeneration
through neuroprotection or immunomodulation. Intraventricular-
transplanted NSCs could migrate to the inflamed area to
downregulate the inflammatory brain process and to attenu-
ate the severity of autoimmune encephalomyelitis [7–11].

Additionally, NSCs transplanted by intravenous injection
also have similar functions. They transiently appeared in
lymph nodes and spleen and inhibited the activation and
proliferation of T cells, which could inhibit encephalomyelitis
and reduce central nervous system (CNS) inflammation and
tissue injury through immunosuppression [12,13]. Thus, NSC
is considered an ideal candidate seed cell of stem cell-based
treatment of neurodegenerative diseases [14]. NSCs can be
isolated from fetal and adult CNS [15,16] or generated from
embryonic stem cells (ESCs) and induced pluripotent stem
cells [17,18]; however, it is hard to get enough transplantable
NSCs for clinical treatment. Therefore, it is necessary to find
other approach to get enough suitable seed cells.

Mesenchymal stem cell (MSC) is another adult stem cell
first isolated from bone marrow [19] and has become an at-
tractive cell source for regenerative medicine. Now, MSC can
be obtained from various tissues, including adipose tissues,
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which is easily obtained from patients by less invasive
methods, such as lipoaspiration [20]. Adipose-derived MSCs
(AD-MSCs) possess similar characteristics and differentiation
potential with bone marrow MSCs (BMSCs) [21,22]. The
advantages of large quantity and easily accessiblity make
autologous AD-MSCs one of the most ideal cell sources and
might be applied as substitute of BMSCs for the stem cell-
based regenerative medicine [23,24]. Generation of NSCs
from AD-MSCs will provide a large number of cell sources
for the treatment of neurodegenerative disorders.

Some reports have demonstrated the possibility of neural
differentiation potential of human AD-MSCs (hAD-MSCs).
However, most cells they got were fully differentiated neural
cells and possess limited regenesis capacity. The differenti-
ation of hAD-MSCs into NSCs was rarely reported. Hsueh
et al. observed that, when seeded on a chitosan-coated surface,
hAD-MSCs can form spheres containing 19.5% – 2.6% Nestin-
positive cells [25]. Ahmadi et al. also reported that, after cul-
tured in the serum-free medium, 51% – 13.22% Nestin-positive
cells could be generated from hAD-MSCs [26]. However, there
were no functional detections especially the electrophysiology
analysis in both researches. So, whether these Nestin-positive
cells they finally got can differentiate into functional sub-
lineages remains unknown. Moreover, the Nestin-positive cells
were mixed with Nestin-negative nonneural cells, which is
unsuitable for clinic application.

Embryogenesis is regulated by the sequentially activa-
tion and inactivation of transcriptional factors. So, it is a
good way to induce cell differentiation by mimicing the
sequentially changes of specific transcriptional factors or
markers. In the process of human neural development, the
initiation of neuroectoderm begins with Pax6 expression,
followed by Sox1, which subsequently regulates the ex-
pression of downstream genes, such as Nestin [27–29]. Pax6
and Sox1 are important factors in the development of early
nerve central system and considered markers of early
NSCs.

In this study, we found that there was a moderate
expression of Pax6 in hAD-MSCs. So, we established a three-
step protocol to generate NSCs from hAD-MSCs by acti-
vating Sox1 expression. Early NSCs markers Sox1, Pax6 as
well as Nestin and Vimentin were used for the character-
ization of hAD-MSC-derived NSCs (adNSCs). Then, the
differentiation ability to neurons, astrocytes, and oligoden-
drocytes of adNSCs was tested in the terminal differentiation
medium; electrophysiology analysis for functional neurons
and enzyme-linked immunosorbent assay analysis detection
for neutrophic factors in culture supernatant of glia cells
were used for the functional analysis of terminal differenti-
ated cells from adNSCs. Finally, the mechanism was inves-
tigated. To the best of our knowledge, we are the first to
generate functional NSCs from hAD-MSCs with high pu-

rity by activating transcriptional factor for early neural
development.

Materials and Methods

Isolation of hAD-MSCs and neural differentiation

Adipose tissue was obtained from human liposuction as-
pirates with informed consent of the donors (25–35 years old)
and was performed according to the procedure provided by
the Ethics Committee at the Chinese Academy of Medical
Sciences and Peking Union Medical College. Isolation of AD-
MSCs was performed as previous report [30]. hAD-MSCs
were resuspended in the culture medium and seeded at a
density of 2 · 106 cells per dish (10 cm). Cultures were
maintained in a 37�C incubator with 5% CO2 and passaged
with trypsin/ethylenediaminetetraacetic acid when cells
were confluent. hAD-MSCs isolated from 10 different donors
(six females and four males) were used in our study.

To initiate differentiation into NSCs, hAD-MSCs at pas-
sage 3 were used (Fig. 1). At first (Step1), Sox1low/Nestinlow

hAD-MSCs were seeded on gelatin-coated 10-cm dishes at a
density of 2 · 106 and pre-induced in the pre-inducing me-
dium (knockout Dulbecco’s modified Eagle’s medium
(DMEM) supplement with 20% serum replacement, 1 mM l-
glutamin, 1% nonessential amino acid, 0.1 mM b-mercap-
toethanol, 4 ng/mL basic fibroblast growth factor (bFGF) for
8 days to activate Sox1 expression. Then (Step2), Sox1moderate/
Nestinlow cells were cultured in the N2B27 medium consisting
of the Neural basal medium: DMEM/F12 (1:1) supple-
mented with 1 mM l-glutamin, 2% B27, 1% N2, and 0.1 mM
b-mercaptoethanol. Seven days later, Sox1 expression was
increased and the medium was replaced by the N2B27 me-
dium supplement with 20 ng/mL epidermal growth factor
(EGF), 20 ng/mL bFGF for another 7 days to generate
adNSCs (Step3). A human neuroblastoma cell line SH-Sy5y
was used as a positive control.

Terminal differentiation ability of adNSCs was tested ac-
cording to previous report [31]. Briefly, cells were seeded on
poly-d-lysine and laminin-coated plastic coverslips (Nunc)
and cultured in the Neurobasal medium supplemented with
1% N2 supplement, 1% fetal calf serum, 5% horse serum, and
0.5 mM all-trans-retinoic acid for 2 weeks. 10 ng/mL of
platelet-derived growth factor (PDGF)-BB and brain-derived
neurotrophic factor (BDNF) were added for glial induction
and neuronal induction, respectively. Two weeks later, cells
were prepared for detection.

Transfection of small-interfering RNAs

Small-interfering RNAs (siRNAs) of Sox1 (siSox1) were
used to suppress Sox1 expression. siSox1 (UGAAGGAG

FIG. 1. Differentiation procedure from human adipose-derived mesenchymal stem cells (hAD-MSCs) to neural stem
cells (NSCs) (hAD-MSC-derived NSCs, adNSCs). hAD-MSCs (Sox1low/Nestinlow) were cultured in the pre-inducing
medium for 8 days to activate Sox1 expression. Then, Sox1moderate/Nestinlow cells were cultured in the N2B27 medium for
7 days to promote Sox1 expression. Finally, the medium was changed to the N2B27 medium containing basic fibro-
blast growth factor (bFGF) and epidermal growth factor (EGF), and cells were cultured for another 7 days to generate
Sox1high/Nestinhigh adNSCs.
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CACCCGGAUUATT) and negative control (siNC) (UUC
UCCGAACGUGU CACGUTT) were purchased from In-
vitrogen. siRNAs were transfected into cells at Step1 with
lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s instruction. mRNA and protein samples were col-
lected at 24 or 48 h after transfection to detect the efficiency of
interference.

RNA isolation and quantitative reverse
transcription–polymerase chain reaction

Total RNA was extracted using TRIzol reagent (Invitrogen)
and treated with DNase I (Promega). First-strand cDNA was
synthesized with 2mg total RNA in 30mL using a revertAid�

first-strand cDNAs ynthesis kit (Fermentas) according to the
manufacturer’s instruction. Quantitative polymerase chain
reaction (qPCR) analyses were performed in triplicate using
SYBR Green master mixture, and gene expression data were
detected using ABI stepone plus 7500 system. The thermal
parameters were 95�C for 1 min, followed by 40 cycles of 95�C
for 10 s and 60�C for 40 s. Gene expression level was nor-
malized by GAPDH housekeeping gene expression. The pri-
mer sequences used in our study were listed in Table 1.

Preparation of frozen sections

hAD-MSC-derived neurospheres were collected by centri-
fugation at 800 rpm for 3 min and fixed with 4% paraformal-
dehyde (PFA) for 30 min at room temperature. Then, PFA
were removed and washed in PBS for three times; spheres
were transferred sequentially to 10%, 20%, and 30% sucrose
solution for 30 min, respectively, and water inside spheres was
dehydrated. After that, spheres were placed in a small con-
tainer with smooth bottom and gathered using a syringe
needle. Then, spheres were embedded with optical cutting
temperature compound and frozen immediately at - 80�C.
Frozen spheres were dissected to 6mm each and placed on
adhesion microscope slides. Frozen sections can be stored at
- 80�C for long storage.

Immunofluorescence staining

Samples were fixed at room temperature with 4% PFA
for 10 min (this step can be omitted for frozen sections).
After premeablization in 1% triton X-100/PBS for 15 min,
nonspecific binding were blocked with 3% bovine serum
albumin for 1 h at 37�C. Then, samples were incubated in
primary antibodies at the appropriate dilution at 4�C

Table 1. Primers Used in this Study

Gene Sense primer (5¢–3¢) Antisense primer (5¢–3¢)

Sox1 CCTCCGTCCATCCTCTG AAAGCATCAAACAACCTCAAG
Pax6 AGGTATTACGAGACTGGCTCC TCCCGCTTATACTGGGCTATTT
Nestin CAACAGCGACGGAGGTCTC CCTCTACGCTCTCTTCTTTGAGT
Vimentin AGAACTTTGCCGTTGAAGCTG CCAGAGGGAGTGAATCCAGATTA
Sox2 AGTCTCCAAGCGACGAAAAA GCAAGAAGCCTCTCCTTGAA
Sox3 GACCTGTTCGAGAGAACTCATCA CGGGAAGGGTAGGCTTATCAA
Musashi-1 TTCGGGTTTGTCACGTTTGAG GGCCTGTATAACTCCGGCTG
Olig2 GCTGCGACGACTATCTTCCC GCCTCCTAGCTTGTCCCCA
FoxG1 AGAAGAACGGCAAGTACGAGA TGTTGAGGGACAGATTGTGGC
Gli3 TGGTTACATGGAGCCCCACTA GAATCGGAGATGGATCGTAATGG
Emx1 AAGCGCGGCTTTACCATAGAG GCTGGGGTGAGGGTAGTTG
Emx2 CGGCACTCAGCTACGCTAAC CAAGTCCGGGTTGGAGTAGAC
Nkx2.1 AGCACACGACTCCGTTCTC GCCCACTTTCTTGTAGCTTTCC
Gsh2 ATGTCGCGCTCCTTCTATGTC CAAGCGGGATGAAGAAATCCG
Otx2 CCCCACTGTCAGATCCCTTG TGAAGCCTGAGTATAGGTCATGG
Six3 CAAGGAGTCTCACGGCAAG GCAATGCGTCTTCTGCTCG
SCN5A CCTAATCATCTTCCGCATCC TGTTCATCTCTCTGTCCTCATC
NE-NA GCTCCGAGTCTTCAAGTTGG GGTTGTTTGCATCAGGGTCT
Maxik ACAACATCTCCCCCAACC TCATCACCTTCTTTCCAATTC
KV1.4 ACGAGGGCTTTGTGAGAGAA CACGATGAAGAAGGGGTCAT
KV4.2 ACCGTGACCCAGACATCTTC CACTGTTTCCACCACATTCG
KV4.3 GCCTCCGAACTAGGCTTTCT CCCTGCGTTTATCAGCTCTC
EAG1 TGGATTTTGCAAGCTGTCTG GAGTCTTTGGTGCCTCTTGC
EAG2 ACATCCTGCTTTTCGATTGG CGGCTCTCTACCTGGCGTTG
CACNA1C AACATCAACAACGCCAACAA AGGGCAGGACTGTCTTCTGA
CACNA1G CTGCCACTTAGAGCCAGTCC TCTGAGTCAGGCATTTCACG
BDNF CTACGAGACCAAGTGCAATCC AATCGCCAGCCAATTCTCTTT
NT3 CATTCGGGGACACCAGGTC TTTGCACTGAGAGTTCCAGTGTTT
NT4 CAAGGCTGATAACGCTGAGGAAGG GGTCAATGCCCGCACATAGGA
GDNF GGCAGTGCTTCCTAGAAGAGA AAGACACAACCCCGGTTTTTG
NGF GGCAGACCCGCAACATTACT CACCACCGACCTCGAAGTC
CyclinD1 GCTGCGAAGTGGAAACCATC CCTCCTTCTGCACACATTTGAA
c-Myc GGCTCCTGGCAAAAGGTCA CTGCGTAGTTGTGCTGATGT
BMP2 ACCCGCTGTCTTCTAGCGT TTTCAGGCCGAACATGCTGAG
BMP4 AAAGTCGCCGAGATTCAGGG GACGGCACTCTTGCTAGGC
GAPDH GGTCACCAGGGCTGCTTTTA GAGGGATCTCGCTCCTGGA
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overnight. Secondary antibodies were used for 1 h at 37�C
after washing with PBS. Hochest courterstain were used for
visualization. Pictures were captured using Olympus in-
verted fluorescence microscope. The following antibodies
were used: Sox1 (rabbit IgG, 1:100, ab109290; Abcam), Pax6
(rabbit IgG, 1:100, ab5790; Abcam), Nestin (mouse IgG,
1:200, ab22035; Abcam), Vimentin (mouse IgG, 1:50, sc6260;
Santa Cruz), MAP2 (mouse IgG, 1:200, ab11267; Abcam),
GFAP (goat IgG, 1:200, ab53554; Abcam), O4 (mouse IgM,
1:100, MAB345; Millipore), goat anti-rabbit IgG –fluorescein
isothiocyanate (FITC) (1:100, ZF0311; Zhong Shan Golden
Bridge), goat anti-mouse IgG FITC (1:100, sc2010; Santa
Cruz), goat anti-mouse IgM FITC (1:100, sc2082; Santa
Cruz), and rabbit anti-goat FITC (1:100, ZF0314; Zhong
Shan Golden Bridge).

Western blotting analysis

Protein lysates were prepared for western blot analysis using
RIPA lysis buffer containing 1 mM phenylmethanesulfonyl
fluoride and complete protease inhibitor; supernatant was
collected by high-speed centrifuge (13,000 g, 4�C for 30 min).
Protein concentration was detected using bicinchoninic acid kit
according to the manufacturer’s instruction. Then, total cell ly-
sates containing equal amount of protein were separated on a
10% sodium dodecyl sulfate polyacrylamide gel electrophoresis
gel and transferred to polyvinylidene fluoride membranes. The
membranes were blocked in 5% nonfat milk for 1 h and incu-
bated in primary antibodies overnight at 4�C, followed by
corresponding horseradish peroxidase-conjugated secondary
antibodies for 1 h at room temperature. Signals were visualized
with an immobilon Western chemiluminescent HRP substrate
(WBKLS0100; Millipore) and detected using ImageQuant LAS
4000mini imaging system. b-actin was used as an internal con-
trol. In some instances, the membranes were stripped and in-
cubated with different antibodies. Primary antibodies used
were as follows: Sox1 (rabbit IgG, 1:1,000, ab109290; Abcam),
Pax6 (rabbit IgG, 1:1,000, ab5790; Abcam), Nestin (mouse IgG,
1:1,000, ab22035; Abcam), Vimentin (mouse IgG, 1:200, sc-6260;
Santa Cruz), b-catenin (goat IgG, 1:200; Santa Cruz), Smad1
(rabbit IgG, 1:1,000, 9743; Cell Signal), p-Smad1 (rabbit IgG,
1:1,000, 9511; Cell Signal), and b-actin (mouse IgG, 1:5,000,
sc47778; Santa Cruz); and HRP-conjugated anti-rabbit (sc-2004,
1:2,000; Santa Cruz), anti-goat (sc-2020, 1:3,000; Santa Cruz), or
anti-mouse (sc-2005, 1:2,000; Santa Cruz) secondary antibodies
were applied. Optical density of every band was detected by
using Image J software. Relative protein expression was pre-
sented as normalized to b-actin.

Flow cytometry assay

hAD-MSC-derived neurospheres were dissociated into
single cells by incubated in the accutase solution (Sigma) for
5 min at 37�C. After permeabilizated for 15 min at 4�C, cells
were incubated with Sox1 (rabbit IgG, ab109290; Abcam),
Pax6 (rabbit IgG, ab5790; Abcam), Nestin (mouse IgG,
ab22035; Abcam), and Vimentin (mouse IgG, sc-6260; Santa
Cruz) for 30 min on ice followed by three times wash. Then,
the samples were incubated in secondary antibodies conju-
gated with FITC for another 30 min on ice. After washing,
cells were fixed and fluorescence intensity was detected
using BD Accuri C6 flow cytometer.

Electrophysiological detection

Plastic coverslips (Nunc) containing a monolayer cells
were transferred to a recording chamber on the stage of an
inverted microscope. The culture medium was replaced with
extracellular solution containing: 140 mM NaCl, 5 mM KCl,
1 mM CaCl2, 1 mM MgCl2, 10 mM glucose, 10 mM HEPES
(pH = 7.3); pipettes were filled with an intracellular-like so-
lution containing 140 mM KCl, 5 mM NaCl, 1 mM CaCl2,
10 mM HEPES, 5 mM EGTA, 2 mM Mg-ATP according to
previous report [32]. The resistant of fire-polished pipettes
was 5–10 MO. All experiments were performed at room
temperature. Tetrodotoxin (TTX) was added to the extracel-
lular solution to block the sodium current. Ionic currents
were recorded using the patch-clamp whole-cell configura-
tion with an axoclamp 700B patch-clamp amplifier and
digitized using a digidata 1322A A/D converter. Data were
analyzed using pClamp10.1 and Originpro 8.0 software.

Enzyme-linked immunosorbent assay analysis

To detect the secretion of neurotrophic factors in adNSC-
derived glia cells, the culture medium was replaced 24 h
before collection; the secretion of BDNF, neurotrophin 3
(NT3), neurotrophin 4 (NT4), glial cell line derived neuro-
thropic factor (GDNF) and nerve growth factor (NGF) were
assayed by enzyme-linked immunosorbent assay kits accord-
ing to the manufacturer’s instructions (Senxiong Biotech).

Statistical analysis

Each experiment was performed at least three times; data
were presented as mean – SD. Statistical significance was
tested by two-tailed Student’s t-test or ANOVA using SPSS
statistics 13.0. A value of P < 0.05 was considered statistically
significant (indicated by ‘‘*’’).

Results

Generation of adNSCs from hAD-MSCs
by a three-step induction

hAD-MSCs were maintained as subconfluent cultures and
grew in a monolayer with typical fibroblast-like morphology
(Fig. 2A-a). After cultured in the pre-inducing medium
(Step1), cells showed a significant morphological change from
fibroblast-like cells to flat morphology with obscure boundary
(Fig. 2A-b). Eight days later, the pre-inducing medium was
replaced by the N2B27 medium, which was commonly used
in neural induction process from ESCs. Then, 7 days later, flat
cells began to retract and become smaller and showed uni-
form morphology (Fig. 2A-c). After that, the medium were
replaced by N2B27 supplemented with bFGF and EGF. After
7 days of culture, cells exhibit distinct biopolar or multipolar
morphologies with branched processes (Fig. 2A-d), which is
similar to monolayer NSCs reported by Sun et al. [16]. They
could easily be detached from the bottom after digestion and
gathered together to form neurospheres when cultured in
ultra-low dishes (Fig. 2B). Passage was performed mechani-
cally every week for three to five times.

Identification of adNSCs

Immunofluorescence detection showed that undifferenti-
ated hAD-MSCs expressed moderate level of Pax6 and
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Vimentin, and no expression of Sox1 and Nestin. After in-
duction, adNSCs cultured as monolayer or neurospheres
highly expressed Sox1, Pax6, Nestin, and Vimentin (Fig. 3A);
however, the expression of Pax6 (transcriptional factor) was
detected in the cytoplasm of both undifferentiated hAD-
MSCs and adNSCs, whereas Sox1 (transcriptional factor)
expressed in the nucleus of adNSCs. The increasing expres-
sion of NSCs markers were also verified by western blot
analysis (Fig. 3B and Supplementary Fig. S1; Supplementary
Data are available online at www.liebertpub.com/scd).
While the difference was that, there was low expression of
Sox1 and Nestin in hAD-MSCs. After pre-inducing step
(Step1), Sox1, Nestin, Pax6, and Vimentin were increased. We
also found that there existed similar expression pattern of
Sox1 and Nestin; it was consistent with the gene expression
pattern during early neuroectoderm development, which
also means that the differentiation process may be in line
with the developmental sequence in vivo. Furthermore, we
observed that adNSCs had similar expression level of Sox1
with SH-Sy5y (positive control). The mRNA expression lev-
els of genes associated with embryonic neural development
and neural differentiation, such as Sox1, Pax6, Nestin, Vi-
mentin, Sox2, Sox3, Musashi-1, Olig2, Gli3, Emx1, Emx2, Gsh2,
Nkx2.1, FoxG1, Otx2, and Six3, were increased compared to
hAD-MSCs (*P < 0.05) (Fig. 3C). Furthermore, the proportion
of Sox1-, Pax6-, Nestin-, and Vimentin-positive cells in neu-
rospheres was 96.1% – 1.3%, 96.8% – 1.7%, 96.2% – 1.3%, and
97.2% – 2.5%, respectively, by flow cytometry analysis
(Supplementary Fig. S2).

adNSCs can differentiate into functional neurons,
astrocytes, and oligodendrocytes

To detect the terminal differentiation ability of adNSCs,
adNSCs were cultured in the terminal differentiation me-
dium with BDNF or PDGF. After 2 weeks of induction, cells
cultured in the neuron induction medium showed neural-
like structure with small cell body and long processes, they
connected with each other and formed net structures (Fig.
4A-a, b). These neuron-like cells expressed MAP2, a marker

expressed on mature neurons (Fig. 4A-c). To assess whether
these neuron-like cells possess function, inward sodium cur-
rent, which is responsible for the production of action potentials
in neural cells, was detected using the patch clamp technique in
whole-cell recording model. Undifferentiated hAD-MSCs were
quiescent, and no inward sodium current was detected (Fig.
4B-a). On the contrary, neuron-like cells displayed a voltage-
dependent sodium current, which showed a feature of fast
activation and fast inactivation. The mean peak amplitude at -
10 mV was - 438 – 20 pA (Fig. 4B-b, d). These sodium currents
could be blocked by 500 nM TTX (Fig. 4B-c), a sodium channel
blocker. Besides functional study, we also examined the mRNA
expression of ion channel genes using qPCR (Fig. 4C). We
found that the expression of sodium ion channel genes SN5A,
NE-NA, potassium ion channel genes MaxiK, KV4.3, KV4.2,
KV1.4, EAG1, EAG1, and calcium ion channel genes CAC-
NA1C, CACNA1G all increased compared to undifferentiated
hAD-MSCs (*P < 0.05). Moreover, GFAP+ and O4+ cells were
also observed in the glial induction medium, which exhibited
astrocyte- or oligodendrocyte-like shape (Fig. 4D). The mRNA
expression of neurotrophic-associated genes, BDNF, NT3, NT4,
GDNF, and NGF, significantly increased in these cells com-
pared to hAD-MSCs (*P < 0.05) (Fig. 4E); the secretion of BDNF,
NT3, NT4, GDNF, and NGF in 24 h (105cells) in supernatant
was 180 – 13.5 pg/mL, 1050 – 23.5 pg/mL, 1700 – 34.6 pg/mL,
217.7 – 15.9 pg/mL, and 900 – 18.4 pg/mL, respectively
(Fig. 4F), which implied their neurotrophic factor-secretion
function.

Differentiation of hAD-MSCs to NSCs
was inhibited by Sox1 interference

During embryogenesis process, Sox1 is an important
transcriptional factor in early neural development and is
considered an early marker of NSCs. To investigate the
functional effect of Sox1 on NSCs differentiation of hAD-
MSCs, Sox1 activation at Step1 was suppressed by trans-
fecting siRNA of Sox1 (siSox1). As shown in Fig. 5A and B,
after transfection, both mRNA and protein expression of
Sox1 was downregulated at the end of Step1. The cells
transfected with siSox1 or siNC were then induced to

FIG. 2. Differentiation of hAD-MSCs into adNSCs. (A) Cell morphology of hAD-MSCs (a), after pre-induction (Step1) (b),
cultured in the N2B27 medium (Step2) for 7 days (c), and cultured in the N2B27 medium containing bFGF and EGF (Step3)
(adNSCs) for another 7 days (d). (B) Expansion of neurospheres. Spheres cultured in suspension at d1, d3, d5, d7 after
passage. Bar = 100 mm.
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FIG. 3. Identification of adNSCs. (A) Immunostaining of NSCs markers Sox1, Pax6, Nestin, and Vimentin in undifferentiated
hAD-MSCs, adNSCs culture monolayer and neurospheres. adNSCs we obtained expressed NSCs markers both in monolayer
and in neurospheres. Bar = 100mm. (B) Western blot analysis. (C) Expression of genes associated with embryonic neural
development during induction (*P < 0.05 compared with hAD-MSCs).
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differentiate into NSCs. Real-time PCR and western blot
analysis showed that, compared with siNC group, the
mRNA and protein expression of NSCs markers in adNSCs
were significantly repressed in siSox1 group as a result of
Sox1 suppression (*P < 0.05) (Fig. 5C, D). Consistent with
these results, flow cytometry analysis demonstrated that the
percentage of Sox1- and Nestin-positive cells in siSox1 group
was much lower than siNC group (Supplementary Fig. S3).
All these results indicated that Sox1 played an important in
role in the differentiation of hAD-MSCs into NSCs.

Pre-inducing step (step 1) was essential
for the expression and nuclear translocation of Sox1

In our study, the results showed that Sox1 played key role
during the induction process, and we observed that Sox1 was
activated after pre-inducing process. So, we questioned that

what does the pre-inducing step function for the whole in-
duction process. To investigate this question, hAD-MSCs
were divided into two groups: pre-inducing step containing
group (pre + group) and pre-inducing step omitted group
(pre - group). Cells in pre + group were induced in the in-
duction system we established above, whereas cells in pre -

group were cultured in the N2B27 medium followed by the
N2B27 medium supplement with bFGF and EGF, in which
pre-inducing step was omitted. The expression of NSC
markers in hAD-MSCs and cells finally obtained in both
groups were detected by qPCR and western blot analysis. In
pre - group, cells remained a fibroblast-like shape after in-
duction, a bit different from hAD-MSCs (Fig. 6A). There
existed Sox1- and Nestin-positive cells in pre - group by im-
munofluorescence staining; however, the expression were
very low (Fig. 6B). On the contrary, the expression of Sox1,
Pax6, Nestin, and Vimentin in adNSCs with pre-inducing step

FIG. 4. Terminal differentia-
tion of adNSCs. (A) adNSC-
derived neurons (a, b) and
characterization of neurons
by immunostaining for ma-
ture neurons marker MAP2
(green) (c). Bar = 100mm. (B)
Electrophysiological analysis
for inward sodium current.
No inward sodium current
was detected in hAD-MSCs
(a). Voltage-dependent so-
dium current was detected in
adNSC-derived neurons (b),
this current can be blocked by
500 nM tetrodotoxin (TTX) (c).
The peak current–voltage re-
lationship was plotted against
the voltages (d). (C) Gene
expression of ion channel
markers. Gene expression of
ion channel markers increased
significantly compared with
hAD-MSCs (*P < 0.05). (D) Glia
differentiation of adNSCs.
adNSCs can differentiate into
astrocytes (a) and oligoden-
drocytes (b). GFAP expression
(green) in astrocytes (c) and
O4 expression (green) in oligo-
dendrocytes (d) by im-
mnostaining. Bar = 100mm. (E)
Examination of gene expres-
sion of neurotrophic factors
in adNSC-derived glia cells.
Gene expression of neuro-
trophic factors significantly
increased compared with
hAD-MSCs (*P < 0.05). (F) Se-
cretion of neurotrophic factors
in 24 h in the culture surper-
nanant of adNSC-derived glia
cells by enzyme-linked im-
munosorbent assay analysis.
All data represent mean –
standard deviation, n = 3.
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(pre + group) were significant higher than pre - cells both in
protein and mRNA levels (*P < 0.05) (Fig. 6C, D). This indi-
cated that the pre-inducing step played an important role in
the activation of Sox1 and was essential for the following
induction.

To investigate the relationship between pre-inducing
process and Sox1 activation, hAD-MSCs were cultured in the
pre-inducing medium for 8 days, samples were collected
every 2 days, qPCR and immunofluorescence staining was
used to detect Sox1 expression. There was an obviously cell
morphological change from fibroblast-like cells at day 0 to
flat shape at day 8, this was identical with the results above
(Fig. 7A phase-contrast). The mRNA and protein expression
of Sox1 gradually increased as time extended and achieved to
a peak at day 8 (Fig. 7B, C). Furthermore, there was an ob-
vious nuclear translocation of Sox1 in this process (Fig. 7D).
After 2 days of induction (d2), Sox1 was initiated and ex-
pressed in cytoplasm and perinuclear area. Two days later
(d4), fluorescence signals began to appear both in cytoplasm
and in nucleus. Then, Sox1 protein expressed in cyto-
plasm was gradually transferred to nucleus. This transloca-
tion process was completed at day 8, and Sox1 mainly

accumulated to the nucleus. All results indicated that the
pre-inducing culture environment could promote the acti-
vation and nuclear translocation of Sox1, where it functioned
as a transcriptional factor.

Signals involved in the generation of adNSCs
from hAD-MSCs

Pre-inducing medium is a serum-free mixture. It contains
only one cytokine-bFGF, which was reported to play im-
portant roles in neural differentiation [33]. To find out
whether it functioned in Sox1 expression, the relationship of
bFGF with Sox1 expression was detected. hAD-MSCs were
cultured in the pre-inducing medium containing 0, 4, 10, 20,
50, and 100 ng/mL bFGF, respectively, for 8 days. mRNA
samples were collected every other day. The expression of
Sox1 was detected by qPCR. The expression of Sox1 in-
creased in every group cultured in the medium supple-
mented with different concentrations of bFGF as time
extended. However, there was no obvious difference of Sox1
expression at the same time point between the groups cul-
tured with different concentration of bFGF (Fig. 8).

FIG. 5. Sox1 inhibition suppresses
the differentiation of hAD-MSCs into
NSCs. (A) Real-time PCR analysis of
the Sox1 mRNA level after transfection
with small-interfering RNAs (siSox1 or
siNC). (B) Protein level of Sox1 after
transfection with siSox1 or siNC by
western blot analysis, relative optical
density was measured. (C) mRNA ex-
pression of NSC markers of adNSCs
after Sox1 or NC transfection. (D)
Protein level of NSCs markers after
transfection with siSox1 or siNC by
western blot analysis, relative optical
density was measured. (All data dis-
played as mean – standard deviation,
n = 3.*P < 0.05 compared with the siNC
group).
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To determine whether signals functioned in early neural
development were also involved in the generation of adNSCs,
we examined the activation state of Wnt/b-catenin and bone
morphogenetic protein (BMP) signal pathway. Our results
showed that the expression of genes downstream of Wnt/b-
catenin pathway such as CyclinD1 and c-Myc increased, al-
though mRNA expression of BMP2 and BMP4 (two ligands of
BMP signal) decreased (Fig. 9A). These results were also
confirmed by western blot analysis (Fig. 9B). We found that
there existed very low expression of b-catenin (a signal effector
in Wnt/b-catenin pathway) in undifferentiated hAD-MSCs;
after cultured with the pre-inducing medium, b-catenin sig-
nificantly increased (*P < 0.05 vs. hAD-MSCs) and maintained
at the same level in the following steps, indicating that Wnt/b-

catenin pathway was activated. As to BMP signal, although
the expression of Smad1 had no change, its activated form
phosphorylated Smad1 (p-Smad1) were highly expressed in
hAD-MSCs, then, p-Smad1 began to decrease at Step1 (pre-
inducing step), and nearly disappeared in Steps 2 and 3,
which meant that BMP pathway was inhibited in this process.
However, no difference was observed for the activation state
of Wnt/b-catenin and BMP signals in pre - group for which
pre-inducing step (Step1) was omitted (Fig. 9C).

To find out the relationship between Sox1 and Wnt/b-
catenin as well as BMP signals, hAD-MSCs were cultured in
the pre-inducing medium contained BMP4 (10 ng/mL) or
DKK1 (100 ng/mL), which activate BMP signal or inhibit the
activation of Wnt/b-catenin, respectively. The expression of

FIG. 6. (A) Cell morphology
in the pre - group for which
pre-inducing step was omitted.
hAD-MSCs (a), cells cultured
in N2B27 for 7 days (b), then
cultured in the N2B27 medium
containing bFGF and EGF for 7
days (c). Bar = 100mm. (B) Im-
munostaining for NSCs mark-
ers in cells of pre- group.
Western blot (C) and qPCR
analysis (D) of NSCs markers
in cells finally obtained in the
pre+ group and pre- group.
These results showed that
when pre-inducing step was
omitted (pre- group), the ex-
pression of NSCs markers
greatly decreased in both
mRNA and protein levels
compared to the pre + group
(*P < 0.05).
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Sox1 was detected by western blot. We found that the ad-
dition of BMP4 or DKK1 increased the expression of p-Smad1
or decreased the accumulation of b-catenin, and Sox1 ex-
pression was decreased in both conditions compared with
the BMP4 - or DKK1 - group (*P < 0.05) (Fig. 10A, B).

Discussion

Here, we declared for the first time that hAD-MSCs can be
converted to Sox1high/Nestinhigh adNSCs with high purity af-
ter cultured successively in the pre-inducing medium, N2B27
medium, and N2B27 medium supplemented with bFGF and
EGF. More than 95% cells in adNSCs expressed NSCs
markers. The mRNA expression of genes that were associ-
ated with embryonic neural development or neural differ-
entiation all increased in the differentiation phase. These
Sox1high/Nestinhigh NSCs can form neurospheres and have
multilineage potential to differentiate into functional neu-
rons, astrocytes, and oligodendrocytes. All these results

FIG. 7. Nuclear translocation
of Sox1 during pre-inducing
process. (A) Cell morphorlogy
at d0, d2, d4, d6, and d8 after
cultured in the pre-inducing
medium. Real-time PCR (B),
western blot analysis (C),
and immunostaining (D) of
Sox1 expression. Bar = 100mm.
All data represent mean –
standard deviation, n = 3 (*P <
0.05 compared with d0).

FIG. 8. mRNA expression of Sox1 in cells cultured in the
pre-inducing medium supplemented with different concen-
trations of bFGF at different time points. There were no
differences at same time point between groups with different
bFGF concentration.
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indicated that adNSCs we obtained have similar properties
with the NSCs from CNS or ESCs [34–37].

As mentioned above, some scientists have got Nestin +

cells from hAD-MSCs. However, Zuk et al. declared that
Nestin had been found to express in myogenic cells, endo-
thelial cells, and hepatic cells, indicating that Nestin expres-
sion only is not suitable for the identification of NSCs,
especially when there was no functional analysis [26,38].
During embryogenesis, nervous system is originated from
neural plate consisted by Pax6 + /Sox1 - neuroepithelium;
then, neural plate begins to fold and fuses to form complete
neural tube, which consists by Pax6 + /Sox1 + neuroepithelial

cells [27]. Neural tube is the primordium of CNS. So the
Pax6 + /Sox1 + neuroepithelial cells, which can differentiated
into all kinds of cells in CNS, are considered early NSCs
[28,29]. By immunostaining analysis, we found that there
exists moderate expression of Pax6 and Vimentin in hAD-
MSCs, which implied its neural differentiation potential.
After induction, we got adNSCs that highly expressed Sox1,
Pax6, Nestin, and Vimentin and possessed tripotent differen-
tiation ability, indicating that adNSCs we got posessed
similar phenotype with Sox1 + /Pax6 + neuroepithelial cells.
Additionally, NSC-like cells we obtained were highly puri-
fied because more than 95% cells expressed NSC markers

FIG. 9. Activation state of Wnt/b-
catenin and bone morphogenetic pro-
tein (BMP) signal pathways in differ-
entiating process. (A) Expression of
genes related with Wnt/b-catenin (Cyclin
D1 and c-Myc) and BMP (BMP2 and
BMP4) signal pathways during differ-
entiation (*P < 0.05 compared with
hAD-MSCs, n = 3). (B) Western blot
analysis of b-catenin, Smad1, and p-
Smad1, optical density of each band
was analyzed. Results showed that
protein level of b-catenin increased
while p-Smad1 decreased after differ-
entiation (*P < 0.05 compared with
hAD-MSCs, n = 3). (C) Comparison of
Wnt/b-catenin and BMP signal path-
ways in cells finally obtained in the
pre + group and pre - group by western
blot. Protein level of b-catenin and p-
Smad1 significantly decreased com-
pared with the pre - group (*P < 0.05,
n = 3).
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Sox1, Pax6, Nestin, and Vimentin. Moreover, during the in-
ducing process, for every 106 hAD-MSCs obtained from the
donor, about 5.8 · 108 adNSCs can be obtained, which could
be beneficial for the wide application in clinic.

Biological function of seed cells is very important for clinic
application. NSC is adult stem cells with tripotent differen-
tiation capability and can differentiate into functional neu-
rons and glia cells [4]. In the present study, the adNSCs
possessed tripotent differentiation capability. However,
during in vitro inducing process, cells that acquired similar
morphological phenotypes with target cells may do not
possess biological functions. To generate transplantable
NSCs, it is necessary to evaluate neural cells not only by
morphology and cells markers but also by its function [32].
Ashjian et al. [39] showed that after induced by a chemical
protocol, human adipose-derived stem cells aquired typical
neural morphological characteristics and increased expres-
sion of neuron specific enolase and Vimentin. However, no
biological function was detected. As we know, neuron is a
kind of excitable cell and is responsible for signal conduction.
There exists a variety of ion channels such as sodium, po-
tassium, and calcium ion channels on the membrane of
neurons. Influx of sodium ion from extracellular to intracel-
lular through sodium ion channel enables the generation of
sodium current, which is the basis of signal transmission.
Besides sodium ion channel, during neural development, the
number of potassium ion channel increased in mature neu-
rons and low concentration of calcium support the survival
and development of neurons [40,41]. In our study, by elec-
trophysiology analysis, we observed the generation of volt-
age-dependent TTX-sensitive sodium currents in terminal
differentiated neurons, which demonstrated the identity of
mature neurons. Consistent with electrophysiology data,
mRNA expression of sodium ion channel genes NE-Na and
SCN5A were also increased compared to undifferentiated

hAD-MSCs, and gene expression associated with potassium
and calcium ion channels was also increased, which further
indicated the differentiation toward neuronal cells.

Sox1 is a transcriptional factor that belongs to SoxB1 (Sex
determining region Y-box B1) subfamily. Its expression is
mainly restricted to neuroectoderm in an activated neural
stem/progenitor population [42]. During embryogenesis, it
is involved in early development of CNS and the mainte-
nance of neural stem/progenitor cells identity together with
Sox2 and Sox3, the other two members of SoxB1 [43,44]. The
onset of Sox1 is an early response to neural induction signals
and correlated with the formation of neural plate [45]. Sox1-
deficient mice showed behavior disorders and led to epilepsy
[46]. In our study, low expression of Sox1 was detected in
hAD-MSCs. After pre-induction, Sox1 expression was acti-
vated and increased significantly in both in mRNA and
protein levels. When the expression of Sox1 was inhibited,
the production of adNSCs decreased significantly. Similarly,
if pre-inducing step was omitted, the increasing expression
of Sox1 decreased and the NSC differentiation from hAD-
MSCs was also suppressed. This demonstrated that Sox1 was
an important factor in this process and pre-inducing step
was crucial for the activation of Sox1. What’s more, Sox1
exhibited a nuclear translocation process as time extended in
the pre-inducing medium, which meant that Sox1 may
function as a transcription factor in this process. That may be
the reason why we there existed low neural differentiation in
pre - group. bFGF, the only cytokine in the pre-inducing
medium, have no effect on the activation of Sox1. Further-
more, we found that Nestin expression can be activated in
Sox1 + cells in the presence of bFGF and EGF, and very low
Nestin was detected when there was low expression of Sox1.
In addition, Sox1 - cells cannot transfer to Nestin + cells de-
spite the presence of bFGF and EGF. These results indicated
that Nestin was at the downstream of Sox1. This was

FIG. 10. Expression of Sox1 was
influenced by BMP activation (BMP4 +)
(A) and Wnt/b-catenin inhibition
(DKK1 + ) (B) in pre-inducing process.
Expression of Sox1 was suppressed
after treated with BMP4 compared to
the BMP - group or after treated with
DKK1 compared to the DKK1 - group
(*P < 0.05, n = 3).
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consisted with previous report. Tanaka et al. found that
group B1 Sox transcription factors, including Sox1, Sox2 and
Sox3, could bind with Nestin in the neural enhancer and
activate its expression [47]. All results showed that the ap-
pearance of Nestin and Sox1 is in line with human CNS
development sequence during embryogenesis, that is, Sox1
activation followed by Nestin, which means that the differ-
entiation from hAD-MSCs to adNSCs is a step-by-step pro-
cess mimicking the neural development. Besides, although
gene expression increased, the protein of Pax6 always located
in cytoplasm and we did not observe its nuclear transloca-
tion, indicating that Pax6 did not function as a transcriptional
factor during induction.

Cell differentiation can be achieved by many approaches
such as treated with chemical reagents [38,48], co-cultured
with other cells [49,50], or cultured in the serum-free medium
supplemented with cytokines [51,52]. However, cells after
treating with chemical reagents were susceptible to death,
and the differentiation state was transient and reversible
[26,53]; as to co-culture system, cells were easily contami-
nated and also not suitable for transplantation. Among them,
serum-free protocol received more attention because the
application of serum-free medium could avoid the contam-
ination of component from animal origin. Cell differentiation
can be promoted by sequential addition of cytokines. Thus,
initial cells receive continuous stimulation and exhibit stable
changes. All medium used in our system were serum-free
medium supplemented with/without cytokines, it should be
much safer and closer to clinical treatment of neurodegen-
erative diseases.

Neural development in vivo can be divided into two
stages: neural induction (the process from primitive ecto-
derm to neuroectoderm and form neural plate followed by
neural tube. NSCs were induced) and neurogenesis (differ-
entiation of NSCs to terminal neural cells, such as neurons,
astrocytes, and oligodendrocytes). In our study, we obtained
adNSCs. So this process is similar to neural induction. Dur-
ing embryogenesis, the development of vertebrate is a highly
ordered process regulated by multiple signal pathways, so is
neural induction. Canonical Wnt/b-catenin signaling system
is an important pathway in the development of CNS. After
treated with a small molecule that activates canonical WNT
signaling, human ESCs were prone to differentiate into
neural progenitors cells under defined conditions [54]. Wnt/
b-catenin was also involved in the maintenance of NSCs [55].
Here, we found that canonical Wnt/b-catenin pathway was
greatly activated after pre-inducing process and maintained
in the same level in the following steps, whereas the inhibi-
tion of Wnt/b-catenin pathway influenced Sox1 expression,
indicating that Wnt/b-catenin may be involved in this in-
ducing process by Sox1 regulation.

BMP belongs to the transforming growth factor beta su-
perfamily, and BMP signaling is highly conserved in verte-
brate and invertebrate. The inhibition of BMP signaling is
required for the establishment of neuroectoderm. Deleption
of BMP antagonists such as Chordin blocked the neu-
roectoderm formation [56]. So noggin, an antagonist of BMP,
is commonly used in the neural induction from ESCs [57].
Our results showed that BMP pathway was partly inhibited
after pre-inducing process and totally blocked after cultured
in the selection medium. What’s more, we also found that
BMP signaling was related with Sox1 expression, which was

consistent with the conclusion drawn by larysa that the
antagonistic actions of BMP signals, and their inhibitors,
govern SoxB1 gene expression (including Sox1) in the neu-
roectoderm [58].

hAD-MSCs can be easily obtained from patients with little
pain, so it became one of the most promising cell sources for
the treatment of neurodegenerative diseases. A safe induc-
tion system from hAD-MSCs to adNSCs is the precondition
of clinical application. In the induction protocol we estab-
lished here, it is no need to add expensive cytokines and the
use of serum replacement greatly rules out the occurrence of
immune rejection. Highly purified NSCs with uniform
properties make the stem cell-based therapy more stable and
easier controlled. What’s more, it is a very good cell model
for drug selection in personalized medicine. However, in
vitro induction of hAD-MSCs to NSCs is just the first step,
whether adNSCs we obtained have functions in vivo re-
mains unknown and needs further investigation.
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