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ABSTRACT

Stem cell transplantation has been shown to improve func-
tional outcome in degenerative and ischemic disorders.
However, low in vivo survival and differentiation potential

of the transplanted cells limits their overall effectiveness
and thus clinical usage. Here we show that, after in vitro

induction of neuronal differentiation and dedifferentiation,
on withdrawal of extrinsic factors, mesenchymal stem cells
(MSCs) derived from bone marrow, which have already

committed to neuronal lineage, revert to a primitive cell
population (dedifferentiated MSCs) retaining stem cell

characteristics but exhibiting a reprogrammed phenotype

distinct from their original counterparts. Of therapeutic
interest, the dedifferentiated MSCs exhibited enhanced
cell survival and higher efficacy in neuronal differentiation

compared to unmanipulated MSCs both in vitro and in
vivo, with significantly improved cognition function in a

neonatal hypoxic–ischemic brain damage rat model.
Increased expression of bcl-2 family proteins and micro-
RNA-34a appears to be the important mechanism giving

rise to this previously undefined stem cell population that
may provide a novel treatment strategy with improved

therapeutic efficacy. STEM CELLS 2011;29:2077–2089

Disclosure of potential conflicts of interest is found at the end of this article.

INTRODUCTION

Bone marrow stromal stem cells, also known as mesenchymal
stem cells (MSCs), were initially identified as a population of
organized hierarchical adult stem cells with the potential to

differentiate into mesodermal lineage cells such as osteocytes,
chondrocytes, and adipocytes [1, 2]. However, recent studies
have demonstrated the pluripotency of MSCs in that they
have the ability to cross oligolineage boundaries which were
previously thought to be impenetrable [3–6] and be induced
to differentiate into various kinds of cell types, such as

†Contributed equally as corresponding authors.

Author contributions: Y.L. and X.Z.: collection and/or assembly of data, data analysis and interpretation, manuscript writing, and final
approval of manuscript; X.J.: design, collection and/or assembly of data, data analysis and interpretation, manuscript writing, and final
approval of manuscript; R.C., T.S., K.L.F., J.D., L.L.T., S.Y., Y.R., J.G., M.K.Y., Y.T., and W.X.: collection and/or assembly of data,
data analysis and interpretation, and final approval of manuscript; Y.W.C.: collection and/or assembly of data, data analysis and
interpretation, administrative support, and final approval of manuscript; M.Y.: data analysis and interpretation, provision of study
material, and final approval of manuscript; C.M.C.: collection and/or assembly of data and data analysis and interpretation, T.L.:
conception and design, financial support, provision of study material, data analysis and interpretation, and final approval of manuscript;
H.C.C: conception and design, financial support, provision of study material, data analysis and interpretation, manuscript writing, and
final approval of manuscript.

*Contributed equally as first authors.

Correspondence: Hsiao Chang Chan, Ph.D., Epithelial Cell Biology Research Center, School of Biomedical Sciences, Faculty of
Medicine, the Chinese University of Hong Kong, Shatin, Hong Kong. Telephone: 852-26961105; Fax: 852-26037155; e-mail:
hsiaocchan@cuhk.edu.hk; or Tingyu Li, M.D., Children’s Hospital, Chongqing Medical University, Chongqing, China. Telephone:
8623-63628660; Fax: 8623-63626904; e-mail: tyli@vip.sina.com Received January 25, 2011; accepted for publication September 27,
2011; first published online in STEM CELLS EXPRESS November 3, 2011. VC AlphaMed Press 1066-5099/2011/$30.00/0 doi: 10.1002/stem.764

STEM CELLS 2011;29:2077–2089 www.StemCells.com



cardiomyocytes [7–9], hepatocytes [10, 11], and endothelial
cells [12]. Especially, a large of body of evidence have indi-
cated that mouse, rat, and human bone marrow MSCs can be
induced to differentiate to neuron-like cells in culture [13–16]
and further verified by the transplantation experiments in ani-
mal models of Parkinson’s disease [17], stroke [18, 19], cere-
bral ischemia [20], spinal cord injury [21], and Niemann-Pick
disease [22]. However, despite many transplantation studies
showing beneficial effects, most studies report low levels of
cell persistence and neuronal differentiation in vivo. In partic-
ular, when MSCs are injected directly into the lesion tissues,
massive death of transplanted cells has been observed [20, 23,
24]. This greatly limits their overall effectiveness and clinical
use.

Dedifferentiation has been considered as one of the mech-
anisms rerouting cell fate by reverting differentiated cells to
an earlier, more primitive phenotype characterized by altera-
tions in gene expression pattern which confer an extended
differentiation potential [25]. In urodele amphibians, cell
dedifferentiation is a common mechanism resulting in the
functional regeneration of complex body structures throughout
life [26, 27]. In mammals, the differentiation process is nor-
mally irreversible in differentiated cells [28]. However, recent
studies have provided evidence that terminally differentiated
mammalian cells can undergo dedifferentiation on injury [29,
30] or when the cells are cultured under special conditions
[30–34]. Previous studies from both our group and others
have demonstrated that on withdrawal of extrinsic stimulation,
MSC-derived neurons are able to revert back to MSC mor-
phologically [35, 36]. However, the question as to whether
the dedifferentiated MSCs (De-MSCs) are identical to or dif-
ferent from their original counterparts has not been addressed
and their therapeutic potential is not explored. In this work,
we set out to address these questions by using monoclonal
MSCs. For the first time, we have identified a population of
De-MSCs with a variety of genetic and phenotypic character-
istics distinct from their original counterparts. Of therapeutic
interest, the De-MSCs exhibited enhanced cell survival and
higher efficacy in neuronal differentiation compared to unma-
nipulated MSCs both in vitro and in a neonatal hypoxic–is-
chemic brain damage (HIBD) rat model in vivo (see graphic
abstract in Supporting Information Fig. S1). This study has
also revealed possible mechanisms involving bcl-2 family
proteins and miR-34a in the reprogramming process.

MATERIALS AND METHODS

MSCs and Induction of Differentiation,
Dedifferentiation, and Redifferentiation

Rat bone marrow MSCs were isolated and expanded as previ-
ously described [13]. To obtain monoclonal MSCs, cells were
diluted in 10 cells per milliliter and then seeded in 96-well plate.
Four individual MSC clones were established and exhibited simi-
lar characteristic MSC phenotype as detected by surface markers.
MSCs of passage 8–25 were grown on either poly-L-lysine-coated
cover slips in six-well plate (2 � 104 per well) or 75-cm2 plastic
flask (5 � 105) in Dulbecco’s modified Eagle medium (DMEM)/
F12/10% fetal bovine serum (FBS) for 24 hours, and the media
were then replaced with preinduction media consisting of
DMEM/F12/10% FBS/10�7 M all-trans-retinoic acid (ATRA)
and 10 ng/ml basic fibroblast growth factor (bFGF). To initiate
neuronal differentiation, the cells were washed with phosphate-
buffered saline (PBS) and then transferred to neuronal induction
media composed of modified neuronal medium (MNM, DMEM/
2% dimethyl sulfoxide/200 lM butylated hydroxyanisole/25 mM

potassium chloride/2 mM valproic acid/10 lM forskolin/1 lM
hydrocortisone/5 lg/ml insulin) for 24–48 hours. In another set of
experiment, the cells were collected at 2, 8, 24, 48, and 72 hours
after neuronal induction for further characterization. After neuro-
nal induction, MNM was replaced with DMEM/F12 containing
10% FBS. Cells resumed stem cell characteristics 24 hours later
and were allowed to grow for another 24 hours. These cells were
considered De-MSCs at passage 1. Subsequently, the De-MSCs
were passaged every 4–5 days when they reached 80% conflu-
ence. To induce neuronal redifferentiation, the full media were
removed, the cells were washed with PBS, and transferred to
MNM again [36]. Green fluorescent protein (GFP) MSCs were
obtained from 6-week-old GFP-transgenic Sprague-Dawley (SD)
rats (‘‘green rat CZ-004’’ SD TgN [CAG–enhanced GFP] OsbCZ-
004). Primary hippocampal neurons (PHNs) were isolated from
the hippocampus of 1-day-old SD rat, as previously described
[37].

Animal Studies

In vivo studies were performed with the approval of the Animal
Experimentation Ethics Committee of the Chinese University of
Hong Kong. Neonatal HIBD model was established as described
before [38]. Briefly, the right common carotid artery of 7-day
postnatal SD male rat pups was permanently doubly ligated. After
2-hour recovery, the pups were subjected to a humidified mixture
of 8% O2 and 92% N2 at 37�C for another 2 hours. After 5 days
of hypoxia–ischemia, the pups were randomly divided into three
groups and infused with 1–2 � 105 MSCs or De-MSCs in 5 lL
of PBS into the right lateral cerebral ventricle. Shuttle box test,
as illustrated in Supporting Information Fig. S11, was performed
as described before [39] to evaluate the ability of learning and
memory in six continuous sessions for 6 days, and the seventh
and eighth sessions were followed 1 and 2 months later, respec-
tively. In another set of experiments, 3 or 7 days after transplan-
tation, the animals were sacrificed and the tissues were prepared
for immunohistochemistry staining to further evaluate the efficacy
of graft and differentiation.

RESULTS

Dedifferentiation of MSC-Derived Neuronal
Progenitors

Clonally derived MSCs displayed the characteristic spindle
shape or flat polygonal morphology (Fig. 1AA0, Supporting
Information Fig. S2aa0) and their phenotypic traits remained
relatively stable with increasing number of passages. Immuno-
detection of a set of cell surface antigens showed that the
four clones we isolated were positive for CD29, CD90, and
CD106 but failed to express the hematopoietic markers CD34,
human leukocyte antigen–DR, and CD45 (Fig. 2A, Supporting
Information Fig. S3a). When MSCs were subjected to the pre-
induction medium followed by MNM as described previously
[13, 35, 36], they rapidly underwent dramatic morphological
changes. Within a few hours, large number of the cells
rounded up and showed thin radial processes reminiscent of
neurites (Supporting Information Fig. S2ab’, c’). After 24
hours of neural induction, most cells presented with neuron-
like morphology, including a small-cell body and neurite-like
extensions (Fig. 1AB0, Supporting Information Fig. S2ad’).
After 48–72 hours of neural induction, neurite-like extensions
appeared elongated and fully developed (Supporting Informa-
tion Fig. S2ae0, f0). Importantly, our RT-PCR analysis
revealed that the expression of neural progenitor markers such
as Nestin, NeuroD1, Sox-2, and Aquaporin 4 increased con-
comitantly with the transition of the MSCs into neuronal phe-
notypes, which peaked at 48–72 hours after induction
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Figure 1. Neuronal differentiation, dedifferentiation, and redifferentiation of monoclonal rat bone marrow MSCs. Monoclonal MSCs (clone
3) were plated at 10 � 102 per centimeter square in six-well plates, and neuronal differentiation, dedifferentiation, and redifferentiation were
performed as described in Materials and Methods section. In brief, undifferentiated MSCs were induced in modified neuronal medium (MNM)
for 24 hours, washed with PBS, and then reincubated in MSC full media for 24 hours; reinduction was achieved by MNM for another 24
hours. Under these conditions, cells were fixed for immunofluorescence staining or cell lysates were collected for Western blot analysis. (A):
Phase contrast photographs of neuronal differentiation, dedifferentiation, and redifferentiation of MSCs. Scale bar ¼ 30 lm. (A0): Undifferenti-
ated MSCs; (B0): MSCs rapidly transformed from fibroblastic to neuronal morphology with highly retractile cell bodies and long process-like
extensions in MNM; (C0): 24 hours after MNM withdrawal, MSC-derived neuronal morphology was reverted to stromal morphology in 10%
FBS; (D0): De-MSCs-derived cells exhibiting neuronal morphology after 24 hours of neuronal reinduction. (B): Immunostaining of the general
neuronal markers, NF-M and MAP-2, during neuronal differentiation, dedifferentiation, and redifferentiation process with corresponding DAPI
staining (scale bar ¼ 50 lm). (C): Expression of neuronal markers NSE, NF-M, and TH was examined by Western blot analysis. The vari-
ability of protein expression correlated with neuronal differentiation, dedifferentiation, and redifferentiation process. Comparable levels of
b-tubulin were detected in each lane, indicating equal loading of samples. (D): Resting membrane potential was determined by whole cell
patch clamp analysis. Values are presented as mean 6 SD (*, p < .05, MSCs vs. neuron; &, p < .05, De-MSCs vs. re-neuron; #, p < .05,
neuron vs. re-neuron, Student’s t test). Abbreviations: DAPI, 40,6-diamidino-2-phenylindole; De-MSCs, dedifferentiated MSCs; MSCs, mesen-
chymal stem cells; MAP, microtubule-associated protein 2; NF-M, neurofilament-M; NSE, neuron-specific enolase; PBS, phosphate-buffered
saline; TH, tyrosine hydroxylase.
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Figure 2. Phenotypic and molecular characterization of De-MSCs. (A): Flow cytometry analysis showed that De-MSCs (clone 3) at passage 2
(day 5 after dedifferentiation) retained stem cell surface markers similar to undifferentiated MSCs. Values presented in the lower panel are mean
6 SD of three independent experiments. (B): Osteogeic, adipogenic, and chondrogenic cells were selectively induced from MSCs and De-MSCs.
De-MSCs displayed the same mesenchymal differentiation potential as undifferentiated MSCs (scale bar ¼ 50 lm). (C): Comparison of top
increased genes involved in neurogenesis between De-MSC (24 hours after dedifferentiation) and MSC populations as assessed by agilent rat
whole genome microarray. (D): Immunocytochemical analysis of neural progenitor markers, nestin and musashi (scale bar ¼ 30 lm), in MSCs
and De-MSCs (24 hours after dedifferentiation). (E): The histogram demonstrated the quantification of nestin- and musashi-positive cells in
MSC or De-MSC populations. Results were acquired from 10 fields at �20 magnification. *, p < .05. Abbreviations: DAPI, 40,6-diamidino-2-
phenylindole; De-MSCs, dedifferentiated MSCs; FITC, fluorescein isothiocyanate; HLA-DR, human leukocyte antigen–DR; MSCs, mesenchymal
stem cells; PE, phycoerythrin.
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(Supporting Information Fig. S2b-f). Furthermore, in keeping
with the morphological changes, our immunofluorescence
analysis showed that the expression of neural cytoskeleton
markers neurofilament-M (NF-M) and microtubule-associated
protein 2 (MAP2) were barely detectable in uncommitted
MSCs, whereas significantly increased after 24-hour neuronal
induction (Fig. 1B). However, withdrawal of MNM rapidly
reverted MSC-derived neuron-like cells to characteristic mes-
enchymal morphology and suppressed NF-M and MAP2
expression within 24 hours (Fig. 1AC0, 1B). Intriguingly,
these De-MSCs from differentiated neuronal cultures could be
reinduced into neuronal phenotype on re-exposure in MNM
without preinduction with ATRA and bFGF (Fig. 1AD0).
Moreover, virtually 100% of the redifferentiated cells were
NF-M- and MAP2-positive (Fig. 1B). Besides, different
clones of MSCs were examined for their neuronal differentia-
tion and dedifferentiation capacity. As shown in Supporting
Information Figure S3b–d, while different clonally derived
MSCs possess variable neuronal differentiation potential, all
of them exhibit enhanced cell survival and differentiation
potential after dedifferentiation process, indicating that the
advantage observed in the De-MSCs represents a general
property among different clones.

Neuronal differentiation, dedifferentiation, and redifferen-
tiation of monoclonal MSCs were confirmed by the concomi-
tant upregulation and reversion of multiple neurogenesis
marker genes as determined by PCR array (Supporting Infor-
mation Fig. S4). Transcripts most highly increased during
neuronal differentiation and reversed on stimuli withdrawal
included genes involved in synaptic functions (Ache, Apoe,
Grin1, Nptx1, Pou4f1, and S100b), growth factors and
cytokines imperial for neural development (Bdnf, Bmp4,
Bmp8a, Egf, Gpi, Cxc1, and Ptn), and cell signaling genes
involved in neurogenesis and differentiation (Adora1, Adora2,
bail, Cdk5r1, Cdk5rap1, gnao1, and Hey1). In addition, the
neuronal transition and dedifferentiation processes were
further verified by our Western blot analysis. As shown in
Figure 1C, the expression levels of neuron-specific enolase,
NF-M, and rate-limiting enzyme in dopamine synthesis,
tyrosine hydroxylase, were markedly increased in differenti-
ated cultures compared with undifferentiated MSCs. Dediffer-
entiation from the neuronal to the stem cell phenotype was
associated with a marked reduction in the expression of neu-
ronal proteins. However, the expression of these neuronal
markers in De-MSCs was higher than that in undifferentiated
MSCs, suggesting that De-MSCs retained some neuronal
traits, and therefore presumably, with higher potential for
redifferentiation into neurons. Indeed, De-MSCs could
undergo redifferentiation with full expression of the neuronal
markers (Fig. 1C).

As excitability is the fundamental property of neurons,
which is determined by the resting membrane potential
(RMP), we measured the RMP in different groups of MSCs
by using whole cell patch clamp as a functional index. As
shown in Figure 1D, similar RMP was observed for MSCs
and De-MSCs, �14.6 6 17.055 mV (mean 6 SD, n ¼ 5) and
�13.667 6 9.866 mV (n ¼ 3), respectively. However, cells
derived from MSCs were significantly hyperpolarized
after neuronal induction with a RMP of �30.784 6 11.746
mV (n ¼ 19). Interestingly, re-neurons derived from De-
MSCs were significantly more hyperpolarized (�39.986 6
12.840 mV, n ¼ 14) than the neuronal progenitors derived
from MSCs, indicating that De-MSCs have higher potential to
develop into mature functional neurons than MSCs. Taken to-
gether, these results validate our in vitro neuronal differentia-
tion and dedifferentiation platform with appropriate culture
condition.

De-MSCs Are Distinct from MSCs

Are De-MSCs identical to or different from MSCs? We
attempted to address this question first by comparing the cell-
surface antigen profiles of De-MSCs at passage 1–3 to those
of undifferentiated counterparts. Fluorescence-activated cell
sorting (FACS) profiling showed that De-MSCs retained their
immunophenotype similar to that of undifferentiated MSCs
(Fig. 2A). We then further determined whether De-MSCs are
able to maintain their mesodermal differentiation potential
after an in vitro differentiation and dedifferentiation proce-
dure. As shown in Figure 2B, both MSCs and De-MSCs
could be induced in vitro for 21 days to acquire the typical
characteristics of mature osteoblasts, adipocytes, and chondro-
cytes, indicating that De-MSCs retain mesodermal potential
after in vitro neuronal differentiation and dedifferentiation.

Global gene expression profiling has been widely used to
identify the transcriptional signatures of specific stem cells. If
the dedifferentiation process has reverted the differentiated
MSCs to their undifferentiated state, the De-MSCs should
possess similar genetic signature as undifferentiated MSCs, or
otherwise different. The gene expression profiles of undiffer-
entiated and De-MSCs were compared using Agilent rat
whole genome microarray kit, which contains 41,012 oligo
probes (Agilent Technologies). The results showed that, in
general, 650 (1.5%) genes were upregulated and 1,240 (3.0%)
genes were downregulated by more than twofold in De-MSCs
compared to undifferentiated MSCs. Transcripts most highly
enriched in De-MSCs included imperative genes and growth
factors for neural development or neurogenesis (Fig. 2C, Gjb2,
6.52-fold; Egr2, 4.28-fold; Olr3, 3.94-fold; Nrtn, 2.87-fold;
Nestin, 2.46-fold; Gdnf, 2.47-fold; Gldn, 2.4-fold; Fgf2, 2.4-
fold; Glul, 2.36; Wnt5a, 2.16-fold; Notch 4, 2.00-fold), indicat-
ing that De-MSCs are more committed to a neuronal fate as
compared to the undifferentiated MSCs. The expression profiles
of some of these genes were confirmed by RT-PCR analysis
(Supporting Information Fig. S5a). Conversely, the characteris-
tic genes that are known to be abundantly expressed in MSC,
such as Twist 1, Snail2, Nidogen 2, and Gata6, are still
expressed at the same level in De-MSCs as in undifferentiated
MSCs. These results suggest that De-MSCs are similar but not
identical to their original counterparts.

Nestin and musashi-1 are widely considered as specific
markers of neural stem cells and progenitors [40–42]. Thus,
both nestin and musashi-1 expression were investigated as
primary markers in undifferentiated MSCs and De-MSCs that
would suggest real neuronal potentiality in these cell popula-
tions (Fig. 2C, 2D). Immunolabeling analysis demonstrated that
21.7 6 5.3% and 29.8 6 6.7% of undifferentiated MSCs
expressed nestin and musashi, whereas dedifferentiation manip-
ulation markedly increased the number of nestin- and musashi-
positive cells to 57.1 6 12.2% and 63.2 6 7.9% (Fig. 2D). The
increase of nestin- and musashi-positive cells in De-MSCs
suggests that those cells carried additional neuronal potentiality
ready to be activated under appropriate conditions. Taken
together, De-MSCs appear to represent a distinct population of
stem cells with advanced neuronal potentiality.

Survival Advantage of De-MSCs

Do De-MSCs have significant advantages over undifferentiated
MSCs? During the in vitro differentiation and dedifferentiation
process, we observed an increase in viable cells in De-MSCs
compared with their respective counterparts (Fig. 3A). This
could be due to an increase in either cell proliferation and/or
survival. Indeed, at 24 hours after dedifferentiation occurred,
De-MSCs proliferated vigorously, as illustrated by proliferating
cellular nuclear antigen (PCNA) staining (Fig. 3B, Supporting
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Figure 3. De-MSCs exhibited survival advantage over undifferentiated MSCs. MSCs (clone 3) or De-MSCs were plated at 10 � 102 per
centimeter square in six-well plates or 96-well plates, various concentration of H2O2 were added to the culture for 24–48 hours as indicated.
(A): MTS assay showed more viable cells in De-MSC than their respective counterparts after 24 hours of dedifferentiation. However, after
48 and 72 hours of dedifferentiation, there were no significant differences between MSCs and De-MSCs. Values were mean 6 SD of three
independent experiments (*, p < .05, Student’s t test). (B): A total of 1 � 104 cells were seeded on individual cover slide in six-well plates and
stained with PCNA as described in Materials and Methods section. Enhanced PCNA nuclear staining indicates a higher proliferative rate in
De-MSCs (24 hours after dedifferentiation) than in MSCs (scale bar ¼ 100 lm). (C): MSCs or De-MSCs (24 hours after dedifferentiation) were
seeded in 96-well plate 24 hours before challenged with 0–250 lM H2O2. De-MSCs had a significantly higher survival rate than MSCs as illus-
trated by MTS assay. Quantifications shown were mean 6 S.D. for six samples from two independent experiments (*, p < .05, Student’s t-test).
(D): Fluorescence-activated cell sorting (FACS) analysis of Annexin-V/propidium iodide-stained cells in MSCs and De-MSCs (24 hours after
dedifferentiation) challenged with 250 lM H2O2 for 24 hours. Primary FACS plots were shown in the upper panel (A0: MSCs; B0: MSCs
with H2O2; C0: De-MSCs; D0: De-MSCs with H2O2), and quantifications from two independent experiments were shown in the lower panel
(**, p < .01, Student’s t test). (E): Apoptosis-focused PCR array analysis showed the differentially expressed genes between MSCs and
De-MSCs (24 hours after dedifferentiation). Data were analyzed by comparing 2�DCt of the normalized data. Fold changes were calculated
relative to the untreated MSCs. The experiments were repeated three times and an arbitrary cut-off of >1.8-fold change and p < .05 was used to
identify genes that were differentially expressed between samples. (F): Cells were treated with 250 lM H2O2 for 24 hours. Representative image
of Western blot analysis revealed an apparent difference between De-MSCs (passage 2, 5 days after dedifferentiation) and MSCs in terms of bcl-
2, bcl-xl, cleaved caspase-3, and cleaved PARP expression under stress. Abbreviations: De-MSCs, dedifferentiated MSCs; MSCs, mesenchymal
stem cells; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; PCNA, proliferating cellular nuclear
antigen; PARP, poly (ADP-ribose) polymerase; PCR, polymerase chain reaction.
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Information Fig. S5b, 92.4 6 4.6% vs. 63.3 6 8.6%, p < .05).
However, this proproliferative effect of De-MSCs could not be
detected after 48 hours as determined by 3-(4,5-cimethylthia-
zol-2-yl)-2,5-diphenyl tetrazolium bromide assay (Fig. 3A) or
PCNA staining (Supporting Information Fig. S6a,b), indicating
the enhanced proliferation might be a result of acute reentry
into the cell cycle (Supporting Information Fig. S6c). We also
tested possible enhancement in cell survival. While there is
nearly no difference detected in spontaneous apoptosis between
MSCs and De-MSCs, interestingly, De-MSCs exhibited a
survival advantage over undifferentiated MSCs in the condition
of oxidative stress. As shown in Figure 3C, there were signifi-
cantly more viable cells in the De-MSC group than that in the
undifferentiated MSC group after hydrogen peroxide (H2O2)
treatment. Furthermore, this survival advantage in De-MSCs
was attributed to their ability to resist H2O2-induced apoptosis,
as demonstrated by FACS sorting analysis of Annexin-V/propi-
dium iodide staining (Fig. 3D). More importantly, we have

found that De-MSCs maintained their antiapoptotis properties
after in vitro culture and passaging. As shown in Supporting
Information Figure S7, De-MSCs at passage 3 (day 12 after
dedifferentiation) maintained enhanced cell survival
in response to H2O2 as determined by both 3-(4,5-dimethyl-
thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium and FACS analysis.

As a first step to identify the genes that contribute to the
enhanced survival capacity of De-MSCs, a focused real-time
PCR array encompassing 84 genes associated with apoptosis
was used. As shown in Figure 3E, 13 of 84 apoptosis-related
genes (15.5%) were differentially expressed between MSCs
and De-MSCs that reached statistical significance (p < .05).
Among them, Bcl-Xl, tumor necrosis factor a (TNFa), and
Cidea were upregulated, whereas the other apoptosis-related
genes were downregulated (Caspases, inhibitors of apoptosis
(IAPs), Fas, and ligand). Thus, it is likely that complex apo-
ptosis regulation mechanisms may contribute to the difference

Figure 4. MiR-34a contributed to enhanced neural potentiality in De-MSCs. (A): Quantitative PCR (qPCR) analysis of miR34a expression in
De-MSCs (24 hours after dedifferentiation) and MSCs with or without H2O2 treatment. MSCs or De-MSCs were treated with 250 lM H2O2 for
24 hours and RNA was collected and miR-34a expression was determined by qRT-PCR as described in Materials and Methods section (data
shown were from triplicate experiments, *, p < .05; **, p < .01; NS, no significant difference). (B): MSCs were induced for neural differentia-
tion in the modified neuronal medium for different time points (24–72 hours), and RNA was collected and miR-34a expression was determined
by QRT-PCR. Data shown were from triplicate experiments (*, p < .05; **, p < .01). (C): MSCs underwent neuronal differentiation (24 hours),
dediffertiation (24 hours), and redifferentiation (24 hours); RNA was collected and miR-34a expression was determined by QRT-PCR. Data
shown were from triplicate experiments, (*, p < .05; **, p < .01). (D): Pre-miR34a or control-pre-miR was transfected into MSCs as described
in Materials and Methods section. After 48 hours of transfection, the cells were lysed and RNA was collected for QRT-PCR (***, p < .001).
(E): Semiquantitative RT-PCR analysis for selected markers of neural stem cells 48 hours after control-pre-miR or pre-miR34a transfected
MSCs. Blank indicates cDNA omitted in the reaction. (F): Quantificative analysis of (E), data shown were from three independent experiments.
**, p < .01; ***, p < .001. Abbreviations: De-MSCs, dedifferentiated MSCs; MSCs, mesenchymal stem cells; GAPDH, glyceraldehyde
3-phosphate dehydrogenase; PCR, polymerase chain reaction.
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between MSCs and De-MSCs. Given the fact that bcl-2 fam-
ily of proteins is the most prominent gene group involved in
cell survival, which is governed at the molecular level by a
balance between proapototic and antiapoptotic signals [43],
we decided to explore their involvement in the antiapoptotic
effects elicited by De-MSCs. Thus, we determined the protein
expression of bcl-2, bcl-Xl, and bax on H2O2 treatment in
both MSCs and De-MSCs. As shown in Figure 3F, while only
the transcript of bcl-Xl was enriched in De-MSCs compared
to MSCs, protein expression of both bcl-Xl and bcl-2 was up-
regulated in De-MSCs compared to unmanipulated MSCs.
Strikingly, while both bcl-Xl and bcl-2 expression were inhib-
ited by H2O2 treatment in MSCs, H2O2 challenge did not alter
the expression of either bcl-Xl or bcl-2 in De-MSCs, indicat-
ing that enhanced expression of bcl-2 family proteins might
be responsible for their resistance to H2O2 in De-MSCs.

MiR-34a Contributes to Enhanced Cell Survival
and Neural Potentiality in De-MSCs

As miR-34a has been reported to be involved in the regula-
tion of apoptosis through direct targeting of bcl-2 [44, 45], we
suspected its involvement in underlying the differences in cell
survival between De-MSCs and MSCs. Thus, we determined
miR-34a expression in both basal and H2O2-treated MSCs
and De-MSCs. As shown in Figure 4A, miR-34a was mark-
edly increased on H2O2 treatment in MSCs whereas there was
no change of miR-34a detected in De-MSCs. This result is in
line with our finding that bcl-2 is downregulated on H2O2

treatment in MSCs but not in De-MSCs. Thus, it appears that
the cell survival mechanisms in response to oxidative stress
are largely different between MSCs and De-MSCs, which is
mostly, if not completely, attributed to miR34a-targeted bcl-2
inhibition.

Intriguingly, we have noticed that De-MSCs exhibited a
significantly higher basal level of miR-34a as compared to the
original MSCs (Fig. 4A). Although we do not fully under-
stand the mechanisms for this observation, given that
De-MSCs exhibit enhanced neuronal differentiation potential
and miR-34a has been recently implicated in neuronal differ-
entiation, we speculated that the upregulation of miR-34a
could be associated with the advanced neuronal potentiality in
De-MSCs. Thus, we determined expression of miR-34a along
with neuronal differentiation and dedifferentiation process. As
shown in Figure 4B, our qPCR results clearly demonstrated
that in keeping with the transition of the stem cells into neu-
ronal phenotypes, miR-34a expression significantly increased
in a time-dependent manner. More interestingly, miR-34a
expression was altered in concomitant with the neuronal dif-
ferentiation and dedifferentiation process (Fig. 4C). These
results provide us a clue that miR-34a could be involved in
the regulation of neurogenesis and contribute to the higher
neuronal potentiality observed in De-MSCs. Indeed, ectopic
overexpression of miR-34a in MSCs lead to a significant
increase of three neural stem cell marker genes, which were
also observed to be upregulated in the De-MSCs compared to
MSCs. (Fig. 4D, 4E). Moreover, we compared neurogenesis
gene expression profiles between control-miR and pre-miR-
34a-transfected MSCs using PCR array. Interestingly, our
results demonstrated that miR-34a regulated multiple genes
involved in the neuronal differentiation (Fig. 4F), further
pinpointing the regulatory role of miR-34a in the neural
potentiality of MSCs.

De-MSCs Exhibit Enhanced Therapeutic Potential

Do De-MSCs exhibit enhanced therapeutic potential over that
of MSCs? As a first step to answer this question, cultures of
PHNs were exposed to different concentrations of H2O2 for

2 hours followed by coculture with MSCs or De-MSCs for
24 hours. After H2O2 exposure, PHN underwent rapid cyto-
skeleton disaggregation and axonal fragmentation with a signif-
icant reduction in viable cells. Coculture with either MSCs or
De-MSCs dramatically increased the number of viable cells
after different strength of H2O2 challenge, with significantly
larger number of cells observed in coculture with De-MSCs as
compared to that with MSCs (Fig. 5A), indicating enhanced
cell survival. Interestingly, we observed that a portion of MSCs
or De-MSCs displayed neuronal morphology with contracted
multipolar/biopolar cell bodies and process-like extension after
24 hours of coculture (Supporting Information Fig. S9). To
identify the cell origin, we used GFP-MSCs or GFP-De-MSCs
to coculture with H2O2-treated PHN and the results showed that
there were more GFP-De-MSCs stained positive with NF-M as
compared to GFP-MSCs after coculture with PHN (90.6 6
1.6% vs. 67.1 6 5.6%, p < .05, in 100 lM H2O2 group and
90.3 6 3.1% vs. 49.5 6 6.4%, p < .05, in 250 lM H2O2 group;
Fig. 5B-5F), indicating greater neuronal differentiation poten-
tial in De-MSCs under stress.

We went further to demonstrate the therapeutic advant-
age of De-MSCs in vivo in a rat model of neonatal HIBD,
which is a common cause of long-term neurological disabil-
ity in children with no effective treatments available at
present. Occlusion of unilateral common carotid artery was
produced in 7-day postnatal rats to induce hypoxia, and the
effects of transplantation of MSCs and De-MSCs via lateral
ventricles were examined. While both transplanted GFP-
MSCs and De-MSCs were readily found near the injection
sites by their green fluorescence 3 days after transplanta-
tion, GFP expression could only be detected in De-MSCs
group 7 days after transplantation (Fig. 6A), indicating
improved cell survival. On day 3, immunohistochemical
analysis on brain sections showed that there was barely
obvious colocalization of NF-M (Fig. 6B) or MAP-2 (Sup-
porting Information Fig. S10) with GFP-labeled MSCs or
De-MSCs. On day 7, the majority of the survived GFP-
De-MSCs were found near the lateral ventricle, but a
number of cells were also found outside of the injection
site, indicating migration of the cells. Immunostaining
revealed that some GFP-positive De-MSCs expressed
differentiated neuronal markers NF-M (Fig. 6B) or MAP2
(Supporting Information Fig. S10), indicating neuronal
differentiation from the De-MSCs in vivo. Taken together,
these results indicated that De-MSCs had survival and
neuronal differentiation advantages over undifferentiated
MSCs under both in vitro and in vivo conditions.

As MSCs have been implicated in promoting endogenous
angiogenesis after injury [46], we also suspected that the bet-
ter survival of De-MSCs might lie in their greater ability to
promote angiogenesis in the ischemic region, without which
repair is impossible. We stained ischemic brain tissue with
endothelial marker CD31 in both control and stem cell-treated
groups 7 days after treatment. Our results demonstrated that
the number of CD31-positive vessels increased significantly
in the stem cell-transplanted groups compared with the con-
trol group. Interestingly, the quantitative analysis showed a
significant increase in vessel density in the De-MSC-treated
group compared with the MSC group (Fig. 6C). Of note, we
observed that some GFP-positive cells in De-MSC group
were immunoreactive to CD31, indicating that transplanted
De-MSCs might have been transformed into endothelial cells
or formed fusion cells with pre-existing endothelial cells.
These results suggest that De-MSCs may be more pluripotent
as compared to undifferentiated MSCs in promoting angio-
genesis, which may contribute to their better survival in the
ischemic region.
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We also compared the functional recovery of the HIBD
animals after treatment of MSCs and De-MSCs using shuttle
box tests, a well-established method for evaluating memory
and learning abilities in rodents [39] (Supporting Information
Fig. S11). As shown in Figure 6D, animals in all experimental
groups exhibited a gradual improvement in cognitive function

during the 2-month recovery period. Compared to PBS group
(n ¼ 10), MSCs (n ¼ 10) and De-MSCs (n ¼ 8) groups
showed more active avoidance response (AAR) in each ses-
sion and less passive escape response from second session,
suggesting that the treatment with MSCs or De-MSCs remark-
ably improved the cognitive function in HIBD rats.

Figure 5. De-MSCs exhibited enhanced survival and neuronal differentiation when cocultured with PHN. Primary cultures of PHN isolated
from 1-day-old Sprague-Dawley rat were treated with 100 lM or 250 lM H2O2 for 24 hours, washed with PBS, and then cocultured with GFP-
expressing MSCs or De-MSCs (24 hours after dedifferentiation) for another 24 hours. (A): MTS assay showed more viable cells in H2O2-treated
PHN cocultured with De-MSCs than that with MSCs. Values were mean 6 SD (*, p < .05, Student’s t test). (B–E): Immunostaining of NF-M
in H2O2-treated PHN cocultured with GFP-MSCs or GFP-De-MSCs for 24 hours (scale bar ¼ 50 lm). (B): PHN cocultured with GFP-MSCs;
(C), PHN cocultured with GFP-De-MSCs; (D), 100 lM H2O2 treated PHN cocultured with MSCs; (E), 100 lM H2O2 treated PHN cocultured
with De-MSCs (scale bar ¼ 50 lm). (F): Quantification of GFP-MSCs or GFP-De-MSCs expressing NF-M after coculture with PHN for 24
hours. Results were from two independent experiments and analyzed from 20 individual fields (*, p < .05, Student’s t test). Abbreviations: De-
MSCs, dedifferentiated MSCs; GFP, green fluorescent protein; MSCs, mesenchymal stem cells; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; NF-M, neurofilament-M; OD, optical density; PBS, phosphate-buffered saline; PHN, primary
hippocampal neuron.
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Figure 6. Improved therapeutic effect with transplantation of De-MSCs in HIBD rat model. HIBD rat model was established as described in
Materials and Methods section. At 5 days after hypoxia–ischemia, the pups were randomly divided into three groups and infused with 1–2 � 105

MSCs or De-MSCs (24 hours after dedifferentiation) into the right lateral cerebral ventricle. (A): Representative photographs showing GFP-
expressing MSC or De-MSC on day 3 and day 7 in brain sections after implantation (scale bar ¼ 50 lm). (B): Immunohistochemical staining of
NF-M on day 3 and day 7 brain sections of HIBD rat transplanted with MSCs or De-MSCs (scale bar ¼ 20 lm). The white box in left panel
marks the area enlarged in right panel (scale bar ¼ 5 lm). (C): Immunohistochemical staining of CD 31 on day 7 brain sections of HIBD rat
transplanted with MSCs or De-MSCs (scale bar ¼ 37.5 lm). Quantification results were analyzed from at least five individual fields and pre-
sented as mean 6 SEM. (*, p < .05, ***, p < .01, one-way ANOVA). (D): De-MSCs exhibited enhanced therapeutic effects in shuttle box test.
After 5 days of hypoxia–ischemia, the pups were randomly divided into three groups and infused with 1–2 � 105 MSCs or De-MSCs in 5 lL of
PBS into the right lateral cerebral ventricle. After 1 month engraftment, the shuttle box tests were performed in MSCs or De-MSCs treated rats.
The tests were performed in six continuous sessions for 6 days, and the seventh, eighth sessions were followed 1 and 2 months later, respectively.
In the seventh and eighth session performed 1 and 2 months after injury, respectively, the numbers of AAR of injured rats treated with De-MSCs
were significantly higher than that with MSCs, showing significant increase in active avoidance and decrease in passive escape in De-MSCs as
compared to MSCs-treated groups. Note that the values observed with De-MSCs are not significantly different from that obtained from the nor-
mal control, suggesting significant repair by De-MSC treatment (*, p < .05, De-MSCs vs. MSCs). Abbreviations: AAR, active avoidance
response; DAPI, 40,6-diamidino-2-phenylindole; De-MSCs, dedifferentiated MSCs; GFP, green fluorescent protein; HIBD, hypoxic-ischemic brain
damage; MSCs, mesenchymal stem cells; NF-M, neurofilament-M; PBS, phosphate-buffered saline.
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Intriguingly, in the seventh and eighth sessions performed 1
and 2 months after injury, respectively, the numbers of AAR
of injured rats treated with De-MSCs were significantly higher
than that with MSCs and were not significantly different from
those of control rats. These results indicate that De-MSCs are
superior to undifferentiated MSCs in repairing brain injury
with improved long-term memory retention.

DISCUSSION

Despite being morphologically and phenotypically similar to
uncommitted MSCs, De-MSCs, as demonstrated in this study,
represent a previously undescribed distinct population of stem
cells with several distinguished features and improved thera-
peutic potential. Notably, apart from the potential for multili-
neage differentiation into osteoblasts, adipocytes and chondro-
cytes, De-MSCs exhibit a predisposition to the neuronal
lineages as demonstrated by both genetic and functional
assays. Global gene expression profiling and PCR data show
that dedifferentiated cells express increased level of both neu-
rogenesis-related genes and growth factors (Fig. 2C, Support-
ing Information Fig. S5a). Conversely, it should be noted that
various neural stem cell markers such as Nestin, Musashi,
NeuroD1, Sox-2, and Aqp4 increase dramatically in a time-
dependent manner with the transition of the MSCs into neuro-
nal phenotypes (Supporting Information Fig. S2, Fig. 2D).
These data indicate that MSC-derived cells have committed to
neural lineage and represent an immature neural phenotype,
most likely neural stem/progenitor cells. This notion is further
supported by our observation that the methylation status of
H3K4me3 and H3K27me3 in De-MSCs is similar to differenti-
ated neurons rather than uncommitted MSCs (Supporting
Information Fig. S5b). Although the question of how the
epigenetic state of a cell influences fate determination has been
previously addressed on ESCs, recent investigations focused on
the role of epigenetic regulation in lineage-specific differentia-
tion of MSCs have shown that unique patterns of DNA methyl-
ation and histone modifications play an important role in the
induction of MSC differentiation toward specific lineages [47,
48]. Particularly, it has been demonstrated that the modifiers of
histone methylation can efficiently promote the generation of
neural cells from MSCs [49, 50]. Therefore, although the pre-
cise association of histone methylation with differentiation
potential in MSCs and De-MSCs will need to be determined
more extensively in future studies, the differences in histone
methylation observed between MSC and De-MSC suggest that
epigenetic mechanisms are probably involved in determining
the differentiation potential of these two populations.

Apart from that, De-MSCs appear to offer therapeutic
advantages in that they are more resistant to hostile environ-
ment as illustrated by injured PHN coculture and HIBD ani-
mal model (Figs. 5, 6). The presently demonstrated higher
survival rate of De-MSCs could be explained by their
increased expression of bcl-2 family genes including bcl-xl
and bcl-2. Both bcl-xl and bcl-2 have been well-established to
play antiapoptotic action in various cellular context [51].
Interestingly, recent studies have shown that transplantation
with Bcl-2 family gene modified MSCs resulted in enhanced
cell survival and functional improvement in rat ischemic mod-
els [52] as all stem cells engrafted into diseased tissue will
commonly be exposed to a hostile pathological environment,
such as hypoxia, low serum, oxidative stress. De-MSCs with
higher endogenous bcl-2 and bcl-xl expression should offer
significant advantages over unmanipulated MSCs. Of note,
while we did not observe any significant difference in bcl-2

family proteins between MSCs and De-MSCs on serum depri-
vation (Supporting Information Fig. S8), our Western blot
analysis demonstrated that on H2O2 treatment, the expression
level of both bcl-xl and bcl-2 was inhibited in MSCs, but not
in De-MSCs (Fig. 3F). These results indicate that serum de-
privation and H2O2 trigger distinctive apoptotic pathways in
MSCs, and bcl-2 family genes are differentially regulated on
oxidative stress in MSCs and De-MSCs. On top of that, we
have observed that various TNF superfamily members are
also differentially expressed between MSCs and De-MSCs.
Among them, TNFa is dramatically increased whereas
TNFsf1a (TNFa receptor 1), Fas and FasL are decreased in
De-MSCs compared to MSCs (Fig. 3E). The function of
TNFa is ambiguous in various cell types because TNFa is
mediated by two receptors with different activation paths
[53]. The activation of TNF receptor 1 has been reported to
decrease MSC growth factor production [54], generate reac-
tive oxygen species, and induce apoptosis [55] whereas TNF
receptor 2 has been demonstrated to enhance MSC growth
through the activation of NF-jB [56]. Conversely, it has been
shown that fetal and adult MSCs are killed by different path-
ways; in particular, fetal MSCs are preferably killed via TNFa
while the adult MSCs are more sensitive to FasL pathway
[57]. More intriguingly, a recent study has revealed that TNFa
by its own can specify human MSCs to a neural fate [58].
Based on these findings, while the final biological significance
of these TNF family members in the complex apoptosis
mechanism of MSCs is still elusive, we speculate that the
enhanced survival in De-MSCs might be related to the
downregulation of TNF receptor 1 and Fas pathway, which
requires further investigation in future.

In addition to the demonstrated enhanced cell survival and
neuronal differentiation, De-MSCs, compared to unmanipu-
lated MSCs, may also propel local microenvironmental sig-
nals to better sustain active endeavors for damaged neuron
substitution, normally failing in nonsupportive pathological
surroundings. In fact, stimulation of endogenous repair mech-
anisms in ischemic brain has been suggested to be a novel
and promising therapeutic application of MSCs despite their
limited survival and differentiation potential in vivo [59],
which may be accounted for the presently observed therapeu-
tic effect of MSCs in HIBD model. Interestingly, we also
observed that De-MSC-treated animals had greater angiogene-
sis near the border of the ischemic lesions (Fig. 6C), which
may contribute to the observed better survival of De-MSCs in
HIBD model. Consistent with this notion, the global gene
expression profiles of De-MSCs or MSCs-treated injured cere-
bral hemisphere 1 week after transplantation showed that
there were 41 genes upregulated and 331 genes downregu-
lated at least twofold in De-MSCs group compared to MSCs
group. Assessment of the gene ontology designations of these
genes found several pathways to be significantly over-repre-
sented, in particular, pathways involved in stress response,
immune response as well as cytokine activity (Supporting
Information Fig. S12). It is very likely that De-MSCs also
exert endogenous repair mechanisms, including angiogenesis,
with advantages distinct from that of undifferentiated MSCs.

The recently demonstrated dedifferentiation capacity from
terminally differentiated mammalian somatic cells via genetic
manipulations to induced pluripotent stem cells (iPSCs) has
great impact on cell-based therapy [60–62]. The cells are
forced to express specific transcription factors, such as Oct4,
Sox-2, c-Myc, and Klf4, and subsequently reprogrammed to
exhibit features reminiscent of embryonic stem cells, termed
iPS. Here we have demonstrated that withdrawal of induction
media and reincubation in serum is sufficient to reprogram
the neuronal lineage-committed cells back to multipotent
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cells. Interestingly, none of the four genes reported to be
important to induce iPS has found to be altered in their
expression in De-MSCs, indicating that the molecular mecha-
nisms underlying the dedifferentiation or reprogramming may
be different from those reported to induce embryonic stem
cell-like iPS. In an attempt to identify the potential molecular
mechanisms contributing to the dedifferentiation phenotype,
we found that De-MSCs express higher level of miR-34a.
Moreover, our results have shown that H2O2 dramatically
upregulates miR-34a expression in MSCs but not in De-MSCs
(Fig. 4C). As miR-34a, which is a direct target of p53, has
been well-characterized as an apoptosis executor through
direct targeting of apoptosis-related genes including bcl-2, it
is very likely that the distinctive regulation of miR-34a
accounts for the differential apoptosis mechanism observed
between MSCs and De-MSCs on oxidative stress. Conversely,
a role for miR-34a in cell differentiation has been recently
reported [63–65]. Intriguingly, Aranha et al. has demonstrated
that overexpression of miR-34a increases the proportion of
postmitotic neurons in distinct models of neural differentiation
including mouse embryonic stem cells and neural stem cells.
In this study, as we observed that the alteration of miR-34a
expression coincided with the neuronal differentiation and
dedifferention process (Fig. 4A, 4B), we investigated the
effect of miR-34a upregulation on the neural potential of
MSCs. Interestingly, we have demonstrated that ectopic
expression of pre-miR-34a in MSCs significantly increases the
expression of multiple neural stem cell as well as neurogene-
sis-related markers, mimicking the molecular signatures that
observed in De-MSCs (Fig. 4D-4G). Taken together, these
results have suggested a pivotal role of miR-34a in regulating
cell survival and neuronal differentiation in MSCs, alteration
of which may contribute to the reprogramming and differen-
ces observed between De-MSCs and MSCs. Together with
the high levels of H3K4me3 and H3K27me3 found in De-
MSCs, both of which are related to stem cell survival and
fate decision [66], we propose that epigenetic regulation may
be one of the key mechanisms underlying the reprogramming
by dedifferentiation in MSCs.

CONCLUSION

In conclusion, this study has characterized a previously unde-
scribed dedifferentiation-reprogrammed stem cell population
that exhibits enhanced cell survival and differentiation with
improved therapeutic potential in vitro and in vivo. With easy
culture manipulation and low tendency of tumor formation, as
compared to the more complicated genetic manipulation and
higher risk of iPS forming teratomas on transformation [67],
De-MSCs may offer at least two advantages over iPS in cell-
based therapy. The presently demonstrated advantages and
improved therapeutic potential of De-MSC warrant further
investigation into this distinct stem cell population and the
detailed mechanism underlying the dedifferentiation-induced
reprogramming process.
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