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Abbreviations: 

OPCs – Oligodendrocyte Precursor Cells
 NSLCs – Neural Stem-Like Cells
 SOX2 – SRY (sex-determining region)-box 2 
MGs – microglias
BMP – bone morphogenetic protein
 NSCs – neural stem cells
T2As – type-2 astrocytes
bFGF– basic fibroblast growth factor

INTRODUCTION

For many decades, a common assumption of clas-
sical neuroscience was that neural stem cells (NSCs) 
were depleted in the postnatal brain and neurogen-
esis already ceased after birth. However, recent 
studies demonstrated that adult brain still contains 
stem cells that can produce neurons or glial cells 
throughout whole life of rodents. Surprisingly, these 
multipotent NSCs in some restricted regions of adult 
rodent brain like the subependymal zone and the 
subgranular zone of the dentate gyrus, often show 
astrocytic identity and retain distinct features of 
radial glial cells (Alvarez-Buylla et al. 2001, Doetsch 
2003, Ma et al. 2005, Kriegstein and Alvarez-Buylla 
2009, Robel et al. 2011, Morrens et al. 2012). NG2-
glia/Oligodendrocyte Precursor Cells (OPCs), 
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another ubiquitous glial cell type during develop-
ment of all vertebrate brains, also act as latent 
NSCs. It was demonstrated in a relatively recent 
study that lineage-committed OPCs can be con-
verted to multipotent neural stem-like cells (NSLCs), 
capable of generating both neurons and glia after 
exposure to BMP4 (bone morphogenic protein 4) or 
fetal bovine serum (FBS), followed by basic fibro-
blast growth factor (bFGF) (Kondo and Raff 2000). 
This study suggests that OPCs are more plastic than 
previously believed. In comparison with OPCs 
which are considered neuroectodermal originally, 
microglias (MGs) are generally recognized as meso-
dermal cells. However, a recent study has even dem-
onstrated that these ramified macrophages express-
ing CD11b have the propensity to transform into 
neurons, astrocytes or oligodendrocytes through 
microglioblasts and promicroglioblasts which are 
obtained by two-step culture in 10% and 70% 
serum-supplemented media (Yokoyama et al. 2004). 
Importantly, both reprogrammed oligodendrocyte 
lineage and MGs expressed similar cell-specific 
markers, which suggest that these two glial popula-
tions might show the same lineage property 
(Yokoyama et al. 2004). 

What are the extrinsic/intrinsic signals endowing 
these glial cells with a neurogenic potential? It turns 
out to be a combination of four transcription factors 
(Oct4, SOX2, Klf4, and c-Myc) directly reprogramme 
fibroblasts into induced pluripotent stem cells, which 
raises one particularly perplexing question: Is there a 
core transcriptional network regulating the lineage 
conversion of these glial populations (Takahashi and 
Yamanaka 2006, Jaenisch and Young 2008)? Of all the 
molecules, the SRY (sex-determining region)-box 2 
(SOX2) gene is of particular interest to us, it encodes a 
transcription factor required for maintenance of the 
pluripotent state of NSCs (Graham et al 2003, Cavallaro 
et al. 2008). SOX2 is expressed throughout developing 
cells in the neural tube as well as in proliferating CNS 
progenitors (Rex et al. 1997). Remakably, the conver-
sion of OPCs to NSLCs was proved to be mediated 
partially through the progressive reactivation of SOX2. 
This core transcription factor plays a pivotal role in the 
identification and maintenance of the neural stem cell 
state while simultaneously silencing a large group of 
oligodendrocyte lineage-specific genes (Kondo and 
Raff 2004, Lyssiotis et al. 2007). Another target of this 
study is BMP-2, since a previous study revealed that 

BMPs are known to induce OPCs to reprogram into 
multipotential neural stem cells (Kondo and Raff 
2000).

Here in this study, we investigated the possibility 
that SOX2 is involved in the lineage transgression of 
MGs and the generation of fully functional neurons 
eventually. We examined the cellular localization and 
expression level of SOX2 in these reprogrammed glial 
cells by immunocytochemical and western blot analy-
ses. We also investigated whether BMP-2 is involved 
in the activation of SOX2. 

METHODS

Primary OPCs and MGs culture  

Experiments were conducted strictly in accor-
dance with the Guide for Care and Use of Laboratory 
Animals (National Research Council, USA, 1996) 
and were approved by the Chinese National Committee 
to Use of Experimental Animals for Medical 
Purposes, Jiangsu Branch. Primary rat OPCs and 
MGs were isolated as described in the literature 
(Armstrong 1998). Briefly, postnatal (0–1 day) 
Sprague Dawley rat pups were sacrificed by decapi-
tation and the cortices were dissected from the skull. 
The tissues were then enzymatically and mechani-
cally dissociated to form a single-cell suspension. 
Cells were seeded onto Corning T75 cm2 culture 
flasks precoated with 200 µg/ml poly-L-lysine (PLL, 
Sigma) at a density of 2×107 cells/flask. Cells were 
incubated in Dulbecco’s Modified Eagle’s Medium/
Ham’s Nutrient Mixture F12 (1:1 DMEM/F12, 
Invitrogen) medium [supplemented with 25 mM 
HEPES, with penicillin and streptomycin (final con-
centration of 100 U/ml penicillin and 100 µg/ml 
streptomycin)] with 10% fetal bovine serum (FBS, 
Invitrogen) at 37°C, 5% CO2, and 95% air. After 7 to 
10 days, the flasks were placed in a horizontal shaker 
and preshaken for 2 h at 180 rpm at 37°C. After 2 h, 
the supernatant, which containing MGs, was incu-
bated in DMEM/F12 medium with 10% FBS for 2 h 
to 3 days. Then the remaining cells were incubated in 
DMEM/F12 medium with 10% FBS for 2–3 h, and 
the flasks were shaken for 18 h at 200 rpm again, the 
supernatant containing OPCs, was incubated for 5 
days with DMEM/F12 medium containing platelet-
derived growth factor (PDGF) (10 ng/ml, CST) and 
bFGF (10 ng/ml, CST).
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OPCs and MGs reprogrammed to become 
multipotential CNS stem cells  

According to the method of Kondo and Raff (Kondo 
and Raff 2000), rat primary OPCs can be repro-
grammed into pluripotent stem cells that can produce 
both neurons and glia. Briefly, purified OPCs on PLL-
coated dishes were first treated with 15% FBS and 
PDGF (10 ng/ml) for 2~3 days to generate type-2 
astrocytes (T2As), followed by growth in bFGF (10 ng/
ml) for 5~10 days to generate free-floating spheres 
containing neural stem cells. Generated oligospheres 
were then dissociated and passaged when spheres 
started to detach from the bottom of the flask. The 
medium used for NSLCs culture was composed of 
neural basal media (NBM) (neurobasal-A freshly 
supplemented with 2% B-27 and 1% N2, Invitrogen) 

and growth factors (10 ng/ml bFGF, 10 ng/ml EGF, 
CST). To induce NSLCs differentiation, spheres were 
seeded onto PLL-coated coverslips at a density of 
3×104 cells/coverslip, and the medium was replaced 
with NBM containing 1% FBS for subsequent 3~5 
days. 

In the meantime, as described previously 
(Yokoyama et al. 2004), we de-differentiated MGs 
and then induced them into neuronal phenotypes. 
For the induction of de-differentiation, the enriched 
MGs were first cultured for 3 days in DMEM con-
taining 10% FBS, then for 2 days in DMEM con-
taining 70% FBS. To induce neuroectodermal phe-
notype from MG-derived cells, the cells were 
scraped off, seeded onto PLL-coated culture dishes 
or glass coverslips and maintained in E2 medium 
(serum-free DMEM containing 10 mM HEPES, 4.5 

Fig. 1. Phase contrast micrographs of OPCs and MG lineage cells during their dedifferentiation process. (A) Purified OPCs 
grown in PDGF (10 ng/ml) and bFGF (20 ng/ml) for 5 days showed typical bipolar or tripolar morphology; (B) OPCs were 
induced into T2As by adding 15% FBS for 3 days without bFGF; (C) Differentiated T2As were converted to NSLCs in the 
presence of bFGF for a further 5 days without FBS and PDGF; (D), (E), (K), (L) Neurospheres derived from reprogrammed 
OPCs (D, E) or MGs (K, L) had the capacity to self-renew in neural basal media (neurobasal-A with 2% B-27 supplement 
and 1% N2 supplement, NBM) and growth factors (10 ng/ml bFGF and EGF), and finally differentiated into the three pri-
mary CNS phenotypes in NBM without growth factors containing 1%FBS. (F) Purified MGs grown in 10% FBS for 12 h 
displayed typical macrophage-like morphological properties; (G) The enlarged microglioblasts became very proliferative 
and sometimes formed aggregates (arrowheads) after 3-day culture in 10% FBS; (H) Microglioblasts were dedifferentiated 
into promicroglioblasts in 70% FBS for 2 days and formed more aggregates (arrowheads); (I), (J) Promicroglioblasts turned 
into neurons (arrowheads) 24 h (I) or 4d (J) after transferred into E2 medium. Scale bars are: 100 µm (D and H), 50 µm 
(other pictures).
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mg/ml of glucose, 5 µg/ml insulin, 5 nM sodium 
selenite, 5 µg/ml transferrin Roche) with 0.2 mg/ml 
bovine serum albumin (Sigma) for 3~5 days. When 
microglia-derived de-differentiated aggregates 
(referred as promicroglioblasts) formed and detached 
from dishes, these aggregates were transferred into 
NBM containing 1% FBS to induce their differen-
tiation.

Immunocytochemical detection  

Before being immunostained, cells cultured on 
PLL-coated coverslips were fixed with 4% para-
formaldehyde in PBS (0.01 M, pH 7.4) for 10 min at 
room temperature followed by several rinses in 
PBS, and then blocked with 5% normal goat serum 
(NGS, Sigma) diluted in PBS (for cell surface mark-
ers) or with 5% NGS diluted in 0.1% Triton-X-100-
PBS (for intracellular antigens) for 30 min, respec-
tively. Cells were then incubated overnight at 4°C 
with primary antibodies. The following antibody 
markers were used to identify neural progenitors: 
monoclonal mouse anti-SOX2 (dilution 1:500, 
Millipore), monoclonal mouse anti-CD15 (dilution 
1:200, Abcam), polyclonal rabbit anti-nestin (dilu-
tion 1:200, Abcam). Polyclonal rabbit anti-GFAP 
(dilution 1:1 000, Abcam) was used as a marker to 
identify oligodendrocyte lineage cells, monoclonal 
mouse anti-CD11b (dilution 1:100, Serotec) for MG 
lineage cells. To identify neuroectodermal pheno-
types of differentiated cells from NSLCs or promi-
croglioblasts, the following primary antibodies 
were used: monoclonal mouse anti-β-tubulin (dilu-
tion 1:500, Sigma), polyclonal rabbit anti-GFAP and 
polyclonal rabbit anti-MBP (dilution 1:400, 

Millipore). To detect BMP2 expression level in 
above glial lineage cells, the related primary anti-
body was used: polyclonal rabbit anti-BMP2 (dilu-
tion 1:200, Abcam). After rinsing off the primary 
antibody, the coverslips were incubated with fluo-
rescently labeled secondary antibodies (DylightTM 

488-conjugated goat anti-rabbit IgG and DylightTM 

649-conjugated goat anti-mouse IgG; dilution 1:400, 
KPL) for 1 h. Hoechst 33342 (dilution 1:100, Sigma) 
was used to stain the nucleus for 30 min at 37°C. 
Immunopositive cells were observed using a Leica 
TCS SP2 confocal laser scanning microscope. 

Quantification of cells positive for SOX2, CD15, 
nestin and BMP2

Frequency of SOX2- (or CD15-, or nestin-, or 
BMP2-) positive cells were determined by taking a 
digital overview image of each Hoechst33342-
stained coverslip at a low power magnification 
(10×2). In each of these images 4 areas in the region 
of the highest density of Hoechst33342-stained cells 
were manually marked, using image analysis soft-
ware (Image Pro Plus, vs. 5.01, Media Cybernetics, 
Silver Spring, MD). Next, these selected areas were 
retraced at high power (10×20) magnification and in 
each set of SOX2, CD15, nestin and BMP2-stained 
coverslips digital images were captured of these 
spots. The numbers of positive cells in interrelated 
images were counted using the “manual tag” option 
of Image Pro Plus. By assigning total number of 
Hoechst33342-stained cells per group as 100%, 
SOX2- (or CD15-, or nestin-, or BMP2-) positive 
cells were calculated, normalized and expressed as 
mean ± SEM (n=3). 

Fig. 2. Immunocytochemical analyses of OPCs reprogrammed by reactivation of SOX2 associated signaling pathway. 
Purified OPCs were cultured in PDGF (10 ng/ml) and bFGF (10 ng/ml) for 5 days (A–F), in 15% FBS and PDGF for 3 days 
to differentiate into T2As (G–L), and then in bFGF (10 ng/ml) for 5 days to revert to NSLCs (M–S). Sometimes these NSLCs 
formed free-floating oligospheres (T), keeping self-renewal and pluripotency properties (U, V). Immunostaining showed that 
most of the GFAP+-T2As displayed were SOX2+ (G), CD15+ (J) and nestin+ (K) whereas GFAP+-OPCs exhibiting less immu-
noreactivity of these NSC-characteristic molecules (SOX2, A; CD15, D; nestin, E). During the conversion of OPCs to 
NSLCs, most cell body became increasing spherical and retractile, exhibiting a typical neuronal appearance as well as show-
ing a strong upregulation of SOX2 (M), CD15 (P) and nestin (N, Q). Neurospheres formed by these β-tubulin+ -NSLCs (S), 
displaying strong SOX2 and nestin (T) immunoreactivity. On 5 days after induction by NBM and 1% FBS, three phenotypes 
of cell (neuron, astrocyte or oligodendrocyte) were present in differentiated neurospheres from NSLCs (β-tubulin/GFAP, U; 
MBP, V). Cells were counterstained with Hoechst 33342 (blue), a nuclear dye. Scale bars are 50 µm. The statistical graphs 
showed quantification of SOX2- (A, G, M), CD15- (D, J, P) and nestin- (E, K, N, Q) positive cells (expressed as a percent-
age of Hoechst33342-positive cells) (W), and the phenotype analysis of differentiated neurospheres from NSLCs under 
differentiation condition (X). Data are given as Mean ± SD, n=3. #P<0.01 compared with OPCs or **P<0.05 compared with 
T2As.
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Western blot analysis

Proteins from the harvested cells were extracted 
and homogenized in a lysate buffer (1 M Tris-HCL 
pH 7.5, 1% TritonX-100, 1% Nonidet P-40, 10% SDS, 
0.5% sodium deoxycholate, 0.5 M EDTA, 10 µg/ml 
leupeptin, 10µg/ml aprotinin, and 1 mM PMSF), then 
centrifuged at 12 000 g for 8 min at 4°C. The super-
natant was collected and stored at −80°C. Protein 
concentrations were determined with a BCA protein 
assay kit (TIANGEN). Samples (40 µg of total pro-
tein) were boiled in a loading buffer (recipe or 
resource), and then separated by sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred to polyvinylidine diflouride filter 
(PVDF) membranes (Millipore). The membranes 
were blocked with 5% skimmed milk in TBST. After 
2 h at room temperature, the membrane was washed 
with TBST and incubated overnight at 4°C with the 
following primary antibodies: monoclonal mouse 
anti-SOX2 (dilution 1:500, Millipore), polyclonal rab-
bit anti-BMP2 (dilution 1:800, Abcam) and β-actin 
(anti-mouse, 1:1 000, Abcam). After being rinsed with 
TBST, goat-anti-rabbit or goat-anti-mouse IgG conju-
gated to horseradish peroxidase (1:5 000, Southern-
Biotech) was added for additional 2 h and the bolts 
were visualized using an enhanced chemilumines-
cence system (ECL, CST). Densitometric scanning of 
the protein bands was performed using the ImageJ 
software provided by NIH.

Statistical Analysis 

There were at least three replicates for each treat-
ment. All data are given in relative values and expressed 
as means ± SD. Statistical analysis of the data was 
performed using one-way ANOVA with GraphPad 
Prism software. P value <0.05 was considered as sta-
tistically significant.

RESULTS 

NSLCs proliferation and maintenance depends 
on SOX2 when OPCs convert to T2As and 
NSLCs

Purified OPCs were isolated from newborn rat cor-
tex according to their difference in adhesive potential, 
and then expanded for 5 days in PDGF (Fig. 1A). Here 
we showed that exposure to  PDGF plus 15% FBS 
induced T2As differentiation in a 3 day culture (Fig. 
1B), while culturing in bFGF caused many purified 
OPCs to revert to a state that resembled that of multi-
potential CNS stem cells (Fig. 1C). These NSLCs can 
self-renew and produce primary CNS phenotypes 
when transferred into NBM-containing serum (Fig. 
1D, 1E). Immunocytochemical staining showed that 
the conversion of OPCs to T2As and NSLCs markedly 
elevated the expression  levels of SOX2 or NSC mark-
ers such as CD15 and nestin (Fig. 2A–2R), and there 
was significance difference in the levels of these mark-
ers when compared to previous adjacent stage groups 
(Fig. 2W). These SOX2+/nestin+ NSLCs became 
increasing spherical and retractile, exhibiting a typical 
neuronal appearance and β-tubulin immunoreactivity 
(Fig. 2S, 2T). After induction with NBM and 1% FBS 
for 5 days, NSLCs-derived spheres on coated cover-
slips differentiated into the three primary CNS pheno-
types [β-tubulin+ neurons (72.7±12.6%, n=3), GFAP+ 
astrocytes (15.5±3.2%, n=3) and MBP+ oligodendro-
cytes (11.1±2.9%, n=3)] (Fig. 2U, 2V, 2X).

MG lineage cells acquire a multipotent property 
to give rise to neuroectodermal cells by 
progressive activation of SOX2 expression 

Purified microglial cells were reprogrammed to 
multipotential stem cells through two-step culture in 
10% and 70% serum-supplemented media for 5 days. 

Fig. 3. Immunocytochemical characteristics of MGs as multipotential stem cells in vitro. Dissociated MGs were seeded onto 
PLL-coated coverslips in DMEM plus 10% FBS for 12 hours (A–F) and 3 days (G–L) successively, followed by 2-day 
culture in DMEM containing 70% serum (M–R) through which MGs acquire a multipotent property to give rise to neuroec-
todermal cells (T, U). Immunostaining of MG lineage cells demonstrated that SOX2 (A, G, M), CD15 (D, J, P) and nestin 
(B, E, H, K, N, Q) were significantly upregulated during de-differentiation process. Then these CD11b+/nestin+- promicro-
glioblasts aggregate (S), could generate β-tubulin+ neurons and GFAP+ astrocytes after transferred into NBM plus 1% FBS 
(T, U). Scale bars are 100 µm (T), 15 µm (U); 50 µm (other pictures). The statistical graphs showed quantification of SOX2- 
(A, G, M), CD15- (D, J, P) and nestin- (B, E, H, K, N, Q) positive cells (expressed as a percentage of Hoechst33342-positive 
cells) (V), and the phenotype analysis of differentiated neurospheres from promicroglioblasts under differentiation condition 
(W). Data are given as Mean ± SD, n=3. ##P<0.01 compared with MGs or ***P<0.05 compared with microglioblasts.
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Fig. 4. Western blot and double-label immunofluorescence analyses of SOX2 and BMP-2 expression in reprogrammed oli-
godendrocyte lineage cells and microglia lineage cells. (A) SOX2 protein levels were found progressively increased. 
Similarly, expression of BMP-2 protein was also observed the enhancing tendency same as SOX2 protein. β-actin was used 
as the internal control. (B) Quantitative analysis of western blotting results. Each bar represents the mean ± SD (n=3). 
Differences versus OPCs or MGs (*P<0.05). (C) Confocal analyses in each glial group during their de-differentiation 
showed the same upregulation tendency of BMP-2 and SOX2 protein in these glial lineage cells (green for BMP-2, red for 
SOX2, blue for Hoechst33342, scale bar is 20 μm). (D) The statistical graphs showed quantification of BMP2- and SOX2-
positive cells (expressed as a percentage of Hoechst33342-positive cells) according to confocal data. Data are given as Mean 
± SD, n=3. *P<0.01 or **P<0.05 was used as criterion for the significance of difference.
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After 3 days culture in 10% FBS, resting ramified 
MGs showed a highly proliferative and enlarged-mor-
phology (termed microglioblasts) (Fig. 1F, 1G). During 
the following 2 days culture in 70% FBS, microglio-
blasts rapidly proliferated and became round. These 
cells were termed promicroglioblasts which often form 
many aggregates (Fig. 1H). When promicroglioblasts 
were maintained in E2 medium, they rapidly turned 
into neurons (Fig. 1I, 1J). These promicroglioblasts-
derived aggregates often detached from dishes or cov-
erslips, and then generated neuronal or glial-like cells 
after being transferred into NBM-containing 1%FBS 
(Fig. 1K, 1L). Confocal microscopy analysis of repro-
grammed microglia lineage cells showed clearly 
detectable levels of SOX2 coexpressed with typical 
stem cell markers (CD15, nestin) similar to that of 
reprogrammed oligodendrocyte lineage cells (Fig. 
3A–3R), and there was significance difference in the 
levels of these markers when compared to previous 
adjacent stage groups (Fig. 3V). These CD11b+-
promicroglioblasts aggregates could generate β-tubulin+ 
neurons (82.3±4.5%, n=3) and GFAP+ astrocytes 
(17.5±2.6%, n=3) after transferred into NBM plus 
1%FBS (Fig. 3T, 3U, 3W).

Upregulation of SOX2 protein and BMP-2 
protein in reprogrammed OPCs and MGs

Western blot and double-label immunofluorescence 
analysis were carried out to evaluate the SOX2 and 
BMP-2 protein levels in reprogrammed oligodendro-
cyte lineage cells and microglia lineage cells. Consistent 
with the confocal data, western blot results showed 
that the expression levels of SOX2 and BMP-2 proteins 
were both progressively elevated during the dediffer-
entiation process of these glial populations (Fig. 4A, 
4C). Optical densitometry analysis and quantification 
of  positive cells further indicated that BMP signaling 
might be activated when exposed to defined serum-
containing medium, and meanwhile key transcription 
factor SOX2 might be also upregulated (Fig. 4B, 4D). 

DISCUSSION

Direct reprogramming of somatic cells offers new 
avenues toward the restoration of damaged or degener-
ating tissues (Nicholas and Kriegstein 2010). Similarly, 
direct reprogramming of endogenous glia residing in 
the damaged brain tissue, may allow for the replace-

ment of degenerated neurons without the need of trans-
plantation and its associated complications (Robel et 
al. 2011). Previous studies have shown that early post-
natal cortical astroglia in culture can be reprogrammed 
to adopt a neuronal phenotype after forced expression 
of some transcription factors such as Pax6, neuro-
genin-2 and Mash1 (Heins et al. 2002, Berninger et al. 
2007). Moreover, there is an ever-growing list of evi-
dences that NG2-positive cells including NG2+ OPCs 
and NG2+ MGs actually possess an intrinsic neuro-
genic potential and they are capable of neuronal dif-
ferentiation in response to environmental stimuli 
(Yokoyama et al. 2006, Sypecka et al. 2013).

In this study, SOX2 upregulation was found during 
the generation of β-tubulin+ and GFAP+ cells from 
reprogrammed MGs, similar to that in OPCs. 
Importantly, appropriate concentration of serum treat-
ment seems to be a necessary first step in reprogram-
ming OPCs to become NSLCs or MGs to become 
promicroglioblasts, which suggests that lineage repro-
gramming of OPCs and MGs are controlled by the 
same signalling pathway associated with SOX2 reacti-
vation. This notion is based on the following results: 
(1) SOX2 expression level was upregulated in FBS-
treated OPCs and MGs; (2) During the progressive 
activation of SOX2, OPCs and MGs transgress their 
lineages and convert to multipotential neurospheres; 
(3) If OPCs or MGs are freshly purified from primary 
mixed cortical glia and cultured directly in bFGF or E2 
medium without an initial exposure to serum-contain-
ing medium, they do not generate neuroectodermal 
cells eventually (data not shown). Previous studies 
indicated that serum enhances expression of inhibitor 
of DNA binding (Id) genes, whose products act as 
inhibitors of cellular differentiation. Microglia-derived 
dedifferentiated cells through two-step culture in 10 
and 70% serum-supplemented media were shown to 
express early OPCs marker PDGFα, A2B5 and O4, 
which suggested that MGs and OPCs belong to the 
same lineage (Yokoyama et al. 2004).

Interestingly, we also observed that activation of 
BMP signaling in response to the lineage reprogram-
ming of these glial populations and the change in 
BMP-2 expression level is concident with that of SOX2 
expression level during the reprogramming process. 
Similar to this phenomenon, recent reports also found 
that when exposed to differentiation medium contain-
ing fetal bovine serum in vitro, BMP2 and BMP4 were 
highly expressed in both types-1 and type-2 astrocytes 
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differentiated from NSCs, while no detectable expres-
sion was observed in NSCs, neurons and oligodendro-
cytes (Hu et al. 2012). BMPs, a subgroup of the TGF-β 
superfamily, play pivotal roles in mediating the cell 
fate choices in neural stem cells (Mehler et al. 2000). 
Alternatively, it is well-established that BMPs mediate 
the switch of neural progenitor cells from neurogenesis 
to astrocytogenesis via the upregulation of bHLH tran-
scription factor Id2 (Nakashima et al. 2001). Notably, 
Id gene is involved not only in the regulation of dif-
ferentiation but also in transdifferentiation (Kondo et 
al. 2004). Recent studies also reported that activation 
of BMP signaling via Smad (distinct downstream mol-
ecules of BMP) and Id2 proteins is one of the main 
molecular pathways involved in the generation of 
microglia-derived MAP2-positive and GFAP-positive 
cells (Niidome et al. 2008). The reprogramming from 
OPCs to NSLCs is a multistep process, with BMP 
treatment and transition through the T2As being a 
necessary intermediate for responsiveness to the bFGF 
signal. A key event is the BMP-dependent re-expres-
sion of the SoxB1 gene Sox2 in the type-2 astrocyte, as 
there is increasing evidence for an essential role of 
SoxB1genes in the maintenance of neural stem cells 
(Zappone et al. 2000, Bylund et al. 2003, Graham et al. 
2003). Sox2 expression is repressed in OPCs, with H3 
histones at the enhancer region being in an inactive 
form, H3K9 being methylated and unacetylated and 
H3K4 being unmethylated, while in the T2As, the his-
tone H3 modification pattern is switched to an ‘active’ 
pattern. The mechanism by which BMP2 initiates this 
reprogramming is not known; however, it does involve 
chromatin remodelling by recruitment to the Sox2 
promoter/enhancer region of the Brca1- and Brm-
containing SWI/SNF chromatin-remodelling com-
plexes to reactivate the locus (Kondo and Raff 2004).

On the basis of these reports in combination with our 
findings, it is more likely that lineage reprogramming of 
OPCs and MGs were both mediated by BMP pathway, 
which concomitantly induce Smad-independent path-
ways including Erk, SAPK/JNK, or p38 MAPK path-
ways. Activated Smads upregulate master transcription 
factors such as SOX2 via chromatin remodelling to con-
trol glial cell fate transitions. To determine the correla-
tion between BMP2 and SOX2 and their epigenetic 
control of these glial reprogrammed process, we should 
first investigate whether the depletion of SOX2 or BMP2 
by RNAi would influence the proliferation and/or dif-
ferentiation of these reprogrammed MGs or OPCs. Then 

we further detect the associated expression changes of 
BMP2 (or SOX2), Id2, Smad and Brca1 by using chro-
matin immunoprecipitation (ChIP) analysis after the 
knock-down of SOX2 (or BMP2) by RNAi. Further 
studies are needed to clarify these issues. 

CONCLUSION

The present study demonstrates that purified OPCs 
and MGs can be reprogrammed in vitro and reacquire 
some of the hallmarks of neural stem cells or progeni-
tors, through progressive activation of BMP signaling 
accompanied by SOX2 upregulation. Dissecting the 
regulatory pathways involved in these processes may 
help to gain control over glial cell fate decisions. These 
results also suggest a valuable alternative way for sub-
stitution of the neurons lost in neurological diseases.
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