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ABSTRACT

Malignant gliomas patients have a poor survival rate, partially due to the inability 
in delivering therapeutic agents to the tumors, especially to the metastasis of human 
glioma stem cells (hGSCs). To explore whether the human neural stem cells (hNSCs) 
with an over-expression of BMP4 (hNSCs-BMP4) can trace and inhibit hGSCs, in 
this study, we examined the migration of hNSCs to hGSCs using transwell assay 
in vitro and performed the fluorescent tracer experiment in vivo. We examined the 
proliferation, differentiation, apoptosis and migration of hGSCs after co-culturing with 
hNSCs-BMP4 in vitro and tested the tropism and antitumor effects of hNSCs-BMP4 
in the established brain xenograft models of hGSCs. We found that hNSCs-BMP4 
could secrete BMP4 and trace hGSCs both in vitro and in vivo. When compared to 
the normal human astrocytes (NHAs) and hNSCs, hNSCs-BMP4 could significantly 
inhibit the invasive growth of hGSCs, promote their differentiation and apoptosis by 
activating Smad1/5/8 signaling, and prolong the survival time of the tumor-bearing 
nude mice. Collectively, this study suggested that hNSCs-BMP4 may help in developing 
therapeutic approaches for the treatment of human malignant gliomas.

INTRODUCTION

Glioma is the most common malignant brain 
tumor in the central nerve system (CNS). Some of 
its forms, especially glioblastoma (GBM), are often 
resist current treatments and recur frequently. Surgical 
excision, radiation and chemotherapy do not improve 
the prognosis of the malignant gliomas, as the mean 
survival period for GBM does not exceed 16 months 
[1, 2]. Eliminating glioma cells by conventional 
therapy is hindered by the exceptional infiltration of the 
glioma cells into the surrounding neural tissues. These 
infiltrated tumor cells act as seeds for recurrent tumor 

growth [3]. Recently, it has been reported that human 
glioma stem cells (hGSCs) are the main reason for the 
origin, invasion and resistance of GBM to radio and 
chemotherapy Therefore, new therapeutic strategies 
are needed to attack GSCs in the main tumor mass and 
the metastatic tumor nests [4-6]. Gene therapy appears 
to be an ideal candidate approach for brain tumor 
therapy, because of its selective toxicity to tumor cells 
[7]. However, there has been no significant advance in 
gene therapy for brain tumors due to the major limiting 
factors in the delivery system. For instance, commonly 
used vectors have little or no migratory potential or 
specific tropism. This limits the effectiveness of gene 
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therapy to reach into the tumor nest and glioma cells 
that have infiltrated the normal brain parenchyma [8]. 
Indeed, it has been proven that intratumoral injection of 
viral vectors cannot deliver therapeutic genes to many 
solid tumor cells [9]. Systemic intravenous or intra-
arterial administration of antibodies has been limited 
by the neutralizing effects of antibodies and immune-
mediated organ toxicity [10, 11]. Therefore, there long 
has been a need to develop an effective and safe vehicle 
to deliver therapeutic molecules to the areas of glioma 
cell invasion. Many in vivo and in vitro studies have 
demonstrated that human neural stem cells (hNSCs) 
have a unique capacity to migrate throughout the brain 
and to chase invading tumor cells, such as glioma, 
which indicates their therapeutic potential [12-14]. 
Aboody et al. have shown that intracranial injection 
of NSCs that have a tropism for brain tumors could 
be exploited therapeutically [15]. Similarly, Ehtesham 
et al. have shown that locally-injected NSCs that were 
engineered to deliver interleukin-12 or tumor necrosis 
factor–related apoptosis inducing ligand (TRAIL) could 
slow the growth of brain tumors [16, 17]. These studies 
have convinced investigators that the NSCs that express 
therapeutic genes can be stably engrafted in brain and 
chase tumor cells.

Bone morphogenetic proteins (BMPs) are a family 
of cytokines that have complex effects on neural stem 
and progenitor cells. In NSCs that are derived from 
early embryos, BMPs appear to promote proliferation 
and neuronal differentiation mediated by BMPR-IA. 
In contrast, NSCs that are derived from adult brains 
undergo astrocytic differentiation in response to BMPs 
mediated by BMPR-IB [18, 19].

Our previous studies have shown that 
overexpression of BMPR-IB can arrest the growth 
of glioblastoma cells in which there were almost 
no expression of BMPR-IB and bring about 
their differentiation by the activation of Smad1 and 
up-regulation of p21 and p27kip1 in vitro and in vivo 
[20, 21]. The pro-differentiated role of BMPs/Smad1 
in NSCs and glioblastoma cell lines has inspired 
investigators to further study their roles in hGSCs. 
Piccirillo et al. reported that treatment of GBM-
derived brain tumor stem cells (BTSCs) with BMP4 
had the strongest effect in inhibiting the proliferation 
of BTSCs, inducing their differentiation and, reducing 
their ability to form tumors in immune-deficient mice 
[22]. Thus, these BTSCs behaved like “older” NSCs 
in their response to BMPs. In this matter, Lee and 
colleagues also found that BMPs promoted apparent 
glial differentiation in BTSCs in some patient-derived 
samples [23]. In the present study, we used hNSCs 
as a vehicle for delivery of BMP4 to GBM in order 
to develop a novel and effective mean to trace and 
eliminate hGSCs.

RESULTS

Isolation and characterization of hNSCs and 
hGSCs

Human NSCs were cultured in vitro by the 
previously described procedures [24]. After being cultured 
for one to two weeks in vitro, hNSCs formed small spheres 
that exhibited the morphological properties that are 
typical of neurospheres (Figure 1A, upper). These NSCs 
expressed a high level of early neuroectodermal marker, 
Nestin (Figure 1A, middle). Differentiation of hNSCs was 
initiated after three days by removing mitogens, plating 
the cells onto poly-L-lysine, and adding 10% FBS. Two 
weeks later, these cells had acquired the morphologic and 
phenotypic characteristics of neurons (Tuj-1 positive), 
astrocytes (GFAP positive) and oligodentrocytes (O4 
positive) (Figure 1A, lower).

Human GSCs were isolated and cultured as 
described in the Materials and Methods. After one week 
of primary culturing, we obtained tumor spheres from the 
GBM tissues. These tumor spheres possessed the ability 
of clonal expansion (Figure 1B). Immunofluorescence and 
FACS analysis showed that most of the cells in the tumor 
spheres were double positive on CD133 and Nestin (Figure 
1C). When the tumor cells derived from these tumor 
spheres were differentiated, GFAP positive astrocytes 
and Tuj-1 positive neurons were detected, although the 
morphology of these cells still remained immature (Figure 
1B). After being implanted intracranially, these cells may 
develop brain tumors (Figure 1B). Together, these data 
indicate that the CD133 and nestin double positive cells in 
the tumorspheres are GSCs.

The stable NSCs-BMP4/RFP cell line expresses 
BMP4 in an exocrine manner

The infection of NSCs with a lentivirus that contains 
the RFP and BMP4 sequences generated the stable NSCs-
BMP4/RFP cell line. Western blot assay showed a greater 
BMP4 expression in the NSCs-BMP4/RFP cell line than 
in NSCs (Figure 2A). Furthermore, we detected BMP4 
secretion in the culture media by ELISA assay, and found 
that BMP4 in the CM of NSCs-BMP4/RFP increased 
significantly in comparison to the control group (Figure 2B).

The expressions of BMP receptors in hGSCs

To study the effects of BMP4 on hGSCs, we 
examined the expression of BMP receptor subtypes, 
namely, BMPR-IA, BMPR-IB, and BMPR-II in normal 
hNSCs and hGSCs. The results of immunofluorescence 
staining and western blot analysis showed that BMPR-
II was present in both hNSCs and hGSCs. However, 
BMPR-IA and BMPR-IB were expressed specifically in 
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hNSCs and hGSCs, respectively (Figure 2C). This result 
is supported by the previous reports, which suggested 
that BMPR-IA and BMPR-IB may have different effects 
on BMPs signaling [25, 26]. Thus, we hypothesize that 
BMPs signaling may cause hNSCs and hGSCs to act 
differently.

The activation of smad1 proteins in hGSCs

It is known that the canonical BMPs signaling 
pathway utilizes intracellular Smad proteins [20]. Thus, 
we conducted western blot and immunofluorescence 
assays to examine the expression and location of Smad1 
and phospho-Smad1 proteins after co-culturing with a 
control condition medium (Con/CM), condition media 
(CM) of NSCs (NSCs/CM) and of NSCs-RFP/BMP4 
(NSCs-BMP4/CM), respectively. The results showed 
that after addition of NSCs-BMP4/CM at the 48th huor, 
the expression of phospho-Smad1 had increased and the 
latter accumulated in the nucleus of hGSCs (Figure 2D).

BMP4 loaded hNSC induced differentiation 
and apoptosis, and inhibited proliferation and 
migration of hGSCs by activating the BMP/
Smad1 signaling pathway

In order to determine the effects of hNSCs-BMP4 
on hGSCs growth in vitro, Con/CM, NSCs/CM, BMP4 
(20ng/ml), and NSCs-BMP4/CM were applied to hGSCs 
for 72 hours. We found that only BMP4 and NSCs-BMP4/
CM would increase the expression of GFAP and induce 
adherence and neurite outgrowth of hGSCs (Figure 3A). 
We also determined whether NSCs-BMP4/CM could 
induce apoptosis of hGSCs using the TUNEL assay. We 
observed after 72 hours following the administration of 
NSCs-BMP4/CM that apoptosis of hGSCs was induced 
by 75% and 65% compared to the use of Con/CM and 
NSCs/CM, respectively. Moreover, the apoptosis that was 
induced by NSCs-BMP4/CM was comparable with that 
induced by positive control-BMP4 (20ng/ml) (Figure 3A, 
P < 0.05, student’s t-test).

Figure 1: Characterization of hNSCs and hGSCs. A. hNSCs characterization. Upper panel: Phase-contrast photograph showing 
neurospheres grown in serum-free media for 1-14days. (Scale bar, 100μm). Middle panel: Cells in the neurosphere are immuno-positive 
for nestin, (scale bar, 100μm). Lower panel: After differentiation for two weeks, the differentiated cells were stained against markers for 
neurons (Tuj1), astrocytes (GFAP) and oligodentrocytes (O4), (scale bar, 50μm). B. Upper panel: After culturing in vitro for seven days, 
the hGSCs formed neurosphere. We stained tumor spheres with mouse antibody against human CD133 and nestin. Most tumor cells in the 
sphere were CD133 and Nestin positive (Green) (scale bar, 50μm.). Lower panel: The spheres of hGSCs were transferred to poly-D-lysine 
coated chamber slides and cultured in DMEM-F12 that was supplemented with 10% FBS. After 24 hours of culturing, the tumor spheres 
began to adhere and differentiate. After differentiation, GFAP immunoreactive positive astrocytes (Red) and Tuj1 immunoreactive positive 
neurons (Green) were observed (scale bar, 50μm.). One month after the intracranial transplantation of 1×108 hGSCs, H&E staining showed 
that the hGSCs formed invasive neoplasm in the nude mice (scale bar 50μm). C. FACS analysis showed that the proportion of CD133 and 
nestin double positive cells were more than 90% (Right panel). Left panel: isotype control.
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Consistently, Ki67 staining in hGSCs, cultured with 
BMP4 (20ng/ml) and NSCs-BMP4/CM, was reduced 
significantly then it was cultured with Con/CM and NSCs/
CM groups (Figure 3A, P < 0.05, student’s t-test). Next, 
we examined the effect of NSCs-BMP4/CM on glioma cell 
migration using the wound-scraping assay. As indicated in 
Figure 3B, the hGSCs that co-cultured with BMP4(20ng/
ml) and NSCs-BMP4/CM exhibited considerably slower 
migration and decreased cell spreading within 24 hours 
than hGSCs that were co-cultured with con/CM and NSCs/
CM. It may be noted that Smad6 is the specific inhibitor 
of the BMPs/Smad1 signaling pathway. We observed that 
the effects of NSCs-BMP4/CM on hGSCs were blocked 
by co-expression of Smad6 without interfering with 
receptor-mediated phosphorylation of Smad1 (Figures 
3A, 3B and Supplementary Figure S1). These results 
indicate that hGSCs are capable of responding to BMP4 
by phosphorylation of Smad1 and subsequent activation of 
BMPs/Smad1 signaling pathway.

hNSCs migrate toward hGSCs in vitro and 
in vivo

Using an in vitro migration chamber, we observed 
that both NSCs-BMP4 and NSCs migrated in response 
to CM from hGSCs, whereas NHAs (negative control) 
migrated very little (P < 0.05, Student's test) (Figure 4A). 
To determine if hNSCs or BMP4 loaded hNSCs would 
migrate in response to glioma in vivo, we assayed in 
vivo migration using a two-color fluorescence labeling 
approach. We used hGSCs that constitutively expressed 
green fluorescent protein (GSCs-GFP) and hNSCs that 
constitutively expressed the mCherry red fluorescent 
protein (NSCs-RFP). After intracranial implantation of 
NHAs, NSCs and NSCs-BMP4 for 1 week, 2 weeks and 
3 weeks, the brains of the nude mice bearing xenografted 
gliomas were sectioned and examined under fluorescence 
microscopy. We observed a clear and detailed anatomic 
representation of specific hNSCs migration in response to 

Figure 2: NSCs-BMP4-RFP could secret BMP4 and induce phosphorylation of Smad1 of hGSCs. A. Expression of BMP4 
in the NSCs and NSCs-BMP4 cell lines was determined by western blot assay. B. Production of BMP4 in supernatants of 24 hours cultures 
of NHAs, NSCs and NSCs-BMP4 cells were measured by ELISA. Histograms show the levels of BMP4. (*p < 0.05, Student’s t-test). C. 
The expressions of BMPs/BMPRs signaling molecules in hNSCs and hGSCs. Left panel: Immunofluorescent staining for the expressions 
of BMPR-IA, BMPR-IB and BMPR-II (scale bar 50μm)). Right panel: Western blot analyzed the expression of BMP4 and BMP receptors. 
D. The activation of Smad1 protein in hGSCs after addition of Con/CM, hNSCs/CM or hNSCs-BMP4/CM. Left panel: Immunofluorescent 
staining for phospho-Smad1(P-Smad1). After 48 hours of culturing supernatants addition, the P-Smad1 was significantly greater and 
accumulated to the nuclei of hGSCs, which be added with the culture supernatant of NSCs-BMP4 (scale bar 50μm)). Right panel: The 
expressions of Smad1 and P-Smad1 in hGSCs after the addition of different CM detected by WB.
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Figure 3: BMP4 induces differentiation and apoptosis, and also inhibits proliferation and migration of hGSCs. Human 
GSCs were initially expanded in serum-free culture media, followed by the addition of Con/CM, NSCs/CM, BMP4 (20ng/ml), NSCs-
BMP4/CM and NSCs-BMP4/CM +Smad6. A. Expressions of GFAP and Ki67 were examined by immunofluorescence. Apoptotic cells 
were determined by TUNEL assay (left panel). The percentages of GFAP, Ki67 and TUNEL-positive cells were analyzed by Student’s 
t-test. Bars are means ± SD (right panel, *p < 0.05). B. Left panel: Wound scraping assay results showed that the distance of migration 
of hGSCs were significantly lower after being co-cultured with BMP4 (20ng/ml) and NSCs-BMP4/CM for 24 hours, and that Smad6 
transfection could increase the migration distances of the hGSCs that were co-cultured with NSCs-BMP4/CM. Right panel: All experiments 
were conducted in triplicate in three independent sets. The values are shown as means ± SD, *p < 0.05).

Figure 4: NSCs migrate to hGSCs in vitro and in vivo. A. Upper panel: Transwell assay showed that the numbers of NSCs and 
NSCs-BMP4 that migrated through a micropore membrane were significantly higher than NHAs. Lower panel: Student’s t-test was used 
to analyze the number of migration cells. All experiments were performed in triplicate in three independent sets. The values are shown as 
mean ± SD, *p < 0.05. B. After intracranial implantation of NHAs, NSCs and NSCs-BMP4 for 1, 2 and 3 weeks, the representative images 
of fluorescence microscopy showed tropism of NHAs-RFP, NSCs-RFP and NSCs-BMP4-RFP to intracerebral tumors of nude mice (scale 
bar 50μm). Tumor cells are shown in green and hNSCs appear in red.
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glioma pathophysiology (Figure 4B). After NHAs-RFP, 
NSCs-RFP and NSCs-BMP4-RFP were injected into 
the hemisphere directly contralateral to the GSC-GFP 
injection site for 14 days, we observed specific and 
appreciable engraftments of NSCs-BMP4-RFP and 
NSCs-RFP into malignant glioma. After 21 days, we also 
observed that the xenografted sites were almost full of 
NSCs-BMP4-RFP and NSCs-RFP (Figure 4B). However, 
we did not find NHAs-RFP in the GSC-GFP injection site 
until the end of one month (Figure 4B).

NSCs loaded with BMP4 induced differentiation 
and apoptosis, and reduced invasive growth of 
xenografted glioma in vivo

Hematoxylin and Eosin (H&E) staining showed 
that hNSC-BMP4 could significantly inhibit the 
infiltration of the xenografted gliomas in the nude mice 
brain. Immunohistochemical staining and TUNEL assays 
showed that there were more GFAP-positive hGSCs 
and TUNEL-positive hGSCs, and fewer ki67-positive 
hGSCs in the brains that were inoculated with hGSCs 
and hNSC-BMP4, than those in the NHA and NSCs 
groups (Figure 5A). Next, we conducted another in vivo 
study using athymic mice that had received subcutaneous 
(s.c.) flank injections of hGSCs. As shown in Figure 5B, 
mice that received s.c. injections of hGSCs, co-cultured 
with CM of hNSC-BMP4, showed an overall decrease 
in tumor volume (69.4±16.5mm3) in comparison to mice 
that had received an s.c. injection of hGSCs co-cultured 
with CM of hNSC (218.1±22.7mm3) or CM of NHAs 
(235.9±63.3mm3). These results indicated that the NSCs 
that produced BMP4 were able to induce differentiation 
and apoptosis of glioma cells and to reduce the invasion 
and volume of the xenografted tumors.

BMP4 loaded NSCs improved overall survival of 
GBM-affected mice

To examine further the effect of BMP4 on the survival 
of nude mice that have GBM, we constructed Kaplan-Meier 
survival curves. We had three experimental groups in this 
experiment, with 10 tumor-bearing nude mice in each group. 
The three groups were inoculated with NHAs, hNSCs, and 
hNSCs-BMP4, respectively. We followed the protocol of 
implantation and treatment as described previously [24] and 
the mice received no additional treatment. The time of death 
(in days) was recorded for each subject. We found that the 
mice that received hNSCs-BMP4 survived for a significant 
longer time than those that were inoculated with NHAs 
group ( the log-rank test P < 0.005) (Figure 5C).

DISCUSSION

GBM is an infiltrative tumor that generates satellite 
tumors. These are difficult to detect and impede their 

surgical resection [25]. The prognosis of GBM is very 
poor. Many studies have shown recently that there is a 
subpopulation of cells that display stem cell properties in 
malignant glioma. These cells, which are termed GSCs 
[26-28], are often resistant to conventional chemotherapy 
and radiation therapy. They are considered to be the main 
reason for the origin, migration and recurrence of GBM 
[29-31]. Thus, new strategies are necessary to reach and 
eliminate GSCs.

In our study, we isolated hGSCs from primary 
GBM tissues and identified the characteristics of GSCs by 
clonal formation assay (self-renew ability), FACS analysis 
(90% cells in the tumor spheres were double positive on 
CD133 and Nestin), GFAP and Tuj-1 immunofluorescence 
experiment (multi-differentiation ability) (Figure 1B). We 
also performed a serial adoptive transfer assay to identify 
the serial tumorigenicity of hGSCs. The result showed that 
1×108 of these hGSCs could recapitulate the heterogeneity 
of GBM in nude mice. Furthermore, as Figure 5A 
indicates, the xenograftes are highly invasive (H&E 
staining) and glia cell differentiation (GFAP positive) and 
highly proliferative (high expression of Ki67). Therefore, 
we concluded that the tumor sphere that was isolated from 
primary glioma tissues probably had self-renew ability, 
multi-differentiation potential and a serial tumorigenicity, 
so that they are GSCs enriched.

NSCs have shown a preferential homing 
capacity in response to glioma pathophysiology and 
microenvironment [13]. Stem cells represent a delivery 
system that can respond to the diverse pathological 
signals of proliferating tumors. The tropism of hNSCs 
toward intracerebral tumors suggests a possibility of 
using them to transport therapeutic molecules to tumors 
[32-35]. Studies have revealed several factors that are 
involved in the mechanisms of NSC migration to glioma, 
including hypoxia and chemokines [36-39]. However, 
the mechanism that underlies hNSCs tropism to hGSCs 
is not completely understood. In order to understand 
this mechanism better, we believe that it is important 
to distinguish genetic differences between hNSCs and 
hGSCs. In our previous study [24], we found several 
essential signaling molecules that were significantly 
up-regulated in hGSCs in comparison to hNSCs. These 
signaling molecules may be involved in the hNSCs 
tropsim to hGSCs (Table 1). They are related to cell 
migration and adhesion (MIEN1, ICAM1, MMP9, and 
ANXA2), Neural stem cells growth (NRN1, LIF, and 
EGFR) and inflammatory reaction (IL8 and NF-κB) 
respectively. We believe that the synergistic effects of 
these factors play main roles in causing hNSCs to migrate 
to hGSCs. Our finding also provides important clues for 
future study of the mechanism of the tropsim of hNSCs 
to hGSCs.

In our previous study [21] and the report by Lee 
[23], we found that the activation of BMPs/Smad1 
signaling induced differentiation and apoptosis of 
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GBM cells and GSCs. It also inhibited the malignant 
proliferation of tumor cells in vitro and in nude mice. The 
main objective of this study is to combine the tropism of 
hNSCs to hGSCs with the inhibiting effect of BMP4 on 
hGSCs to investigate the homing behavior and inhibition 
effects of BMP4-loaded hNSCs on hGSCs in vitro and 
invasive intracranial glioma in the adult rodent brain. 
It may be noted that we used GFP and RFP to label the 
color of hGSCs and hNSCs, respectively, in order to easily 
distinguish these different contexts. After 14 days of intra-
cerebral transplantation, the NSCs and NSCs-BMP4 with 
red fluorescence were found in a GBM xenograft with 

green fluorescence in the contralateral cerebral hemisphere 
(Figure 4B). In addition, these engineered hNSCs were 
able to release BMP4 and induce differentiation and 
apoptosis, as well as to arrest the growth of hGSCs in vitro 
and in vivo (Figure 3, 4, 5).

In our study, the nuclear translocation of 
phosphorylated Smad1 was observed after 48 hours 
of BMP4 over-expression. This indicated that the binding 
of BMP4 and BMPRs (BMPR-II and BMPR-IB) activated 
Smad1 signaling. We also observed that the effects of NSCs-
BMP4/CM on hGSCs were blocked by co-expression of 
Smad6, which is the specific inhibitor of the BMPs/Smad1 

Figure 5: BMP4-loaded hNSCs inhibit the growth of xenografted glioma in vivo. A. H&E staining analysis showed that 
NSCs-BMP4 could significantly inhibit the invasion of intracranial glioblastoma. The immunohischemical (IHC) analysis showed that 
NSCs-BMP4 effectively increased the expression of GFAP, and down-regulated the expression of Ki67 of xenografts. A TUNEL assay in 
xenograft tumor sections revealed that NSCs-BMP4 increased the apoptosis of intracranial glioblastomas. B. Upper panel: BMP4-loaded 
hNSCs suppresses the growth of subcutaneous xenograft of hGSCs. The tumor mass that was raised from hGSCs that were incubated 
with NSCs-BMP4 was significant smaller than those that were incubated with NHAs and NSCs. Lower panel: The volume of tumors of 
the groups was mentioned above. Bars are means ± SD. *p < 0.001, n=10 per group. C. BMP4-loaded hNSCs improves the survival of 
nude mice that have been implanted with hGSCs. Kaplan-Meier survival curves and log-rank analysis of three experimental groups were 
completed. The groups consisted of (1) nude mice that were inoculated with hGSCs and NHAs as a control group (n=10); (2) nude mice 
that were inoculated with hGSCs and hNSCs (n=10), P=0.083 versus a control group; and (3) nude mice that were inoculated with hGSCs 
and NSCs-BMP4 (n=10), P=0.00029 versus a control group.
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signaling pathway (Figure 3A, 3B). These results indicate 
that hGSCs are able to respond to BMP4 by phosphorylation 
of Smad1 and subsequent activation of the BMPs/Smad1 
signaling pathway. We also found that Smad6 inhibits 
BMPs/Smad1 signaling without interfering with receptor-
mediated phosphorylation of Smad1 (Supplementary Figure 
S1). It has been reported that Smad6 specifically competes 
with Smad4 for binding to receptor-activated Smad1, 
yielding an apparently inactive Smad1-Smad6 complex. 
Therefore, Smad6 selectively antagonizes BMPs-activated 
Smad1 by acting as a Smad4 decoy [40]. This is consistent 
with our result.

In addition, we did not find that BMP4 over-
expression could induce differentiation and apoptosis of 
hNSCs or inhibit the migration ability of hNSCs to hGSCs 
in vitro, although it did promote the proliferation of hNSCs 
slightly (Supplementary Figure S2). This might be due to 
the hNSCs specific elevated expression of BMPR-IA. The 
latter likely induces the proliferation and maintains the 
undifferentiated state of neural precursor cells [25, 26]. We 
found in hGSCs that BMPR-IB expressed prominently and 
that BMPR-IA expressed faintly (Figure 2C). This could 
explain the effects of BMP4 on hGSCs in our study (Figure 
3, 4, 5). It suggests that BMPs signaling may have different 
roles in hNSCs and hGSCs through different receptors. As 
delivery vectors, hNSCs were found to have no anti-tumoral 
effect by themselves (Figure 5). However, they could 
migrate to the glioma nests and differentiate into astrocytes 
(Supplementary Figure S3). Thus, we hypothesized 
that hNSCs may be able to localize the tumors under 
physiological conditions so that they could assist tissue 
repair. However, we observed no malignant transformation 
of implanted hNSCs, as determined by H&E staining and 
immunofluorescence assays (Figure 4, 5).

Our study indicates that hNSCs can deliver BMP4 
that can be released from hNSCs to achieve tumor 
inhibitive effects and to extend animal survival. We found 
that BMP4 overexpression could not affect the preferential 
homing nature of hNSCs to hGSCs (Figure 4). In fact, 
because the hNSCs that were overexpressed with BMP4 
have a tendency to bind to the BMPRs that expressed on 
the surface of hGSCs, so the BMP4 overexpression may 
promote the migration of hNSCs to hGSCs.

Our present study showed that BMP4-loaded hNSCs 
have clinical potential because they are efficacious in 
inducing an anti-tumoral effect and tracing hGSCs cells. 
Because BMP4 is a cytokine that exists in normal CNS, 
it may be used in the clinic as an adjuvant in a combined 
therapy against GBM without adding much toxicity to 
normal brain tissues. Our findings provide further support 
to the amelioration of safer, more effective, NSC-based 
gene therapy for malignant glioma.

MATERIALS AND METHODS

Isolating and expanding hNSCs and hGSCs

Human NSCs were obtained from the hippocampus 
of 10-week old fetal tissue of spontaneous abortion. 
They were cultured in vitro by the previously described 
procedures [24]. Briefly, the dissociated cells were 
placed into culture plates with a serum-free medium that 
was supplemented with mitogens (20ng/ml EGF, 20ng/
ml b-FGF, and 10ng/ml LIF) (Invitrogen, CA, USA). 
After seven days, a formation of neurospheres was 
observed with a phase-contrast microscope. Cells were 
passaged once a week by 0.025% trypsin and mechanical 
dissociation and re-plated at a density of 50000 cells/

Table 1: The 10 up-regulated genes that might be related to the hNSCs tropsim to hGSCs in hGSCs

Gene symbol Gene description FC of GSC/NSC P-value

IGFBP3 insulin-like growth factor binding protein 3 1354.400365 1.54E-05

IL-8 interleukin 8 58.4493428 1.94E-04

MMP9 matrix metallopeptidase 9 (gelatinase B, 92kDa 
gelatinase, 92kDa type IV collagenase) 49.1709356 2.22E-05

ICAM1 intercellular adhesion molecule 1 16.14517524 2.31E-06

MIEN1 migration and invasion enhancer 1 11.64088456 1.00E-04

NRN1 neuritin 1 9.074899613 8.54E-05

LIF leukemia inhibitory factor (cholinergic 
differentiation factor) 8.901819804 1.88E-06

NFKB1 nuclear factor of kappa light polypeptide gene 
enhancer in B-cells 1 6.137988602 5.01E-05

EGFR epidermal growth factor receptor 4.434412345 9.67E-04

ANXA2 annexin A2 3.612371009 9.27E-04

A gene was defined as differentially expressed when fold change (FC)> 2(up-regulated) or FC<1/2(down-regulated), and a 
value of p < 0.01.
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ml. Human GSCs were isolated from three glioblastoma 
specimens of GBM patients. Tumor nodules were minced 
and digested by 0.025% trypsin at 37°C for 15 minutes. 
After filtration through 70 μm mesh, the dispersed cancer 
cells were collected by centrifugation and then cultured 
in the same medium that was used for hNSCs above. The 
culture media were changed every three days. Tumor 
spheres of different passages were dissociated into single 
cells that were subsequently plated with one cell per well. 
The formation of tumor spheres was observed with use of 
a phase-contrast microscope.

Ethics statement

Informed consent was obtained from all participating 
patients, who understood the purpose and risk of providing 
specimens. This study was approved by the Medical Ethics 
Committee of Navy General Hospital, PLA, Beijing, 
China (Permission number: 0506-2006). It was conducted 
in strict accordance with the recommendations in the 
guide for the care and use of laboratory animals of the 
Chinese Institutes of Health. The protocol was approved 
by the Committee on the Ethics of Animal Experiments of 
Navy General Hospital (Permission number: 0308-2013). 
All surgeries were performed under sodium pentobarbital 
anesthesia, and every effort was made to minimize 
suffering.

Vectors construction and cell transduction

To independently identify implanted cells and 
observe the migration of hNSCs to the xenografted 
tumor in vivo, the hNSCs were infected with a lentivirus 
to express red fluorescent protein (RFP) and the hGSCs 
were infected with a lentivirus to express green fluorescent 
protein (GFP). We constructed another lentiviral vector 
to express BMP4. The virus was obtained according 
to the manufacturer’s instructions (Life Technologies, 
USA). A complementary human DNA (cDNA) BMP4 
fragment was directionally cloned into the PDC316 
plasmid. This plasmid was subsequently recombined 
with the pLenti6.3 vector, which has the sequences 
that are required to construct the lentivirus. Then, the 
pLenti6.3-BMP4 plasmid was transfected with the pLP1, 
pLP2 and pLP/VSVG plasmids into 293 cells. After 48 
hours.. the virus was harvested from the culture medium 
and filtered. The lentivirus with the BMP4 sequence was 
obtained according to the manufacturer’s instructions. 
To generate the RFP/BMP4-NSC, the following protocol 
was followed. RFP-NSCs were infected with the lentivirus 
that contained the BMP4 sequence (MOI, 50 vp/ml) and 
then selected after two weeks using G418. Thus, these 
cells constitutively express RFP and BMP4. The pCS2/
Smad6-EGFP expression plasmids were kindly provided 
by Ye-guang Chen (Tsinghua University, Beijing, China). 
Transfection was accomplished by using Lipofectamine 

2000 reagent (Invitrogen, USA) according to the 
manufacturer's instructions. The transfection efficiency 
was greater than 80%, (Supplementary Figure S4).

ELISA assay for BMP4

Culture supernatants were harvested and used to 
measure the extra cellular concentration of BMP4 by a 
commercial, sensitive, enzyme-linked immuno sorbent 
assay (ELISA) kit (AssayMax; AssayPro LLC, Winfield, 
MO). The total protein content of cell monolayers was 
estimated by a Pierce BCA protein assay kit (Thermo 
Scientific, Rockford, IL, USA) and used to normalize the 
results.

Western blot analysis

The isolation of proteins from infected cells, non-
treated cells and tumor cells was described previously [24]. 
Briefly, total protein was extracted by using NP40 lysis 
buffer (0.5% NP40, 250mM NaCl, 50mM HEPES, 5m 
Methylene diamine tetra-acetic acid, 0.5m Megtazic acid). It 
was supplemented with protease inhibitor cocktails (Sigma-
Aldrich, St. Louis, Missouri). The lysates were centrifuged 
at 12,000 rpm for 10 mins and the supernatant was collected 
for use in experiments. Protein lysates (40 mg) were resolved 
on denaturing sodium dodecyl sulfate polyacrylamide gels 
that ranged from 4% to 20% and transferred to nitrocellulose 
membranes (Bio-Rad Laboratories, Hercules, CA). The 
membranes were probed with the following antibodies: 
Rabbit anti-human BMP4 polyclonal antibody (Abcam, 
UK) and Mouse anti-human CD133 polyclonal antibody, 
BMPR-IA, BMPR-IB and BMPR-II antibodies (Abcam, 
UK ) and goat anti-Smad1 antibody and rabbit anti-phospho-
Smad1 antibody (Cell signaling, USA). Then, the secondary 
antibodies, which were labeled by horseradish peroxidase, 
were added and visualized using an ECL chemiluminescent 
reagent kit (Amersham GE Healthcare, USA).

Immunofluorescent staining

Cells were washed three times with ice-cold PBS 
and fixed with 4% paraformaldehyde-PBS. After 15 
min of incubation with 0.1% Triton-PBS, the cells were 
blocked with 1% bovine serum albumin-PBS. Then, the 
following primary antibodies were used: (1) for hNSCs 
characterization, mouse anti-nestin polyclonal (1:1000, 
Santa Cruze, USA); (2) for hNSCs differentiation, the 
primary antibodies including Rabbit anti-glial fibrillary 
acidic protein (GFAP) (1:1000, Santa Cruze, USA), Rabbit 
anti-oligophrenin-4 (O4) (1:1000, Santa Cruze, USA), and 
mouse anti-Tuj-1(1:1000, Santa Cruze, USA) were used; 
(3) for hGSCs characterization, the hGSCs sphere were 
then incubated with mouse anti-human CD133 polyclonal 
antibody and mouse anti-nestin polyclonal (1:1000, 
Santa Cruze, USA); (4) for detection of the expressions 
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of BMPs signaling molecules, mouse anti-human 
BMPR-IA, BMPR-IB and BMPR-II (Abcam, UK ) were 
used, as well as mouse anti-Smad1 antibody, rabbit anti-
phospho-Smad1 antibody (Cell signaling, USA); and (5) 
for examination of the proliferation and differentiation of 
hGSCs, mouse anti-Ki67 polyclonal antibody and mouse 
anti-GFAP monoclonal antibody (Abcam, UK) were used.

Cell proliferation, apoptosis and migration

Cell proliferation was examined by means of a 
CCK-8 assay. Then, hGSCs were placed onto a 96-well 
plate with approximately 2×103 cells per well. After the 
hGSCs were co-cultured with Con/CM, NSCs/CM and 
NSCs-BMP4/CM for 24, 48 and 72 hours, respectively, 
the CCK-8 reagent was added to the cells. Then, the 
cells were further cultured in the chamber for two hr. 
Next, the optical density (OD) of 450 nm was measured 
by a microplate reader according to the manufacturer’s 
instructions (EnSpire, PerkinElmer Company, USA).

The apoptotic cell death in tumor spheres and tumor 
specimens of the nude xenografted model were examined 
by the TUNEL method using an in situ cell death kit 
(Roche, Indianapolis, IN, USA). We conducted the 
experiment according to the manufacturer’s instructions. 
The reaction mixture was incubated without enzyme in 
a control cover slip to detect nonspecific staining. DAB 
substrate was used to convert the fluorescence signal. 
Then, the positive cells were examined under a laser-
scanning confocal microscopy and a light microscope 
(Olympus BX-51). Twenty fields in three independent 
experiments were counted.

The tropism of hNSCs for tumor cells was 
determined by an in vitro migration assay, according to 
the method of our previous study [41]. Transwell invasion 
assay was used to determine the specific tropism of NSCs 
and NSCs-BMP4 to hGSCs. Normal human astrocytes 
(NHAs), hNSCs-RFP and hNSCs-RFP/BMP4 in serum-
free medium were placed in the upper wells of 24 mm 
tissue culture Trans-well plates (12Am, Nunc, Naperville, 
IL) that were coated with poly lysine and Matrigel (1 mg/
mL in a-MEM), while hGSCs that had been incubated 
in serum-free medium, were placed into the lower wells 
of the Trans-well plates and incubated for 48 hours at 
37ºC. The migration ratio was determined by fixing the 
membrane, staining the cells using crystal violet 0.1% 
(Amreco, USA), directly counting the number of migrated 
cells in 10 high-power fields, and calculating the mean. All 
experiments were performed in triplicate.

The migration ability of hGSCs was determined 
by a wound scraping assay. hGSCs that were co-cultured 
with indicated CMs, as indicated previously, were grown 
in 6-well culture plates that contained DMEM with 
10% FBS. After the cells reached a 90% confluence, the 
medium was replaced by FBS-free medium for 24 hours. 
A sterile 200-μl pipette tip was used to create a wound 
in the monolayer by scraping. The cells were washed 

with PBS and grown in a FBS-free medium for 24h. The 
wounds were observed under a phase contrast microscope 
(Olympus, BX2). The width of scratch was measured at 0 
and 24 hour following treatment. The migration rates of 
the tumor cells were calculated according to the following 
formula: (cell-free area at the 0 hour cell-free area at 
the 24th hour)/cell-free area at the 0 hour. Experiments 
were conducted three times in duplicate and produced 
comparable results. The values are shown as mean ± SD.

Intracranial implantation of hGSCs and hNSCs 
in nude mice

Female nude mice (nu/nu, 25-28 g in weight) were 
used to conduct experiments in vivo. To examine the in 
vivo effect of hNSCs-BMP4 on hGSC, we conducted 
an intracerebral xenografted tumor experiment and 
subcutaneous xenografted tumor experiment. Nude 
mice were anesthetized and stereotaxically inoculated 
in the right striatum (Bregmaanteroposterior: -0.5mm, 
mediolateral: +2mm, dorsoventral: -3mm) [41] with 
1×108 hGSCs-GFP. Seven days after intracerebral 
tumor implantation, the mice were divided into three 
groups (n=10 per group). Group1 was inoculated in the 
contralateral cerebral hemisphere (Bregma anteroposterior: 
-0.5mm, mediolateral: -2mm, dorsoventral: -3mm) with 
1×108 NHAs-RFP. Groups 2 and 3 were inoculated with 
1×108 NSCs-RFP and NSCs-BMP4-RFP, respectively, 
and also in the left striatum (equivalent position). 
Subsequently, NHAs, NSCs and NSCs-BMP4 were 
allowed to migrate for three weeks. Then, the mice 
were anesthetized deeply and perfused with saline that 
contained 100U/ml of heparin (Sigma-Aldrich, USA). 
They were then fixed with 4% of poly-formaldehyde that 
was prepared in PBS. Migration was assessed. NSCs and 
hGSCs were identified by means of epifluorescence, and 
tumor volume was established by determining the volumes 
of the xenograft in subcutaneous tissue. The paraffin 
sections (4 μm) of the xenografted tumors were analyzed 
by H&E staining and immunohistochemical staining.

Subcutaneously implantation of hGSCs and 
hNSCs in nude mice

For hGSCs identification, we conducted serial 
subcutaneous xenografted experiment with the nude mice 
in which 1×108 hGSCs-GFP was injected into the right 
armpits of the mice. The tumor growth after two weeks 
was observed. The generated tumors were then cut out and 
dissociated into single cells, of which 1×108 cells were 
then injected into the right armpits of nude mice, as a serial 
adoptive transfer. The tumor growth after another two 
weeks was monitored and prepared for another adoptive 
transfer. The serial adoptive transfer was performed eight 
times. We observed tumor formation after two weeks of 
hGSCs transplantation each time.
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To study the kinetics of glioma cells growth in vivo, 
the hGSCs (1×108 cells) that were treated with the CM of 
NHAs, hNSCs and hNSCs-BMP4 were injected s.c. into the 
right armpit of nude mice. Then, 30 days following injection, 
the xenograft were stripped out and the volumes were 
measured using the formula: V (mm3)=(a)×(b2/2), where a is 
longest tumor diameter and b is the shortest tumor diameter.

Immunohistochemistry

Nude mice were euthanized, their brains were 
perfused and dissected as previously described [21], and 
30-μm coronal sections were obtained. Free-floating 
sections of the brains from each group were washed three 
times with PBS and incubated at room temperature for 1 
hour in PBS/Triton X-100 that contained 1% bovine serum 
albumin (BSA). Then, the sections were treated overnight 
with the primary antibodies of mouse anti human Ki67 and 
GFAP monoclonal antibody (Abcam, UK). After treatment 
with secondary biotinylated antibodies, color reactions 
were achieved with diaminobenzidine (DAB) (Sigma, 
USA) and counterstained with Mayer’s hematoxylin.

Statistical analyses

The statistical analyses involved the use of Student’s 
two-tailed test. All statistical analyses and graphics were 
conducted using the software package SPSS 12.0 (Windows 
platform). For the survival curves, we used the log-rank test 
(Mantel-cox) for independent and unbalanced groups. A 
P-value of less than 0.05 was considered to be statistically 
significant.
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