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Abstract. Glioma stem cells (GSCs), characterized by self-
renewal, multi-potentiality and tumorigenicity, are responsible 
for the tumor propagation, recurrence and resistance to tradi-
tional treatments, representing a critical therapeutic target. 
Neural stem cells (NSCs) possess inherent tropism to brain 
tumor cells and inhibit their growth. However, there is a limited 
understanding of the mechanism underlying NSC tropism and 
the effect of NSC migration on GSC stemness phenotypes. In 
the present study, we showed that GSCs exhibited enhanced 
chemotaxis for NSC tropism compared with their differentiated 
cells. Chemokines secreted by GSCs contributed to the targeted 
migration of NSCs. Hypoxia enhanced NSC tropism via the 
upregulated chemokine expression of GSCs, such as VEGF, 
EGF and bFGF. In vitro migration of NSCs induced GSC differ-
entiation and reduced stem-like phenotypes. Moreover, in vivo 
data provided direct evidence that transplanted NSCs could 
migrate to GSCs from either the homolateral or contralateral 
brain injection site, which prolonged the survival of grafted 
mice. Taken together, these findings show that NSCs preferen-
tially migrate to GSCs and reduce their stemness phenotypes, 
raising the intriguing possibility that the targeted migration of 
NSCs can be applied as a novel therapeutic strategy to target 
these intractable brain tumors.

Introduction

Glioblastoma (GBM) is the most frequent and malignant brain 
tumor in the human central nervous system (CNS). Despite 

research progress on its molecular mechanisms and optimal 
treatments, including aggressive surgery, chemotherapy, radio-
therapy and immunotherapy, the prognosis for patients with 
GBM is still relatively poor (1,2). The current model of glioma 
stem cells (GSCs) has significantly contributed to a better 
understanding of the cellular origin and failure of current 
conventional treatments (3,4). GSCs, which are characterized 
by their ability to self-renew, multi-potentiality and tumori-
genicity, are thought to contribute to the tumor propagation, 
recurrence and resistance to chemotherapy and radiotherapy, 
and they represent a critical therapeutic target (5-9).

Neural stem cell/neural progenitor cell (NSC/NPC) trans-
plantation was initially applied in the study of Parkinson's 
disease (10,11) and subsequently in spinal cord injury (12), 
stroke and multiple sclerosis (13,14). Until 2000, several research 
groups demonstrated that NSCs exhibited a unique migratory 
capacity of efficiently crossing the blood-brain barrier to target 
brain tumors located distantly from the original transplant site 
throughout the experimental brain (15-17). Subsequent studies 
have proposed that NSCs may possess some natural abilities to 
suppress tumor growth and to induce tumor cell apoptosis. For 
example, Staflin and colleagues injected rat embryonic neural 
progenitor cell lines into the nucleus caudatus of Fisher rats 
combined with glioma cells and found that injected NPCs could 
inhibit glioma outgrowth in vivo, resulting in an extension in 
the life span of glioma inoculated rats (18). Consistent with this 
finding, Glass et al showed that endogenous NPCs in the adult 
brain exhibited a strong tropism for glioblastomas (19). The 
addition of neural precursors into glioblastoma grafts promoted 
tumor cell death and prolonged survival in vivo. Furthermore, 
the NSC inherent tropism towards brain tumors resulted in 
the pursuit of applying NSCs as a promising therapeutic tool 
and/or vehicle for tracking and suppressing malignant glioma 
cells (20-25). However, limitations exist when applying a small 
number of NSCs to restrain the overwhelming number of bulk 
tumor cells. In the present study, we aimed at exploring the 
preferential tropism of NSCs to GSCs and the effect of migrated 
NSCs on GSC stemness phenotypes.

Materials and methods

Cell culture. Human neural stem cells (NSCs; ReNcell CX 
immortalized cells, SCC007, Millipore, MA, USA) were 
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cultured as an adherent monolayer in a laminin-coated flask 
in NSC maintenance medium (Millipore) supplemented with 
epidermal growth factor (EGF; PeproTech Inc., NJ, USA) and 
basic fibroblast growth factor (bFGF; PeproTech) at 20 ng/ml, 
respectively, and were used within ten passages as recom-
mended. Human primary glioma stem cells (GSCs) were 
derived from tumor resection. Tumor tissue was enzymatically 
dissociated and cultured as floating neurospheres in serum-free 
supplemented medium [DMEM/F-12 medium containing 
20% BIT serum-free supplement (Stemcell Technologies Inc., 
Vancouver, Canada), EGF and bFGF at 20 ng/ml, respectively] 
(26,27). Glioma U251 stem cells (U251-SC) were also cultured 
as non-adherent neurospheres in serum-free supplemented 
medium as previously described, which were derived from the 
human glioma cell line U251. GSCs of more than six passages 
were used for further experiments. To induce GSC differen-
tiation, we used the conventional serum-containing medium 
(10% FBS in DMEM) for seven days. For hypoxic incubation, 
the cells were grown at 1% oxygen for 24 h in a hypoxic work-
station. The Human human fibroblast cell line HFL1 (ATCC® 
CCL-153™) was used as control cells.

Immunofluorescence staining. The primary antibodies used in 
this study included rabbit anti-human CD133 (1:500, Abcam, 
MA, USA) and mouse anti-human Nestin (1:500, Abcam) 
and incubated for 16 h at 4˚C, followed by detection with the 
corresponding fluorescent secondary antibodies. Nuclei were 
stained with DAPI, and the slides were detected using fluores-
cence microscopy.

CD133 flow cytometry analysis. Up to 106 cells were resus-
pended in the recommended buffer (containing PBS pH 7.2, 
0.5% BSA, and 2 mM EDTA) and incubated for 10 min at 
4˚C with CD133/1 (AC133) antibody (1:11; Miltenyi Biotec, 
Bergisch Gladbach, Germany). Mouse IgG1 (1:11; Miltenyi 
Biotec) was used as isotype control antibody. CD133 detection 
and analysis were performed on BD FACS Aria.

Western blot analysis. The primary antibodies used included 
rabbit anti-human CD133 (1:500, Abcam), mouse anti-human 
Nestin (1:500, Abcam), rabbit anti-human GFAP (1:500, 
Abcam) and mouse anti-human GAPDH (1:1000, Boster, 
Wuhan, China).

Conditioned medium (CM). GSC and U251-SC conditioned 
medium were harvested as previously described (27). For 
hypoxic cells CM, GSCs and their differentiated cells were 
shifted to DMEM/F-12 medium without any supplement at 
1% oxygen for 24 h. The CM was harvested with viable cell 
counting and stored at -80˚C for further use. To obtain the 
growth factor medium, VEGF, EGF and bFGF were added 
into DMEM/F12 at a concentration of 20, 10, 5 and 0 ng/ml 
immediately before use.

Cell migration transwell assay. The in vitro migration of NSCs 
to GSCs or differentiated cells was detected using Transwell 
assay. Each well of 24-well cell culture plates was separated 
into two chambers by an insert membrane of 8-µm pores. 
Briefly, 600 µl of CM was placed into each lower chamber and 
DMEM/F12 without supplement was used as a basal migra-

tion control. NSCs (1x104 cells in 100 µl of DMEM/F12) were 
then seeded into the upper chamber. After 6 h of incubation 
at 37˚C, NSCs in the chambers were fixed with 95% ethanol. 
Non-migrating cells on the upper side of the insert membrane 
were wiped off. Migrating cells on the bottom of the membrane 
were stained using 0.5% crystal violet and quantified under a 
microscope.

Mixed culture of NSCs and GSCs. For mixed culture, NSCs 
and GSCs were labeled using the fluorescent tracer Dio and 
Dil (Molecular Probes, Inc., Eugene, OR, USA), respectively, 
as recommended. Single cell suspensions of NSCs, GSCs or 
U251-SCs were prepared at a density of 1x106/ml in serum-free 
culture medium and 5 µl of the cell-labeling solution (Dio for 
NSC, Dil for GSC and U251-SC) was added per ml of cell 
suspension. After incubation for 20 min at 37˚C and a rinse 
in warm (37˚C) medium, 2x105 NSCs were seeded in per 
laminin-coated 6-well plates as an adherent monolayer and 
1x105 GSCs were seeded in per uncoated plates as suspended 
neurospheres. On the second day, the GSC neurospheres were 
mixed and cultured with NSCs. The migration of NSCs and 
proliferation of GSC neurospheres were detected using fluo-
rescent microscopy.

Co-culture of NSCs and GSCs. For co-culture of NSCs and 
GSCs, the transwell assay was used. Each well of 6-well cell 
culture plates was separated into two chambers by an insert 
membrane of 0.4-µm pores. Briefly, 2x105 NSCs (or HFL1 
cells as control) were cultured as an adherent monolayer in the 
laminin-coated lower chamber and 1x105 GSCs were cultured 
as neurospheres in the upper chamber. NSC maintenance 
medium supplemented with EGF and bFGF at 2 ng/ml, respec-
tively, was used and added every three days for one week. The 
expression of cell markers and the self-renewal ability of GSCs 
co-cultured with NSCs (or control cells) were subsequently 
determined.

Secondary neurosphere formation assay. For secondary 
neurosphere formation assay, primary GSC neurospheres 
co-cultured with NSCs (or control cells) after a week were 
harvested and dissociated mechanically using a mechanical 
cellular filter. Single cell suspension washed with PBS was 
confirmed microscopically and suspended at 5,000 cells/ml 
in serum-free supplemented medium. Using the limiting dilu-
tion assay, 1,000, 500, 200, 100, 50, 20 and 10 cells in 200-µl 
suspensions were plated into 12 wells of each row in a 96-well 
microplate. Fifty µl of serum-free supplemented medium was 
added to each well every third day for two weeks. Neurospheres 
(non-adherent, tight and spherical masses >75 µm in diam-
eter) per well were quantified using an ocular micrometer. 
To confirm the gradient dilution results described above, we 
performed a more stringent clonal assay by plating single cells 
into a 96-well plate, i.e., one viable cell per well, and at the end 
of two weeks, the wells containing the clonal spheres derived 
from a single cell were calculated.

Intracranial cell migration and tumorigenesis assay. Female 
BALB/c nude mice, six to eight weeks of age, were housed 
under specific pathogen-free conditions. All animal experi-
mental protocols were approved by the Institutional Animal 
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Care and Use Committee, Huazhong University of Science 
and Technology. Briefly, NSCs and GSCs were labeled using 
the fluorescent tracer Dio (green fluorescent) and Dil (red 
fluorescent), respectively, as previously described. For the 
group of unilateral intracranial xenografts, GSCs (1x105 cells 
in 5 µl PBS) were stereotactically implanted into the right 
basal ganglia of the nude mouse brain (AP +1.0 mm, ML 
+2.0 mm and DV -3.0 mm from bregma and dura) using a 
10-µl Hamilton syringe at a speed of 1 µl/min and the NSCs 
(2x105 cells in 5 µl PBS) were then implanted 2.0 mm to 
the right of the injection site (which was AP +1.0 mm, ML 
+4.0 mm and DV -3.0 mm from bregma and dura). For the 
bilateral intracranial xenograft group, GSCs were implanted 
at the same site, and the NSCs were symmetrically injected 
into the contralateral side of the mouse brain, 2.0 mm left from 
bregma. Injection of HFL1 cells instead of NSCs served as the 
control. To detect the migration of NSCs, mouse brain samples 
were collected at one and two weeks and were snap-frozen 
for subsequent examination. To determine tumorigenicity, the 
mice were maintained until weight loss of >10% occurred or 
when neurological signs appeared.

Statistical analyses. Statistics were performed using SPSS 17.0 
software. Comparisons among the groups were performed with 
analysis of variance (ANOVA) or Student's t-test. Significance 
was established at p<0.05.

Results

Compared with differentiated cells, GSCs induced enhanced 
NSC tropism and secreted more chemotactic factors. To 
determinate the migratory capacity of NSCs to GSCs and their 
differentiated cells, we first established human GSCs from 
primary glioblastoma and U251 glioma stem cells (U251-SC) 
from the U251 glioma cell line. GSCs were cultured as floating 
neurospheres in an uncoated flask and serum-free supple-
mented medium (Fig. 1A and B). The GSCs and U251-SC 
were derived from serum-containing medium in seven days. 
Upon differentiation in serum-containing medium, the 
GSC neurospheres quickly attached to the culture flask and 
branched out, instead of forming a suspension (Fig. 1C and D). 
Cell markers (CD133, Nestin and GFAP) of GSCs and their 
differentiated cells showed contrasting effects. A marked 
decrease in Nestin and/or CD133 expression in GSCs and a 
notable increase in GFAP expression in differentiated cells 
were revealed (Fig. 1E-I).

To detect NSC migration in vitro, conditioned medium of 
GSCs and their differentiated cells were harvested. An in vitro 
migration assay was used to test the migratory capacity of NSCs 
to GSCs and their differentiated cells. These results showed 
that the conditioned medium of GSCs and their differentiated 
cells caused significantly more NSCs to migrate from the top 
well, through the porous membrane to the lower surface when 

Figure 1. Establishment of GSCs and their differentiated cells. (A and B) Primary GSCs and U251-SC displayed a growth pattern with floating neurospheres in 
uncoated flask and serum-free supplemented medium, (C and D) while their differentiated cells (GSC-diff and U251-SC-diff) attached to the cultivation flask 
and branched out. (E and F) Immunofluorescence staining showed high expression of stem cell markers CD133 and Nestin in GSCs, except no detection of 
CD133 in U251-SC. (G and H) Flow cytometry analysis showed an enhanced CD133 expression in primary GSCs compared with GSC-diff and (I) increased 
Nestin expression while decreased GFAP expression were further confirmed by western blot assay.
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compared to unconditioned medium (*P<0.001). Interestingly, 
NSCs exhibited robust mobility toward conditioned medium 
of GSCs, compared to that of their differentiated cells, with an 
increase of ~2-fold in primary GSCs and U251-SCs (Fig. 2A; 
**P<0.05). Next, we detected the levels of chemotactic factors 
(VEGF, EGF and bFGF) in the conditioned medium. Notably, 
an incremental secretion of chemotactic factors was detected 
in the conditioned medium of GSCs compared to their differ-
entiated cells (Fig. 2B; *P<0.05).

Hypoxia promoted NSC tropism to GSCs by upregulating 
the expression of chemotactic factors, which played critical 
roles in NSC migration. Hypoxia has been identified to play a 
critical role in promoting tropism and mobilization of multiple 
stem cells, including NSCs. To assess the effects of hypoxia 
on NSC migration toward GSCs, we preconditioned GSCs to 
DMEM/F-12 medium without any supplement at 1% oxygen 
for 24 h and then harvested the hypoxic preconditioned 
medium for in vitro migration assay. Increasing NSC migra-
tion rates of ~1.5 times were found in primary GSCs and 
U251-SC (Fig. 2C; *P<0.05).

Since hypoxia promoted NSC tropism to GSCs, we further 
detected the effects of hypoxia on the expression of chemo-
tactic factors. Quantified GSCs were preconditioned in the 
DMEM/F-12 medium without any supplement at 1% oxygen 
for 24 h and the hypoxic preconditioned medium were then 
harvested for ELISA analysis. These results showed that 
primary GSCs and U251-SC under hypoxia secreted much 
greater amounts of VEGF, EGF and bFGF compared to cells 
cultured in normoxia (Fig. 2D; **p<0.05).

To confirm the role of chemokines in NSC migration, we 
investigated the effects of grow factor concentration gradient 
medium on NSC tropism. VEGF, EGF and bFGF were added 
into DMEM/F12 at a concentration gradient of 20, 10, 5 
and 0 ng/ml for in vitro migration assay. A concentration-
dependent migration of NSCs was elicited by VEGF, EGF and 
bFGF, which suggested that chemotactic factors induced by 
hypoxia played critical roles in NSC migration (Fig. 2E-G).

In vitro migration of NSCs to GSCs displays cytostatic 
effect. To explore the effects of in vitro NSC migration on 
GSC growth, we labeled NSCs and GSCs using the fluores-

Figure 2. Evaluation of the in vitro migrating capability of NSCs and the regulating factors. (A) Conditioned medium of GSCs and their differentiated cells 
caused significantly enhanced NSC tropism, compared to unconditioned medium (*P<0.001). Notably, NSCs preferentially migrated toward conditioned 
medium of GSCs, compared with that of their differentiated cells (**P<0.05). (B) An incremental secretion of chemotactic factors (VEGF, EGF and bFGF) was 
detected in the conditioned medium of GSCs by ELISA assay, compared with counterpart of heir differentiated cells (*P<0.05). (C) Hypoxia promoted NSC 
tropism to GSCs and (D) upregulated expressions of chemotactic factors (VEGF, EGF and bFGF) were detected (**P<0.05). (E-G) A concentration-dependent 
migration of NSCs was elicited by VEGF, EGF and bFGF (*P<0.05).
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cent tracer Dio (green) and Dil (red), respectively, and we 
co-cultured labeled NSCs and GSC neurospheres on the 
second day. On the second day after the co-culture, NSCs were 
detected to migrate toward GSC neurospheres (Fig. 3A and B). 
On the fourth day after the co-culture, numerous NSCs had 
migrated to the GSC neurospheres and surrounded the entire 
neurospheres (Fig. 3C and D).

To assess the effects of NSC migration on GSC neurosphere 
growth, the diameters of GSC neurospheres were measured 
and analyzed using a computerized fluorescence microscope 
after co-culture. Compared with the control, co-cultures with 
NSCs caused an inhibition of GSC neurosphere growth, with 

a remarkable decrease in the neurosphere diameters (Fig. 3E; 
P<0.05). Stem-like phenotypes and self renewal capability 
of GSCs were reduced after co-culture with NSCs. For the 
purpose of detecting the effects of NSC migration on GSC 
stemness, we co-cultured GSCs with NSCs. After one-week 
of co-culture, CD133-positive cells were analyzed using the 
flow cytometry assay. Compared with the control (co-culture 
with HFL1), there was a notable decrease in the rate of 
CD133-positive GSC cells after co-culture with NSCs, which 
indicated a decrease in the GSC subpopulation (Fig. 4A). 
Further detection using western blot analyses confirmed 
this finding. The expression of CD133 and Nestin in GSCs 

Figure 3. Assessment of the effect of in vitro NSC migration on GSC growth. (A and B) Co-cultured NSCs (labeled with Dio, green) with GSCs (labeled 
with Dil, red) on the second day. (C and D) On the forth day after co-culture, numerous NSCs were detected surrounding the whole GSC neurospheres. 
(E) Compared with the control, co-culture with NSCs caused an inhibition of GSC neurosphere growth, with remarkable decrease in neurosphere diameters 
(*P<0.05).

Figure 4. Effect of co-culture with NSCs on GSC stemness phenotypes. (A) Flow cytometry analysis showed co-culture with NSCs led to an decreased 
CD133 expression in GSCs. (B) Reduced stem cell marker expressions in GSCs after co-culture with NSCs were further confirmed by western blot assay, with 
decreased expression of CD133 and Nestin while increased GFAP expression. (C and D) Limiting dilution clone assay and single-cell sphere formation assay 
showed neurosphere formation capability of GSCs was reduced through co-culture with NSCs (*P<0.05).
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were decreased, while GFAP expression was increased in 
the co-culture (Fig. 4B). The data indicated that GSCs were 
induced to differentiate in co-cultures with NSCs.

The ability to self-renew is one of the most important 
stem cell phenotypes. The capability to neurosphere forma-
tion in vitro has been applied to identify self-renewal of GSCs 
and is considered a significant and independent predictor of 
the clinical outcome of glioma patients (28). As manifested 
by the limiting dilution clone assay and further supported by 
the more stringent single-cell sphere formation assay, GSCs 
after co-culture showed decreased self-renewal potentiality 
(Fig. 4C and D; P<0.05).

In vivo migration of NSCs to GSCs improves survival. To detect 
the in vivo migration of NSCs to GSCs, we labeled NSCs with 
Dio (green fluorescent) and GSCs with Dil (red fluorescent), 
respectively. Next, GSCs and NSCs were implanted stereotac-
tically either unilaterally (Fig. 5A) or bilaterally (Fig. 5B) in the 
mouse brain. At the end of the first week after the xenograft, 
there was no migrating NSCs detected nearby the implanted 
region of GSCs (Fig. 5C and F). After two weeks, the migrated 
NSCs around the GSCs were detected in both the unilateral 
and bilateral grafted mouse brains (Fig. 5G and H).

To determine the effect of NSC migration on GSC 
tumorigenicity, tumor-burdened mice that developed weight 

loss >10% or showed the presence of neurological signs were 
recorded. There were prolonged survivals in both the unilat-
eral and bilateral grafted mice, compared to the control group 
(Fig. 5I and J), suggesting that the in vivo migration of NSCs 
to GSCs improved survival.

Discussion

Failure of current therapies for malignant gliomas suggests 
that effective treatment may be dependent on the development 
of new therapeutic strategies, which can eradicate the arch 
criminal origin and/or the residual reservoirs of tumor cells 
left behind after conventional treatments. Increasing studies 
on GSCs have provided support for a new paradigm in tumor 
biology and therapeutic targeting. It has been identified that 
NSCs exhibit an inherent tropism to target malignant gliomas 
and inhibit tumor cell growth (15-19). In the present study, we 
evaluated the specific tropism of NSC to GSCs and its poten-
tial therapeutic significance.

There have been numerous studies demonstrating that stem 
cell migration is largely driven by various chemotactic cyto-
kines (29-31). Tumor upregulated expression of chemotactic 
cytokines and the microvasculature contain relevant guid-
ance signals for NSC tropism toward malignant brain tumors 
(32,33). We have previously demonstrated that the secretion of 

Figure 5. In vivo migration of NSCs to GSCs improved survival. NSCs (labeled with Dio, green) and GSCs (labeled with Dil, red) were implanted stererotacti-
cally as unilateral (I.A) or bilateral (II.B) implant. (C and F) Implanted region of GSCs with no migrated NSCs from implanted region of NSCs (D and E) at 
the end of the first week after the xenografts. (G and H) Migrated NSCs around GSCs were detected in both unilateral and bilateral grafted mouse brains at the 
end of the second week. (I and J) Prolonged survivals in both unilateral and bilateral grafted mice, compared to the control group.
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VEGF and bFGF by GSCs was dramatically higher than that 
of differentiated tumor cells (27). Furthermore, considering 
that EGF, in addition to bFGF, is one of the key growth factors, 
which suppresses differentiation and enables the in vitro 
expansion of highly pure populations of stem cells (34-36), 
we further compared the distinct secretion of EGF by GSCs 
and their differentiated cells, which showed a similarly high 
secretion by GSCs. A concentration-dependent NSC migra-
tion elicited by these factors confirmed their critical roles in 
NSC tropism. These findings strongly suggested that GSCs 
might possess enhanced tropism for NSC compared with their 
differentiated counterparts.

Furthermore, we found that this growth factor-regulating 
NSC migration was dramatically upregulated by hypoxia, 
which was consistent with previous reports that hypoxia plays 
an important role in regulating NSC migration toward gliomas 
(29,37,38). Importantly, given the intratumoral hypoxic 
gradient in the tumor microenvironment, which may drive 
heterogeneous GSC distribution (39), NSCs could preferen-
tially target the GSC compartment in the tumor mass. Indeed, 
NSCs exhibited a robust mobility toward GSCs in vitro in 
a migration model compared to their differentiated cells. 
Importantly, our results showed that the preferential migration 
of NSCs to GSCs exhibited an antitumor effect. In vitro, a 
mixed culture of NSCs with GSCs resulted in a direct inhibi-
tion of GSC neurosphere growth. Such antitumor effects have 
been previously reported for both endogenous neural precursor 
cells (19) and exogenously added NSCs from newborn mice 
(16,18). Interestingly, our results demonstrated that co-culture 
with NSCs induced GSC differentiation, attenuated stem 
cell marker expression and reduced their self-renewal capa-
bility. Importantly, in vivo, the orthotopic xenografted NSCs 
prolonged the survival of the mice bearing xenografted GSCs. 
Consistently, it has been demonstrated that neural precursor 
cells may suppress the tumorigenicity of GSCs by releasing 
bone morphogenetic protein-7 (40). Taken together, NSCs 
exhibited preferential tropism to GSCs and reduced their 
stemness phenotypes.

Intracranially or intravenously injected genetically engi-
neered NSCs have been applied to eradicate the invasive 
tumor microsatellite and/or remnant tumor cells prior to their 
development into recurrent gliomas (17,41-43). Under the 
scenario of the GSCs model, our results introduce the potential 
strategy of applying exogenous NSCs to specifically target and 
reduce the most invasive and therapy-resistant tumor stem cell 
compartment, which can eventually result in tumor relapse. 
Thus, it would be interesting to further explore when and how 
the endogenous NSCs undergo this process and what could 
be the ultimate fate of the migrated NSCs when encountering 
their aberrant counterparts.
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