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A B S T R A C T

Recurrent glioblastomas are frequently found near subventricular zone (SVZ) areas of the brain where neural
stem cells (NSCs) reside, and glioblastoma-derived extracellular vesicles (EVs) are reported to play important
roles in tumour micro-environment, but the details are not clear. Here, we investigated the possibility that NSCs
are involved in glioblastoma relapse mediated by glioblastoma-derived EVs. We studied changes to NSCs by
adding glioblastoma-derived EVs into a culture system of NSCs, and found that NSCs differentiated into a type of
tumour-promoting cell. These transformed cells had distinguished proliferation activity, a high migration rate,
and clone-forming ability revealed by CCK-8, wound healing and soft agar clone formation assays, respectively.
In vivo assays indicated that these cells could accelerate tumour formation by Ln229 cells in nude mice.
Moreover, to explore the mechanisms underlying NSC transformation, single cell transcriptome sequencing was
performed; our results suggest that several key genes such as S100B, CXCL14, EFEMP1, SCRG1, GLIPR1, HMGA1
and CD44 and dysregulated signalling may be important for the transformation of NSCs. It is also indicated that
NSCs may be involved in glioblastoma recurrence through EV release by glioblastoma in this work. This could
help to illuminate the mechanism of glioblastoma relapse, which occurs in a brief period after surgical excision,
and contribute to finding new ways to treat this disease.

1. Introduction

Glioblastoma is one of the most common and aggressive cancers
found in central nervous system and has been classified as a Grade IV

astrocytic tumour with poor prognosis based on the WHO classification
[1]. Although the median life expectancy and 2-year survival rate for
glioblastoma patients have been improving [2], the 5-year overall
survival rate is still only 9.8%, even after combined treatments of
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concomitant adjuvant temozolomide and radiotherapy [3]. Neural stem
cells (NSCs) often reside in the subventricular zone (SVZ) of the adult
mammalian brain [4]; similarly, glioblastomas are frequently found to
originate from the same areas or nearby regions [5]. Researchers have
also discovered that many neural precursor cells migrate towards brain
tumours like glioblastomas [6], and thus, it is important to clarify
whether NSCs are involved in glioblastoma relapse.

Extracellular vesicles (EVs) including exosomes and micro-vesicles
are small vesicles secreted by almost all cells in the human body. There
has been a surge in literature that accentuates the unique role that EVs
play in mediating communications between cells [7–9]. Specifically,
they have been found in many tumours and are thought to be involved
in tumour angiogenesis [10], invasion [7], metastasis [9], recurrence,
and related drug resistance [11]. In glioblastomas, EVs participate in
the biogenesis of glioma, the modification of its micro-environment,
and disease progression; they could also be used as tumour biomarkers
for diagnosis and prognosis or as potential therapeutic targets/delivery
systems [12–18].

In this study, we show that EVs derived from glioblastoma alter the
phenotype and biological behaviours of NSCs in vitro, and that tumour
formation by Ln229 cells was enhanced by these transformed cells in
vivo. To investigate the potential mechanism underlying this process, a
single-cell transcriptome analysis, first applied in 2009 [19], was per-
formed. With this high-throughput technology, it is feasible to profile
thousands of cells simultaneously, and unbiased insights into the het-
erogeneity of single cells within the transformed population have been
obtained [20,21]. Here, different clusters within the transformed cells
were identified, a key group of differentially expressed genes was also
unveiled and analysed, and we found that dysregulated signalling took
place during this “stem to tumour-promoting” cell transformation.

2. Materials and methods

2.1. Cell culture

All studies were carried out in accordance with the Declaration of
Helsinki developed by The World Medical Association. All experiments
were approved by the ethic committee of Chinese PLA General Hospital.
The glioblastoma T0 cell line was established from a patient with re-
current glioblastoma (male). The WJ02 cell line was established from a
patient (male) with a seizure disorder during an epilepsy-focused re-
section. Both patients signed the complete informed consent forms
before their operations. The samples were minced and digested in a
digesting buffer (papain solution, 2mg/ml; L-cysteine, 0.36mg/ml;
DNAseⅠ, 50 μg/ml; Sigma) at 37 °C for 20min, and later filtered with
40-μm strainers (FALCON). The mixtures were then separated at 300×g
for 5min using a centrifuge (Thermo Scientific). After discarding the
supernatant, cells were suspended with Dulbecco's modified Eagle's
medium (DMEM, Corning) supplemented with a 10% foetal bovine
serum (FBS, MOREGATE), and the cells were maintained at 37 °C in a
5% CO2 incubator (Thermo Scientific).

The Ln229 cell line (glioblastoma, gifted by the Neurosurgery
Department of Tianjin General Hospital, Tianjin, China) was cultured in
DMEM supplemented with 10% FBS at 37 °C in a 5% CO2 incubator.

Neural stem cells [22] (NSCs, derived from a human embryo, 3
months of age, male; gifted by the Department of Cell Biology of
Xuanwu Hospital, Beijing, China) were cultured in NSC-medium com-
prised of neurobasal medium (Gibco, Life Tech) supplemented with B27
(20 μl/ml, Life Tech), recombinant human epidermal growth factor (Hu
EGF, 20 ng/ml; Life Tech), recombinant human fibroblast growth
factor-basic (FGFb, 20 ng/ml; Life Tech), penicillin streptomycin solu-
tion (penicillin, 100 U/ml; streptomycin, 100 μg/ml; Corning) and
GlutaMAX (10 μl/ml; Life Tech), at 37 °C in a 5% CO2 incubator.

The culture medium of the glioblastoma cell line or WJ02 cells was
discarded when glioblastoma cells grew to 80% confluency, which was
followed by three washes with a sterile phosphate buffered saline (PBS)

solution. Then, FBS-free DMEM was used for culture; after another 48 h,
the conditioned media (CM) was collected, centrifuged at 1000×g for
20min to remove the debris, and filtered with a 40-μm strainer. Then,
the media were stored at 4 °C or used as described.

NSCs were then maintained in NSC-medium with the addition of
EVs extracted from CM of Ln229 cells every 2 days at 37 °C in a 5% CO2

incubator for 6 weeks (EV concentration was 10 μg/ml). The resulting
cells were named NSC-Ln229ev cells.

2.2. Animals

All mouse work was performed in accordance with institutional,
IACUC, and AAALAS guidelines, under the animal protocol 0709-666A.
All animal studies were conducted following approval from the Animal
Care and Use Committee of Chinese PLA General Hospital. Six-week-old
BALB/c male nude mice (Beijing Vital River Laboratory Animal Tech)
were raised in pathogen-free devices, with sterile food and water sup-
plied. Ln229 cells (2× 106) alone or together with NSC-Ln229ev cells
(at a 4:1 cell ratio, 1.6× 106 Ln229 cells to 4×105 NSC-Ln229ev cells)
were suspended in 200 μl serum-free DMEM and then transplanted into
either the left or right flank of each mouse. Tumour formation was
monitored for 8 weeks, and then the mice were sacrificed. The tumours
were then excised, measured, and photographed.
Immunohistochemistry was performed to detect the presence of related
markers.

2.3. EV extraction

CM derived from Ln229 or WJ02 cells was treated as described
previously herein, followed by concentration with a centrifugal filter
(100 K, Millipore) at 4500×g for 20min using a centrifuge. EVs were
then extracted from the concentrated CM with the exo-Easy Maxi Kit
(QIAGEN, Hilden, Germany) according to the manufacturer's protocol.
The residual liquid derived from CM was named R-CM, and used for a
control group.

2.4. Transmission electron microscopy (TEM)

The freshly extracted EVs were fixed with 2% glutaraldehyde
(Sigma) and stored at 4 °C overnight. The mixture was then treated with
1% osmium tetroxide (Sigma), contrasted with 4% uranyl acetate
(Sigma) for 2min and picked up on copper thin bar 200-mesh grids, and
dehydrated with 100% ethanol. Samples were examined with a trans-
mission electron microscope (HT7700, Hitachi, Japan) at 80.0 kV.

2.5. EV particle size analysis

The freshly extracted EVs were prepared in PBS solution and added
to a disposable sample pool. The sample pool was examined by a
ZETASIZER Nano series-Nano-ZS (Malvern), and a total of five 60-s
frames was collected per trial using NTA software (Malvern) with auto-
detectable settings. The data from the five collections were averaged for
the distributional analysis of EVs in each trial.

2.6. EV surface marker analysis

The freshly-extracted EVs were washed with PBS solution once and
then incubated with anti-CD63-FITC (BD) and anti-CD81-FITC (BD)
antibodies separately in different containers at room temperature for
30min. One set of EVs were also incubated with PBS as a control group.
All samples were washed three times with PBS solution; then, samples
were detected with an Accuri C6 flow cytometer (BD).

2.7. Cell proliferation assay

The proliferation curves of cells were measured using Cell Counting
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Kit-8 (CCK-8, Dojido) according to the manufacturer's protocol.
Proliferation curves were produced using GraphPad Prism 5.

2.8. Soft agar clone formation assay

Approximately 1000 cells were plated in 1ml of culture medium
containing 0.3% (w/v) agar (Invitrogen) over a 1ml solid plug of cul-
ture medium with 0.7% (w/v) agar as the gelling agent in a 12-well
plate. Four weeks later, all formed clones in each well were photo-
graphed with a digital camera (Nikon D7200), and counted under a
phase-contrast microscope (Nikon Eclipse TS100).

2.9. Invasion assay

NSC-Ln229ev cell clones formed during the soft agar clone forma-
tion assay were maintained for another 12 weeks with the culture
media continuously replaced once per week. Digital camera images of
the clones were captured at the 8th and 16th week. The diameters of
clones at each time point were measured by Image J Software and
compared.

2.10. Wound-healing assay

Cells were harvested in 1ml of culture media and plated into 6-well
plates, reaching 100% confluency within 24 h. Each type of cell was
then plated in six-well dishes, and scratch lines were made with 200-μl
pipette tips. The culture medium was then replaced with FBS-free
DMEM medium, and cells were cultured for another 24 h. Digital
camera images were captured at 0 h and 24 h under a phase-contrast
microscope. Wound-healing areas for each type of cell were measured
using Image J software.

2.11. Transwell assay

Approximately 2×104 cells were plated into Cell Culture Inserts
(8 μm, 24-well Hanging inserts, Millipore) coated with Matrigel
(Corning, 300 μg/ml, 37 °C, 2 h), with the addition of 250 μl FBS-free
DMEM; 750 μl culture medium supplemented with 10% FBS was added
to in the bottom chamber. Cells were maintained for 24 h at 37 °C in a
5% CO2 incubator. Next, cells on the upper surface of inserts were
scraped away, and migrated cells on the lower surface were fixed and
stained with 0.05% crystal violet (Sigma) for 2 h at 37 °C. Images under
a phase-contrast microscope were captured with a digital camera.

2.12. Single-cell sequencing and data analysis

Cells were harvested and filtered with 40-μm strainers to form
single-cell suspensions. The single-cell RNA-seq libraries were gener-
ated with the Chromium Single Cell 3′ Reagent Kit (10×Genomics),
and the single-cell suspensions and real-time polymerase chain reaction
(RT-PCR) Master Mix were loaded together with Single Cell 3′ Gel
Beads and Partitioning Oil into a Single Cell 3′ chip (10×Genomics)
according to the manufacturer's protocol. RNA transcripts from single
cells were barcoded and reverse-transcribed within droplets, which was
followed by the construction of complementary DNA (cDNA) libraries
of single cells according to the manufacturer's protocol. All libraries
were quantified by Agilent2100 and real time quantitative PCR on an
ABI 7500 system (Life Tech). All single-cell libraries were sequenced on
an Illumina Novaseq system (Illumina), and the data was aligned and
quantified with Cell Ranger Single-Cell Software (10×Genomics,
version 2.0.2). The processed data were then loaded into Seurat soft-
ware for normalization, dimensionality reduction (t-distributed
Stochastic Neighbour Embedding, t-SNE), and downstream analysis.
The expression data from each cell were normalized to the sequencing
depth of 10,000 reads and log-transformed. After normalization, the
highly variable genes were identified using the Seurat

FindVariableGenes function. The cell clusters were identified using the
FindClusters algorithm and marker genes in each cluster were identified
using the FindAllMarkers function in Seurat with default parameters.
To identify the enriched pathways for genes in each cluster, KEGG
pathway analysis was performed using the R KEGGprofile package
(version 1.22.0).

2.13. Western blotting

Proteins (30 μg) from EVs and whole cell lysates were loaded on
NuPAGE 4–12% Bis-Tris Gel (Novex, Life Tech), which was followed by
electrophoresis using a Mini Gel Tank (Life Tech), and were then
transferred onto 0.45-μm polyvinylidene fluoride (Millipore) mem-
branes using a Mini Blot Module (Life Tech). The membranes were
blocked with 5% milk for 1 h at room temperature. After primary an-
tibodies were added, the membranes were incubated at 4 °C overnight.
The primary antibodies used were anti-CD9 (1:1000; Abcam ab92726),
anti-glyceraldehyde phosphate dehydrogenase (GAPDH, 1:1000;
Beyotime AG019), anti-glial fibrillary acidic protein (GFAP, 1:1000;
Abcam ab68428), and anti-sry related HMG box-2 (Sox-2, 1:1000;
Abcam ab92494). After three washes, the membranes were incubated
with the appropriate HRP-conjugated secondary antibodies (1:1000;
Beyotime A0208) at room temperature for 1 h. The membranes were
subjected to protein detection with a Chemiluminescence Kit (BeyoECL
Star, Beyotime) after another wash, and the blots were photographed
with a digital camera.

2.14. Immunocytochemistry

Cells were harvested and plated into 24-well plates on a cell culture
slide, which was left overnight. Then, cells were fixed with 4% paraf-
ormaldehyde (Sigma) at room temperature for 10min, followed by
incubation with primary antibodies at 4 °C overnight. The primary
antibodies used were as follows: anti-CD133 (1:200; Abcam ab222782),
anti-Sox2 (1:200; Abcam ab92494), anti-Nestin (1:200; Abcam
ab176571), anti-GFAP (1:200; Abcam ab68428), anti-CD68 (1:200;
Abcam ab213363), anti-NeuN (1:200; Abcam ab177487), and anti-
myelin oligodendrocyte glycoprotein (MOG, 1:200; Abcam ab109746).
After three washes, the slides were incubated with Alexa 488-con-
jugated secondary antibodies (1:1000; Abcam ab150077) for 1 h at
room temperature; then, another three washes were performed, fol-
lowed by incubation with 300 μl DAPI solution (10 μg/ml, Beyotime)
for 10min. Fluorescence microscope (Leica DM5000B) images of the
slides were captured using LAS AF software after three extra PBS wa-
shes.

2.15. Immunohistochemistry

Experimental animals were sacrificed after cells had been implanted
for 8 weeks; formed tumours were resected, fixed in 10% neutral buf-
fered formalin for 24 h, and later embedded in paraffin wax.
Haematoxylin-eosin (HE) staining and immunohistochemistry were
performed on 4-μm-thick serial sections. The sections were treated with
an automatic immunohistochemical device (Roche Benchmark GX)
according to the manufacturer's instructions. The primary antibodies
used included anti-GFAP (1:200; MXB Kit-0031), anti-Nestin (1:200;
Abcam ab176571), anti-Sox2 (1:200; Abcam ab92494), anti-S100
(1:200; MXB Kit-0007), anti-vimentin (1:200; MXB Kit-0019), and anti-
Ki67 (1:200; MXB Kit-0005). The sections were photographed under a
microscope.

2.16. Statistical analysis

Independent experiments were performed in triplicate for all studies
except for single cell sequencing (performed once). Error bars from
graphical data represent mean ± standard deviation (SD). Two-tailed
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Student's t-tests were performed, and a P-value less than 0.05 was
considered statistically significant. Statistical analyses were performed
with SPSS 19.0 software.

3. Results

3.1. Identification of EVs extracted from the culture medium of glioblastoma
cells

With an exo-Easy Maxi kit, a considerable quantity of EVs were
harvested and the TEM results revealed their successful extraction
(Fig. 1A). The particle sizes and their relevant distributions were ana-
lysed by a ZETASIZER Nano series-Nano-ZS; average sizes ranged from
55 to 99 nm, and the distribution is shown in Fig. 1B. Surface markers
of EVs were identified by flow cytometry, and CD63 and CD81 were
positively expressed in EVs derived from glioblastoma cells (Fig. 1C).
Other EV markers such as CD9 and GAPDH were also detected by
western-blotting (Fig. 1D).

3.2. Differentiation of NSCs induced by EVs from Ln229 cells

The EVs and CM derived from Ln229 cells were then respectively
added to the culture medium of NSCs. After 6 weeks, a majority of the
NSC spheres in these two groups adhered to the agar surface of flasks
and differentiated into spindle cells. Those spindle cells migrated to-
wards surrounding areas, adhering to one another by cellular processes,

as shown in Fig. 2A (A–F), whereas this did not occur in control groups
(Fig. 2A, G–R). The differentiated spindle cells were named either NSC-
Ln229ev or NSC-Ln229CM based on whether EVs or CM from
Ln229 cells were added. Neural cell markers were examined both before
and after the addition of EVs into the culture medium. Expression of
NSC markers like CD133, Sox2, and Nestin [23] was positive (Fig. 2B),
whereas that of differentiated cell markers such as GFAP, CD68, NeuN,
and MOG [23] was negative (see Supplementary Information Fig. S1)
prior to EV addition. After the differentiation of NSCs into spindle cells
upon the addition of EVs, CD133 expression was negative, with Sox2
and Nestin expression remaining positive (Fig. 2C). GFAP and NeuN
expression was positive, while CD68 and MOG expression was still
negative in NSC-Ln229ev cells (Fig. 2D).

3.3. Malignant capacity of NSC-Ln229ev cells

The proliferative activity of NSC-Ln229ev cells was assessed using a
CCK-8 Kit. Differentiated cells proliferated more rapidly than NSCs,
whereas the proliferation rates of NSC-Ln229ev and Ln229 cells were
similar (Fig. 3A). Based on Ki67 expression assays, the positive ex-
pression rate of Ki67 in spindle cells was higher compared to that in
NSCs (Fig. 3B), and the difference was statistically significant
(P < 0.001, Fig. 3C). Regarding soft agar assays, clones formed by
NSC-Ln229ev cells were observed (Fig. 3D), but there were no clones
formed by NSCs (Fig. 3D and E).

Fig. 1. Identification of EVs derived from Ln229 cells. (A) TEM images of extracted EVs from Ln229 cells. Magnification 40.0 K× . Scale bar, 200 nm (left).
Magnification 200.0 K× . Scale bar, 20 nm (right). (B) Particle size analysis showed the size distribution of EVs from Ln229 cells. (C) Surface marker analysis of EVs
from Ln229 cells, with CD63 and CD81 positively expressed. (D) Western blotting analysis of CD9, GAPDH, GFAP, and Sox2 in cell lysates and EVs. Proteins (30 μg)
from EVs or whole cell lysates were loaded. Sox2 and GFAP were negative controls.
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3.4. Migration and invasion ability of NSC-Ln229ev cells

To assess the migration and invasion ability of NSC-Ln229ev cells,
several assays were performed. Results of wound-healing assays showed
that NSC-Ln229ev cells migrated towards the wound areas as quickly as
Ln229 cells (Fig. 4A), and there were no significant differences in re-
covery rates between the two groups (Fig. 4B, P > 0.05). The clones
formed by soft agar assays were cultured for another 12 weeks, and the
expansion of NSC-Ln229ev cells towards surrounding areas was obvious

(Fig. 4C), with clones of Ln229 cells serving as the positive control. The
invaded areas of NSC-Ln229ev cell clones at the 8th and the 16th week
were measured and compared, and the difference was statistically sig-
nificant (Fig. 4D, P < 0.01). Moreover, transwell assays were per-
formed, and many NSC-Ln229ev cells successfully moved across the
Matrigel-treated membrane after 24 h of culture in the upper chamber
(Fig. 4E). In contrast, very few NSCs passed through the membrane
(Fig. 4F, P < 0.01).

Fig. 2. Induction of NSCs by EVs derived from
glioblastoma cells. (A) NSCs differentiated in the
presence of EVs or CM derived from GBM cells (A–F),
whereas in four control groups, NSCs showed no
changes after 6 weeks (G–R). D-F, NSCs were cultured
in a mixture medium, the proportion of NSC-medium
to CM was 1:1. G-I, NSCs were maintained in the NSC-
medium with addition of EVs from WJ02 cells (normal
astrocytes), EVs concentration was 10 μg/ml. J-L,
NSCs were cultured in the NSC-medium supplemented
with an equal volum of FBS-free DMEM. M−O, NSCs
were cultured in the NSC-medium supplemented with
an equal volum of R-CM, R-CM was the residual liquid
of CM, from which EVs had been extracted. P-R, NSCs
were maintained in the NSC-medium with nothing
else added. Magnification 20×, Scale bars,
10 μm (A,C,D,F,G,I,J,L,M,O,P,R). Magnification 4×,
Scale bars, 50 μm (B,E,H,K,N,Q). (B) Stem cell markers
were positively expressed in NSCs including CD133,
Nestin, and Sox2. Magnification 20×, Scale bars,
50 μm (A–I). Nuclei were stained with DAPI. (C)
CD133 showed negetively expressed in NSC-Ln229ev
cells (A–C), while Nestin and Sox2 were still positive
(D–I), Magnification 10×, Scale bars, 100 μm (A–C).
Magnification 40×, Scale bars, 25 μm (D–I). Nuclei
were stained with DAPI. (D) NSC-Ln229ev cells
showed different expression patterns, with positively
expressed GFAP and NeuN (A–F), and negatively ex-
pressed MOG and CD68 (G–L). Magnification 40×,
Scale bars, 25 μm (A–F). Magnification 10×, Scale
bars, 100 μm (G–L). Nuclei were stained with DAPI.

Fig. 3. Proliferation and clone formation of NSC-
Ln229ev cells. (A) The proliferation curve showed
that there were no significant differences between
Ln229 and NSC-Ln229ev cells in proliferation rates
(P > 0.05), whereas the differences between NSCs
and NSC-Ln229ev cells were significant (P < 0.05).
Data are the means ± standard deviation (SD) of
three experiments, Student's t –test. (B) Expression of
Ki67 were detected in Ln229 cells, NSC-Ln229ev
cells, and NSCs. Magnification 10×, Scale bars,
100 μm (A–I). Nuclei were stained with DAPI. (C)
Ki67 positive cells of five fields for each cell line
were numbered and compared. There were no sig-
nificant differences between Ln229 and NSC-
Ln229ev cells in Ki67 expression rates, the average
percentage of Ki67 positive cells per field in NSCs
decreased significantly. Data are the means ± SD of
three experiments, Student's t –test, ***P < 0.001.
(D) Clone formation was observed both in Ln229 and
NSC-Ln229ev cells in soft agar assay, and there was
no clone formation in NSCs. Magnification 20×,
Scale bars, 100 μm (A–C). (E) All formed clones of
five wells for each cell line were numbered and
compared. The differences between Ln229 and NSC-
Ln229ev cells in clone formation were significant. No
clone was found in NSCs. Data are the means ± SD
of three experiments, Student's t –test,
***P < 0.001.
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3.5. Enhancement of tumour-forming ability in nude mice by co-
transplantation with NSC-Ln229ev and Ln229 cells

The tumour formation ability of NSC-Ln229ev cells in nude mice was
examined, and no masses were observed in any of the NSC-Ln229ev-
transplanted nude mice (see Supplementary Information Fig. S2). In con-
trast, the co-transplantation of NSC-Ln229ev and Ln229 cells resulted in an
increase in tumour mass compared to that yielded from Ln229 cells alone,
and the outcomes are displayed in Fig. 5A (A–H). Tumour sizes were
measured and the differences in their volumes were statistically significant
(P < 0.001, Fig. 5B). Histochemistry was then performed, and the results
are displayed in Fig. 5C. The expression of GFAP, vimentin, and S100
confirmed the origin of these tumours. Further, there were no differences
between the two groups in terms of the expression level of these three
markers (Fig. 5D, P > 0.05). The average number of mitotic cells per high-
power field in the co-transplant group was significantly higher than that
with Ln229 cells alone (Fig. 5E, P < 0.01). Sox2 and Nestin, markers of
stem cells, were positive in both groups (Fig. 5F). However, whereas there
was no differences between the two groups in terms of the level of Nestin
(Fig. 5D, P > 0.05), the average percentage of Sox2-positive cells in the
co-transplant group was significantly higher than that in the group trans-
planted with Ln229 cells alone (Fig. 5G, P < 0.001); a similar pattern was
also found for Ki67 expression (Fig. 5H, P < 0.001).

3.6. Single-cell sequencing reveals the heterogeneity of NSC-Ln229ev cells

As we found that NSC-Ln229ev cells were tumour-promoting or
glioma-like cells, single-cell transcriptome sequencing was performed
to uncover the details related to this transformation. NSC-Ln229ev cells
were prepared for single-cell sequencing, with T0 cells and NSCs as
positive and negative controls, respectively. Based on the transcriptome
data set, NSC-Ln229ev cells were subdivided into clusters 0–8 using t-
SNE analysis (Fig. 6A). Cell numbers for each cluster are displayed in
Fig. 6B. Different clusters were classified by differentially expressed
genes, and the results are shown by a heat-map (Fig. 6C). Each cluster
had an exclusive pattern of gene expression, and the enriched biological
processes associated with each cluster were identified by Gene On-
cology analysis (Fig. 6C). For example, genes encoding proteins in-
volved in cell cycle and DNA replication were highly expressed in
cluster 3, whereas in cluster 1, most genes were mainly involved in the
immune response. Similar results were obtained for T0 cells derived
from a relapsed glioblastoma tumour, and 11 sub-clusters of T0 cells
were obtained (see Supplementary information Table S1). Marker genes
in each cluster were also found by the FindAllMarkers function in
Seurat with default parameters. The expression maps of marker genes in
each cluster from NSC-Ln229ev cells are shown in Fig. 6D.

Fig. 4. Migration and invasion ability of NSC-Ln229ev cells. (A) In wound-healing assay, the wound areas recovered almost at the same rate both in Ln229 and NSC-
Ln229ev cells during 24 h. Magnification 20×, Scale bars, 100 μm (A–D). (B) Wound-healing areas in five high-power fields for each cell line were calculated and
compared. There were no significant differences between NSC-Ln229ev and Ln229 cells in terms of recovery percentage in wound-healing assays (P > 0.05). Data
are the means ± SD of three experiments, Student's t –test. (C) In clone formation assays, NSC-Ln229ev cells formed clones were maintained for another 12 weeks,
and the invaded areas increased obviously compared to the clones at 8th week, with clones of Ln229 cells as positive control. Magnification 20×, Scale bars, 100 μm
(A–C). (D) Invaded areas of five clones formed by NSC-Ln229ev cells at 8th week and 16th week were calculated and compared. There were significant differences
between these two groups in terms of invaded areas. The differences between Ln229 and NSC-Ln229ev cells in terms of invaded areas at 8th week were also
significant. Data are the means ± SD of three experiments, Student's t –test, ***P < 0.001, **P < 0.01. (E) A number of NSC-Ln229ev and Ln229 cells went
through the matrigel treated membranes in transwell assays, and very few NSCs completed this, Magnification 20×, Scale bars, 100 μm (A–C). (F) Migrated cells of
five high-power fields for each cell line were numbered and compared. There were significant differences between NSC-Ln229ev and NSCs in terms of average
migrated cells per high-power field. Also there were significant differences between NSC-Ln229ev and Ln229 cells. Data are the means ± SD of three experiments,
Student's t –test, ***P < 0.001, **P < 0.01.
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Fig. 5. Tumour formation ability was enhanced by co-transplantation in nude mice. (A) Ln229 cells together with NSC-Ln229ev cells or alone were injected into the
right or left flanks of nude mice (n= 5), the tumour size in the right flanks of nude mice was larger than that in the left, as shown in A-H, L indicates left, R indicates
right, 1–5 indicate five different mice. (B) Each tumour volume was calculated and compared, there were significant differences in terms of tumour volume between
these two groups. Data are the means ± SD of three experiments, Student's t –test, ***P < 0.001. (C) HE staining and histochemistry were performed, mitotic
figures were indicated in HE staining. The GFAP, S-100 and vimentin were all positive in both groups. Magnification 40×, Scale bars, 50 μm (A–H). (D) There were
no differences between these two groups in expression level of Nestin, GFAP, S-100 and vimentin. Data are the means ± SD of three experiments, Student's t –test,
P > 0.05. (E) Mitotic figures of five high-power fields were numbered in both groups and compared, and the differences were significant. Data are the means ± SD
of three experiments, Student's t –test, **P < 0.01. (F) Ki67, Sox2 and Nestin were all positive in both groups. Magnification 40×, Scale bars, 50 μm (A–F). (G) Ki67
positive cells of five high-power fields in both groups were calculated and compared, there were significant differences between these two groups in terms of Ki67
expression rates. Data are the means ± SD of three experiments, Student's t –test, ***P < 0.001. (H) Sox2 positive cells of five high-power fields in both groups were
numbered and compared, there were significant differences between these two groups in average Sox2 positive cells. Data are the means ± SD of three experiments,
Student's t –test, ***P < 0.001.
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3.7. Single-cell sequencing reveals a glioma-related cluster in NSC-Ln229ev
cells

To determine which cluster from NSC-Ln229ev cells was more re-
lated to glioma, maker genes for each cluster were identified (see
Supplementary information Table S2), and a gene panel comprising
glioma-, CSC-, and NSC-related marker genes was established based on
previous research (see Supplementary information Table S3) [23–28].
Genes in the panel were all searched in the marker gene list of clusters
0–8. Finally, cluster 8 was found to express more of these panel genes
than any other cluster. Genes upregulated in gliomas and cancer stem
cells were enriched in cluster 8. This result indicates that cluster 8
might be responsible for the malignancy of NSC-Ln229ev cells and
could represent cancer stem cells. Weighted gene co-expression net-
work analysis (WGCNA) was thus performed for cluster 8. S100B,
CXCL14, EFEMP1, and SCRG1 were identified in the core of the network
(Fig. 7A). Further, the expression status of these four genes and several
other glioma-related genes was explored, and results are displayed by a
violin plot in Fig. 7B. CXCL14, EFEMP1, and SCRG1 were almost ex-
clusively expressed in cluster 8, and the expression levels of glioma-
related genes S100B, FABP7, and GFAP were also much higher in
cluster 8 than in other clusters. The expression status of CXCL14,
EFEMP1, SCRG1, S100B, FABP7, and GFAP in NSCs was also explored

(Fig. 7C). NSCs did not express EFEMP1 and GFAP, in NSCs, and the
levels of CXCL14 and SCRG1 in NSCs were similar in different clusters.
These results indicate that CXCL14, EFEMP1, SCRG1, and S100B might
be important for the transformation of NSCs into NSC-Ln229ev cells.

MELK and VIM are markers of NSCs [28], whereas PTN and PTPRZ1
are indicators of cancer stem cells (CSCs) (Fig. 7B) [24]; almost all of
these were highly expressed in cluster 8 NSC-Ln229ev cells. KEGG
analyses were then performed to verify whether signalling pathways
had been altered during the transformation of NSCs into NSC-Ln229ev
cells. Genes from the peroxisome proliferator-activated receptor (PPAR)
pathway were enriched in cluster 8 of NSC-Ln229ev cells based on
KEGG analysis (Fig. 7D), whereas in NSCs, genes from the P53/MAPK/
Toll-like receptor/NOD-like receptor signalling pathways were enriched
(Fig. 7E). PPAR signalling is involved in inflammation, and oxidative
stress, and plays a crucial role in a variety of cancers including glio-
blastoma, breast, pancreatic, leukaemia, and prostate tumours.

3.8. Joint t-SNE analysis reveals a unique cell cluster

To clarify the evolution of NSCs into NSC-Ln229ev cells, joint t-SNE
analysis was performed with the transcriptome data set of NSCs and
NSC-Ln229ev cells (Fig. 8A), and clusters 0–12 were identified. Cell
numbers of each cluster are displayed in Fig. 8B. Interestingly, there

Fig. 6. Single cell RNAseq analysis of NSC-Ln229ev cells. (A) Seurat clustering analysis identified nine sub-clusters (0–8) in NSC-Ln229ev cells shown in a t-SNE map,
each dot represents one cell, and different colours denote different clusters. (B) Cell number for each cluster in NSC-Ln229ev cells were shown. (C) Top 10
differentially expressed genes for each cluster were shown in a heatmap, and the representative enriched items of Gene Oncology analysis for each cluster were
displayed together. (D) Representative marker genes for each cluster were shown in t-SNE maps, each dot represents one cell, red colour indicates high expression.
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were only 62 NSC-Ln229ev cells in cluster 11, with no cells from NSCs;
this result suggests that cluster 11 can best represent the transformation
of NSCs into NSC-Ln229ev cells. Further exploration of cluster 11 re-
vealed a list of marker genes with GFAP, GLIPR1, CXCL14, EFEMP1,
HMGA1, and CD44 included; the expression maps of several marker
genes are depicted in Fig. 8C.

4. Discussion

EVs have been proven to play an important role in cell communication,
particularly in the field of oncology [29]. A truncated and oncogenic form
of the epidermal growth factor receptor (EGFRvIII), often expressed by
gliomas, were transferred to EGFRvIII-negative cancer cells by micro-
vesicles derived from glioma cells, leading to the activation of signalling
pathways and transformation [30]. Meanwhile, mRNA, microRNA, and
angiogenic proteins contained in microvesicles (exosomes) released by
glioblastoma cells can be delivered to normal host cells, leading to tubule
formation with endothelial cells; moreover, glioblastoma microvesicles are
thought to stimulate the proliferation of human glioma cell lines [12].
Together, it has been concluded that EVs derived from gliomas are involved
in tumour cell proliferation, invasion, malignancy, evasion of apoptosis,
and resistance to immune and therapeutic agents [31].

Previous studies have been focused on the origin and molecular
characteristics of glioblastomas for decades, and four subtypes have
been classified based on the results of population sequencing analyses
of hundreds of glioblastoma samples [25,32]. However, this is still re-
latively unclear. An integrated genomic analysis showed that glio-
blastoma exhibits extensive intra-tumour heterogeneity, with different
subtypes incorporated into the same tumour and that clone evolution
can be established within the tumour [33]. Therefore, there is a
pressing need for new ways to determine the exact molecular char-
acteristics of glioblastomas. Single-cell sequencing has been proven as a
successful method to investigate comprehensive intra-tumour hetero-
geneity and tumour evolution [34,35], and we used this method to
clarify the transformation of NSCs into tumour-promoting cells in this
work.

In this research, an in vitro glioblastoma-relapse environment was
mimicked by adding EVs derived from glioblastoma cell lines to the
culture medium of NSCs. Changes in the expression pattern of neural
cell markers indicated the differentiation of NSCs towards astrocytic
and neurocytic cells, based on GFAP and NeuN, which are considered
respective markers of these types. However, NSC-Ln229ev cells might
still possess some properties unique to stem cells, as the stem cell
markers Nestin and Sox2 were still positive. Other researchers have

Fig. 7. Analysis of cluster 8 of NSC-Ln229ev cells. (A) WGCNA analysis of cluster 8 in NSC-Ln229ev cells were performed, and four genes were found at core of this
gene co-expression network containing CXCL14, EFEMP1, S100B, and SCRG1. (B) Expression status of key genes for each cluster in NSC-Ln229ev cells were shown in
a violin plot. Different colours denote different clusters. Y-axis indicates log-scaled expression level, X-axis indicates sub-clusters in NSC-Ln229ev cells. (C) Expression
status of key genes for each cluster in NSCs were shown in a violin plot. Different colours denote different clusters. Y-axis indicates log-scaled expression level, X-axis
indicates sub-clusters in NSC-Ln229ev cells. (D) Enriched signalling pathways were identified by KEGG analysis within cluster 8 of NSC-Ln229ev cells. (E) Enriched
signalling pathways were identified by KEGG analysis within NSCs.

J. Wang, et al. Cancer Letters 466 (2019) 1–12

9



found that transducing oncogenic lentiviral vectors into NSCs, astro-
cytes, and neurons in the brains of mice can give rise to gliomas with
high stem cell marker expression [36]. Another study has also found
that silencing SOX2 in glioblastoma tumour-initiating cells can halt cell
proliferation, resulting in a loss of tumorigenicity [37]. Therefore, the
positive expression of stem cell markers might be a characteristic of
some glioma cells. In addition to changes in marker expression, NSCs
differentiated into cells with enhanced capacity to proliferate, form
clones, and migrate, and most importantly, these transformed cells
were able to promote glioblastoma formation in vivo after co-trans-
plantation with Ln229 cells. Together, these results proved that EVs
from glioblastoma cells can transfer information to NSCs, resulting in
the neoplastic transformation of the latter cell type in vitro. It has been
reported that NSCs reside in SVZ areas [4], and recurrent glioblastomas
are often found in white matter adjacent to these regions [5]. Therefore,
NSCs probably participate in the recurrence of glioblastomas, during
which malignant signals might be transferred by EVs. Furthermore,
previous studies have found facts that human neural stem cells migrate
towards intracranial glioma [38] or gliomas in vitro [39], and these
cells distribute themselves extensively throughout the tumour bed and
aggressively advance tumorigenesis [40]. Our results also indicate that
NSC-Ln229ev cells can increase the proportion of cells with char-
acteristics of cancer stem cells in xenografts, which could be the un-
derlying reason as to why tumours in the co-transplanted group were
much larger than those formed after the transplantation of Ln229 cells
alone. NSC-Ln229ev cells alone were also subcutaneously transplanted
into immunodeficient mice and failed to form tumours. There might be
two causes for this. First, the in vivo GBM-relapsing environment was
quite different from the conditions utilized in our experiments; second,

NSC-Ln229ev cells alone might not be sufficient for tumour formation,
and a particular microenvironment that consists of many types of tu-
mour-associated cells could be required.

The transformed cells were further analysed by single-cell tran-
scriptome sequencing to identify alterations at the transcriptional level,
and the results demonstrated vast heterogeneity among the transformed
glioma-like cells, as is the case for glioblastomas [33]. Cluster 8 of NSC-
Ln229ev cells was identified as glioma CSCs based on the positive ex-
pression of an increased number of glioma-related genes, as compared
to that in other clusters, such as PTPRZ1, GFAP, and FABP7. By WGCNA
analysis, several key genes were found in cluster 8, including S100B,
CXCL14, EFEMP1, and SCRG1, and these genes showed a specific ex-
pression pattern compared to that in other clusters based on a violin
plot. Among these genes, S100B is a member of Ca2+-binding protein
family and is expressed in most gliomas; further, researchers have
found that S100B promotes glioma growth via tumour-associated
macrophages [41] and the suppression of S100B inhibits glioma growth
[42]. CXCL14 is a divergent member of the CXC chemokine family,
which has a wide range of biological activities. It has been reported that
gliomas attract microglia and polarize them into tumour-supporting
cells by inducing several genes including CXCL14 [43]. EFEMP1 was
reported to bind epidermal growth factor receptor and activate down-
stream signalling pathways and another study discovered that miR-
338–5p suppresses the proliferation, migration, and invasion of GBM
cells by targeting EFEMP1 [44]. SCRG1 is induced in transmissible
spongiform encephalopathies and brain injuries and is associated with
autophagy [45]. Another group discovered that SCRG1 participates in
the self-renewal, differentiation, and migration of mesenchymal stem
cells [46]. Our results suggest these genes might also play an important

Fig. 8. Joint t-SNE analysis of NSCs and NSC-Ln229ev cells. (A) Joint t-SNE analysis identified thirteen sub-clusters (0-12) in NSC-Ln229ev cells and NSCs shown in a
t-SNE map, blue colour denotes NSC-Ln229ev cells and green colour denotes NSCs (left), different colours denote different clusters (right). Each dot represents one
cell. (B) Cell number for each cluster in NSC-Ln229ev cells and NSCs were displayed, blue colour denotes NSC-Ln229ev cells and green colour denotes NSCs. (C)
Representative marker genes for cluster 11 in joint t-analysis of NSC-Ln229ev cells and NSCs were shown in t-SNE maps, each dot represents one cell, red colour
indicates high expression. Blue arrow points to cluster 11.
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role in the transformation of NSCs into glioma-like cells. Furthermore,
results of joint t-SNE analysis of NSCs and NSC-Ln229ev cells identified
a unique cluster, with 62 cells, exclusively from NSC-Ln229ev cells;
thus the further exploration of these 62 cells could unveil the route of
NSC transformation into NSC-Ln229ev cells. We also obtained a list of
marker genes in this cluster containing GFAP, GLIPR1, CXCL14,
EFEMP1, HMGA1, and CD44. It has been reported that GLIPR1 is
overexpressed in gliomas and regulates the growth, survival, and in-
vasion of glioma cells [47]. Silencing HMGA1 in glioblastoma stem cells
can reduce stemness and temozolomide resistance [48]. Moreover,
CD44 is involved in glioma survival and migration [49]. Our results
imply that these genes might also be important for the transformation
of NSCs into NSC-Ln229ev cells.

Interestingly, a redirection of signalling pathways was also sug-
gested to occur during EV-induced NSC transformation. PPARs, mem-
bers of the steroid hormone receptor superfamily, are involved in en-
ergy metabolism, including PPARα, PPARβ/δ, and PPARγ. PPARα was
reported to be abundant in glioblastoma and a potential therapeutic
target for this disease. Researchers have also found that a PPARα an-
tagonist results in the induction of cell death, an increase in radio-
sensitivity, and a decrease in migration among glioblastoma primary
cells [50]. Interestingly, PPARγ is downregulated in gliomas and its
activation inhibits various signalling cascades such as the JAK/STAT,
WNT/β-catenin, and PI3K/Akt pathways, leading to reduced tumour
growth, cell proliferation, and cell invasiveness [51]. Accordingly,
whether glioma progresses might be dependent on the activation status
of PPARα or PPARγ. Here, our results indicate that the activation of
PPAR signalling might be involved in the transformation of NSCs into
NSC-Ln229ev cells, and the PPAR pathway could thus be a potential
therapeutic target for recurrent glioblastoma patients.

In conclusion, our results demonstrated the transformation of NSCs
into tumour-promoting cells in vitro, which was induced by EVs derived
from glioblastoma cells; we also suggest that this could be involved in
glioblastoma relapse. During this transformation process, several key
genes and possibly related signalling pathways were identified, which
could represent novel therapeutic targets for recurrent glioblastomas.
These results also imply a new strategy for treating glioblastoma pa-
tients, specifically the pre-processing of cells in the SVZ after surgical
procedures to prevent or delay the disease recurrence.
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