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Neural stem cells (NSCs) play crucial roles in neurological disorders and

tissue injury repair through exerting paracrine effects. However, the effects

of NSC-derived factors on glioma progression remain unclear. This study

aimed to evaluate the effects of human NSC-conditioned medium (NSC-

CM) on the behaviour of glioma cells using an in vitro co-culture system.

Cell counting kit-8 and 5-ethynyl-20-deoxyuridine assays revealed that

NSC-CM inhibited glioma cell proliferation and growth in a fetal bovine

serum (FBS)-independent manner. In addition, our wound-healing assay

demonstrated that NSC-CM repressed glioma cell migration, while results

from transwell and 3D spheroid invasion assays indicated that NSC-CM

also reduced the invasion capacity of glioma cells. Flow cytometry showed

that NSC-CM prevented cell cycle progression from the G1 to S phase and

promoted apoptosis. Western blotting was used to show that the expression

of Wnt/b-catenin pathway-related proteins, including b-catenin, c-Myc,

cyclin D1, CD44 and Met, was remarkably decreased in NSC-CM-treated

glioma cells. Furthermore, the addition of a Wnt/b-catenin pathway activa-

tor, CHIR99021, significantly induced the expression of b-catenin and Met

and increased the proliferative and invasive capabilities of control medium-

treated glioma cells but not those of NSC-CM-treated glioma cells. The

use of enzyme-linked immunosorbent assays (ELISA) revealed the secretion

of some antitumour factors in human and rat NSCs, including interferon-a
and dickkopf-1. Our data suggest that NSC-CM partially inhibits glioma

cell progression by downregulating Wnt/b-catenin signalling. This study

may serve as a basis for developing future antiglioma therapies based on

NSC derivatives.
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Introduction

Neural stem cells (NSCs) are multipotent cells with

strong self-renewal capacities and the potential to dif-

ferentiate into neurons, astrocytes and oligodendrocytes

[1]. NSCs can replace injured cells, repair tissues and

regulate neurological disorders such as neural injury,

ischaemic stroke, brain inflammation and neurodegen-

erative diseases via their paracrine activities [2–4]. NSC-

derived factors possess anti-inflammatory potential [5–
7] and reduce inflammatory cytokine expression in acti-

vated macrophages and injured spinal cord tissues [8].

NSC-conditioned medium (NSC-CM) protects neurons

and promotes propriospinal neurons to undergo neural

circuit reconnection following spinal cord injury [9].

However, whether human NSC-derived factors can reg-

ulate cancer progression remains unclear.

Gliomas are a group of cancers derived from alter-

ations in NSCs, neural progenitor cells (NPCs), astro-

cytes and oligodendrocytes, generating astrocytomas

(grade 2, 3, or 4), oligodendrogliomas (grade 2 or 3)

and glioblastomas (grade 4) [10]. Glioblastoma is a

highly malignant subtype with high rates of cell divi-

sion and invasion and is associated with high recur-

rence and low 5-year survival rates [11]. Some types of

stem cells release secretome- and exosome-mediated

paracrine factors, which may greatly improve the effec-

tiveness of current treatment strategies for glioblas-

toma [12]. For example, neural stem-like cells

generated from adult bone marrow can track migra-

tory glioma cells and deliver IL-23 in situ, which

induces tumour-specific antitumour activity [13]. Mes-

enchymal stem cell (MSC)-secreted exosomes display

antiglioma activity by regulating the PTENP1/miR-

10a-5p/PTEN pathway [14]. Human induced NSCs

possess tumour-homing capacity and deliver therapeu-

tic transgenes to inhibit the glioblastoma progression

[15]. Therefore, NSCs can be used as vehicles to selec-

tively deliver various anticancer agents to tumour sites

[15,16]. However, NSCs can also reportedly accelerate

tumour formation, based on observations in the Ln229

glioblastoma cell line in nude mice [2]. MSCs from dif-

ferent sources can promote or suppress the growth of

glioma cells under different conditions [17]. MSC-

conditioned medium impacts cell growth and the

malignant progression of various types of cancers [18–
20]. However, the effects of human NSC derivatives

on glioma progression have not yet been elucidated.

The Wnt/b-catenin pathway plays a critical role in

malignant transformation and cancer progression [21].

b-catenin is upregulated in various human cancers

such as liver cancers [22] and gliomas [23]. Abnormal

Wnt/b-catenin signalling promotes cell proliferation

and invasion and represses apoptosis during glioma

development [24–26]. Inhibiting the effects of abnor-

mal Wnt/b-catenin signalling may be a vital step in

preventing glioma progression. Rat embryonic neural

stem/progenitor cell (NSC/NPC)-conditioned medium

inhibits U87 cell growth and invasion by downregulat-

ing b-catenin expression [27]. However, the effects of

human NSC-CM on glioma cell progression remain

unclear.

The aim of the present study was to investigate the

effects of human NSC-CM on different malignant gli-

oma cell lines via an in vitro co-culture system and to

identify whether human NSC derivatives can regulate

glioma cell progression through the Wnt/b-catenin
pathway. The results of the present study provide a

foundation for the future development of human

NSC-derived factor-based therapies for the targeted

clinical treatment of gliomas.

Materials and methods

Cell culture

Hs683 cells (American Type Culture Collection, Manassas,

VA, USA) and U87 cells (Shanghai HuicH Biotech Co.,

Ltd., Shanghai, China) were cultured in Dulbecco’s Modified

Eagle Medium (Gibco, Carlsbad, CA, USA) supplemented

with 10% FBS (Gibco) and 1% penicillin–streptomycin (P/

S) (Gibco). T98G cells (American Type Culture Collection)

were cultured in Minimum Essential Medium (Gibco) sup-

plemented with 10% FBS and 1% P/S. Human NSCs were

isolated from the hippocampi of abortive foetuses and cul-

tured in vitro in our laboratory in compliance with the Dec-

laration of Helsinki and local ethical committees. The

stemness features of the NSCs were identified by immunos-

taining them with antibodies against Sox2, Nestin,

microtubule-associated protein 2, glial fibrillary acidic pro-

tein and myelin basic protein as described previously [28].

Briefly, abortive foetuses were collected at 6–12 weeks of

pregnancy. Fetal hippocampal tissue was separated, cut into

small pieces and rinsed several times with precooled com-

plete medium. NSCs isolated from the hippocampal tissues

were cultured in Fetal Neural Stem Cell Complete Culture

Medium (Cyagen Biosciences Inc., Guangzhou, China). In

our previous study, normal rat embryonic NSCs were

obtained and cultured, and their viability, self-renewal, pro-

liferation and differentiation capacities were determined [29].

The rat NSCs were cultured in Dulbecco’s Modified Eagle

Medium/Nutrient Mixture F12 (Gibco) supplemented with

mitogenic factors [20 ng�mL�1 EGF (Gibco) and bFGF

(Gibco)] to form neurospheres. To investigate whether FBS

supplementation affects the inhibitory effect of NSC-CM on

glioma cell growth, we cultured glioma cells in NSC-CM

and control medium supplemented with different ratios
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Fig. 1. NSC-CM inhibits glioma cell proliferation in an FBS-independent manner. Growth curves of Hs683, U87 and T98G cell lines treated

with (A) NSC-CM and control medium, (B) NSC-CM and control medium supplemented with 10% FBS, (C) NSC-CM and control medium

supplemented with 5% FBS, or (D) NSC-CM and control medium supplemented with 1% FBS. NSC-CM refers to neural stem cell-

conditioned medium. Control medium refers to fresh medium for the NSCs. All data are presented as the means � SD; n = 3; Student’s t-

tests. *P < 0.05; **P < 0.001. FBS, fetal bovine serum; NSC-CM, neural stem cell-conditioned medium; SD, standard deviation.
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Fig. 2. NSC-CM reduces glioma cell proliferation based on an EdU assay. Proliferation of (A) Hs683, (B) U87 and (C) T98G cells treated with

NSC-CM or control medium (left). Rates of EdU-positive glioma cells were quantified using IMAGEJ (right). NSC-CM refers to neural stem cell-

conditioned medium. Control medium refers to the fresh medium for NSCs. Scale bar: 100 lm. All data are presented as the means � SD;

n = 3; Student’s t-tests. *P < 0.05. EdU, 5-ethynyl-20-deoxyuridine; NSC-CM, neural stem cell-conditioned medium; SD, standard deviation.
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(10%, 5% and 1%) of FBS. All cell lines were cultured at

37 °C in the presence of 5% CO2. CHIR99021 reagent

(MedChemExpress, Princeton, NJ, USA) was added to the

NSC-CM or control medium (used to treat the glioma cells

for 3 days at the concentration of 10 lM) to activate the

Wnt/b-catenin pathway.

Collection of NSC-conditioned medium (NSC-CM)

Human and rat NSC-CM was harvested from the NSC cul-

ture system on the seventh day, filtered using a 0.22 lm
syringe filter and then stored at �80 °C until use. Fresh

NSC culture medium was used as a control. Glioma cells

were cultured in either NSC-CM or control NSC medium

for subsequent biological behavioural assays.

Cell counting kit-8 (CCK-8) assay

The effects of NSC-CM on glioma cell proliferation were eval-

uated using CCK-8 reagent (Sigma-Aldrich, St. Louis, MO,

USA) in accordance with the manufacturer’s instructions.

Briefly, 2 9 103 cells per well were seeded in 96-well plates,

incubated for 6 h, washed with phosphate-buffered saline

(PBS) and then cultured in either NSC-CM or control NSC

medium. CCK-8 solution was added to each well, and the

wells were co-cultured at 37 °C for 2 h to measure cell prolif-

eration. Absorbance was detected at 450 nm with a Universal

Microplate Reader (Bio Tek, Winooski, VT, USA).

5-ethynyl-20-deoxyuridine (EdU) assay

Cell proliferation was observed using a Click-iT EdU Label-

ling kit (Thermo Fisher Scientific, Shanghai, China) in accor-

dance with the manufacturer’s protocol. Briefly, 2 9 104

cells were seeded in a confocal dish. Six hours later, NSC-

CM or control NSC medium was added, and the cells were

cultured for 3 days before being incubated with 10 lM EdU

for 2 h at 37 °C. Nuclear staining was performed using

250 lL of 1 9 HCS Nuclear Mask Blue stain solution for

0.5 h at room temperature. The cells were scanned using a

CQ1 Confocal Quantitative Image Cytometer (Yokogawa,

Kanazawa, Japan). The proliferation index was determined

by quantifying the percentage of EdU-labelled cells using

CQ1 Software (Yokogawa, Kanazawa, Japan).

Wound-healing assay

The migration capabilities of the cells were assessed using a

wound healing assay. Approximately 1 9 106 cells per well

were seeded in 6-well plates and serum-starved overnight.

The next day, the cells were scratched with a sterile 200 lL
pipette tip, washed with PBS and then incubated in either

NSC-CM or control NSC medium. After scratching, the

gap closure process was photographed at 0, 12 and 24 h.

Wound closure was measured using IMAGEJ (https://imagej.

nih.gov/ij/download.html), and the proportion of wound

closure was assessed as: ((original gap distance � gap dis-

tance at 12 or 24 h)/original gap distance) 9 100%.

Cell apoptosis analysis

Cell apoptosis assays were performed using a BD FACS

Calibre flow cytometer (BD, New York, NY, USA).

Briefly, 1 9 105 cells were seeded in a 10-cm dish contain-

ing a regular complete medium. After 6 h, cells were trea-

ted with either NSC-CM or control NSC culture medium

for various durations. The cells were then harvested,

washed in PBS and stained using an APC Annexin V Apo-

ptosis Detection Kit with PI (BioLegend, San Diego, CA,

USA) for 10 min. Early and late apoptotic cells were quan-

tified using a flow cytometer.

Cell cycle analysis

Flow cytometry was conducted to investigate whether

NSC-CM inhibits glioma cell proliferation via cell cycle

arrest. After being co-cultured in NSC-CM and control

medium for 3 days, glioma cells were resuspended twice in

precooled PBS. Next, 300 lL of the resuspended cells was

fixed by adding 700 lL of precooled ethanol dropwise. The

cells were centrifuged at 250 g for 5 min, washed twice in

PBS and stained with FxCycle PI/RNase Staining Solution

(Thermo Fisher Scientific) at room temperature in the dark

for 30 min. The DNA content was analysed by flow cyto-

metry using FCS Express Research Edition software (BD).

Transwell invasion assay

Transwell and three-dimensional (3D) spheroid invasion

assays were performed to investigate whether human NSC-

CM impacts glioma cell invasion. Cell invasion assays were

performed using 24-well Transwell Permeable Supports

(Corning Inc., Corning, NY, USA). The inserts were

coated with diluted Matrigel (BD) in accordance with the

manufacturer’s instructions. Cells were treated with either

NSC-CM or control NSC medium for 3 days before being

transferred to the upper Matrigel chamber, while the lower

chamber was filled with culture medium containing 20%

FBS. The cells were incubated at 37 °C for 30 h in the

presence of 5% CO2. Invasive glioma cells were fixed with

4% paraformaldehyde solution, stained with 0.1% crystal

violet, photographed and enumerated [30].

3D spheroid invasion assay

The 3D spheroid invasion model is an excellent in vitro sys-

tem to mimic the in vivo environment of a human body

[31]. We evaluated the effects of NSC-CM on the invasive

1776 FEBS Open Bio 13 (2023) 1772–1788 � 2023 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

hNSCs repress glioma cell progression X. Yin et al.

https://imagej.nih.gov/ij/download.html
https://imagej.nih.gov/ij/download.html


1777FEBS Open Bio 13 (2023) 1772–1788 � 2023 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

X. Yin et al. hNSCs repress glioma cell progression



capacity of glioma cells. To generate a 3D spheroid model,

5 9 103 glioma cells were added to the lid of a 10-cm dish

and cultured for 3 days until cell spheroids formed. Each

cell spheroid was coated with 20 lL of 1.5 mg mL�1 Rat

Tail Tendon Collagen Type I (Solarbio, Beijing, China).

The collagen-coated spheroids were removed, placed in a

12-well plate and then cultured in either NSC-CM or con-

trol NSC medium for 24 h. Invasive cells around the spher-

oid were photographed under a microscope. The distances

travelled by the invasive cells (from the centre of the 3D

spheroid) were quantified using IMAGEJ.

Western blotting assay

Western blotting was performed as described previously

[32] to investigate whether human NSC-CM exerts its’ anti-

tumour effects by regulating the Wnt/b-catenin signalling

pathway. Total proteins were lysed in cold radio-

immunoprecipitation assay (RIPA) lysis buffer containing

protease and phosphatase inhibitors (Sigma). Briefly, cells

were harvested, rinsed with cold PBS and lysed with RIPA

solution for 30 min. The cell lysates were centrifuged at

18,700 g for 15 min at 4 °C and then quantified using a

bicinchoninic acid assay. The protein samples were then

separated by NuPAGE Novex 4-12% Bis-Tris gel (Invitro-

gen, Carlsbad, CA, USA) electrophoresis and transferred

onto polyvinylidene fluoride (PVDF) membranes (Merck

Millipore, Billerica, MA, USA). The membranes were incu-

bated at 4 °C overnight with antibodies against GAPDH

(1 : 8000, Cell Signalling Technology, Danvers, MA, USA),

Met (1 : 1000, Cell Signalling Technology), CD44

(1 : 1000, Cell Signalling Technology), c-Myc (1 : 1000,

Cell Signalling Technology), b-catenin (1 : 1000, Cell Sig-

nalling Technology) and cyclin D1 (1 : 1000, Cell Signaling

Technology). The next day, the PVDF membranes were

incubated with a horseradish peroxidase-labelled secondary

antibody for 1 h at room temperature and then detected

using a chemiluminescence analysis system.

Enzyme-linked immunosorbent assay (ELISA)

To investigate whether antitumour factors are present in

human and rat NSC-CM, we screened secretions as previ-

ously described [33,34] and detected them using ELISA.

Specifically, interferon-a (IFN-a) and dickkopf-1 (DKK1)

concentrations were detected in human and rat NSC-CM

using an ELISA kit (Spbio, Wuhan, China) according to

the manufacturer’s instructions. The optical density values

were measured at 450 nm.

Statistical analysis

All analyses were performed with data from three indepen-

dent biological repeats, and data are presented as the

mean � standard deviation (SD). Comparisons between

two groups were performed using Student’s t-tests (unpaired,

two-tailed). Statistical analyses were conducted using GRAPH-

PAD PRISM 6 for Windows (GraphPad, San Diego, CA, USA)

and IMAGEJ. Statistical significance was set as follows: ns, not

significant; *P < 0.05; **P < 0.001.

Ethical approval statement

All patients signed an informed consent form and agreed to

be donors. This study was approved by the Ethics Commit-

tee of the First Affiliated Hospital of Dalian Medical Uni-

versity (Ethics Reference No: PJ-KS-KY-2019-31(X)) and

followed the guidelines set by the Declaration of Helsinki.

Results

NSC-CM inhibits glioma cell proliferation in an

FBS-independent manner

The CCK-8 and EdU assay results showed that the gli-

oma cell growth curves accelerated with time, peaked on

the 3rd or 4th day and then declined on the 5th day. A

significant difference in growth was observed between

glioma cells treated with NSC-CM and control medium

after 3 days (Fig. 1A). Moreover, the rates of EdU-

positive cells in Hs683, U87 and T98G cells treated with

NSC-CM were 11%, 18% and 15% lower than those in

cells treated with the control medium, respectively

(Fig. 2A–C). These results indicate that NSC-CM can

repress glioma cell proliferation.

Meanwhile, the proliferation of the glioma cells trea-

ted with NSC-CM supplemented with 10%, 5% and

1% FBS was significantly lower than that of cells trea-

ted with the control medium (Fig. 1B–D). These

results indicate that NSC-CM inhibits glioma cell pro-

liferation in an FBS-independent manner.

Fig. 3. NSC-CM represses glioma cell migration and invasion. Wound closure in (A) Hs683, (B) U87 and (C) T98G cells treated with NSC-

CM or control medium. (D) Transwell invasion in Hs683, U87 and T98G cells treated with NSC-CM or control medium (left). The number of

invasive cells per field was quantified in both NSC-CM and control medium (right). (E) Three-dimensional spheroid invasion in Hs683, U87

and T98G cells treated with NSC-CM or control medium (left). The distances travelled by the invasive Hs683, U87 and T98G cells (from the

centre of the 3D spheroid) were quantified using IMAGEJ (right). NSC-CM refers to neural stem cell-conditioned medium. Control medium

refers to the fresh medium for NSCs. Scale bar: 500 lm (A–C); 100 lm (D); 300 lm (E). All data are presented as the means � SD; n = 3;

Student’s t-tests. *P < 0.05; **P < 0.001; ns, not significant. NSC-CM, neural stem cell-conditioned medium; SD, standard deviation.
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NSC-CM represses glioma cell migration and

invasion

Wound-healing assay results showed that wound clo-

sure was 23%, 22% and 12% lower in Hs683, U87

and T98G cells treated with NSC-CM, respectively,

than in those treated with the control medium

(Fig. 3A–C). These results indicate that NSC-CM can

repress glioma cell migration in vitro.

Transwell invasion assay results showed that the

invasive capacity of glioma cells treated with NSC-CM

was significantly lower than that of cells treated with

the control medium (Fig. 3D). In addition, 3D spher-

oid invasion assay results showed that the invasion dis-

tance (from the 3D spheroid centre) was significantly

shorter in glioma cells treated with NSC-CM than in

those treated with the control medium (Fig. 3E). These

data suggest that NSC-CM represses glioma cell inva-

sion in vitro.

NSC-CM inhibits the glioma cell cycle and

induces cell apoptosis

The results of flow cytometry showed that NSC-CM

treatment for 3 days significantly increased the ratio of

glioma cells in the G1 phase, while significantly

decreasing the ratio of those in the S phase (Fig. 4A).

These results suggest that NSC-CM inhibited the G1-

to-S transition.

Moreover, NSC-CM treatment increased the

number of early and late apoptotic glioma cells in a

time-dependent manner. No significant differences in

apoptosis rate were observed between the glioma cells

treated with NSC-CM and control medium in the first

4 days (Fig. 4B). After 5 days, the apoptosis rates of

the Hs683, U87 and T98G cells treated with NSC-CM

were 30.47%, 33.52% and 32.49%, compared with

17.06%, 18.48% and 19.53% in cultures grown in con-

trol medium, respectively (Fig. 4B). Interestingly,

necrosis was also increased on the 5th day (12.9% of

Hs683 cells grown in the control medium vs 44.1% in

NSC-CM; 13.2% of U87 cells grown in control

medium vs 42.0% in NSC-CM; 16.1% of T98G cells

grown in the control medium vs 34.3% in NSC-CM)

(Fig. 4B). These results suggest that NSC-CM can

induce glioma cell apoptosis in vitro.

NSC-CM inhibits Wnt/b-catenin signalling in

glioma cells

The results of western blotting showed that the expres-

sion of Wnt/b-catenin signalling pathway-related pro-

teins, including b-catenin, c-Myc, cyclin D1, CD44

and Met, was significantly lower in glioma cells treated

with NSC-CM than in those treated with the control

medium (Fig. 5A,B). Moreover, the addition of

CHIR99021 (10 lM, for 3 days) significantly induced

b-catenin and Met expression in control medium-

treated glioma cells, but not in NSC-CM-treated gli-

oma cells (Fig. 5C,D). However, it did not affect the

expression of c-Myc, cyclin D1 and CD44 (data not

shown). Furthermore, the addition of CHIR99021

(10 lM, for 3 days) significantly increased the prolifer-

ation and invasion capabilities of control medium-

treated glioma cells but not those of NSC-CM-treated

glioma cells (Figs 6A–C and 7A,B). Collectively, our

data indicate that NSC-CM inhibits glioma progres-

sion at least partially by inactivating the Wnt/b-catenin
signalling pathway.

Comparison of antitumour factors from human

and rat NSC-CM by ELISA

The ELISA results showed that IFN-a and DKK1

were present in both human and rat NSC-CM

(Fig. 7C). These results indicate that NSCs may release

antiglioma factors into NSC-CM to repress glioma cell

progression.

Discussion

The tumour microenvironment is complex and

includes various immune cells, cytokines and growth

factors [35]. The crosstalk between human NSC and

glioma cells has not yet been fully elucidated. In the

present study, we found that human NSC-CM can

repress the proliferation, migration and invasion capa-

bilities of various glioma cell lines, while also inhibit-

ing cell cycle progression and inducing glioma cell

apoptosis. The antitumour effect of human NSC-CM

could be partially attributed to inactivation of the

Wnt/b-catenin signalling pathway. Furthermore, anti-

tumour factors such as IFN-a and DKK1 were

Fig. 4. NSC-CM restrains the glioma cell cycle and induces cell apoptosis. (A) Cell cycle of Hs683, U87 and T98G cells treated with NSC-

CM or control medium (left). The ratios of Hs683, U87, and T98G cells in the S, G1 and G2 phases were quantified after treatment with

either NSC-CM or control medium (right). (B) Apoptosis assay results for Hs683, U87 and T98G cells treated with NSC-CM or control

medium (left). The apoptosis rates of Hs683, U87 and T98G cells treated with NSC-CM or control medium were quantified (right). NSC-CM

refers to neural stem cell-conditioned medium. Control medium refers to the fresh medium for NSCs. All data are presented as the

means � SD; n = 3; Student’s t-tests. *P < 0.05; **P < 0.001. NSC-CM, neural stem cell-conditioned medium; SD, standard deviation.
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observed in both human and rat NSC-CM. Our find-

ings provide a basis for future methods to inhibit gli-

oma cell progression and will potentially advance the

development of NSC-derived antiglioma therapies.

Neural stem cells play a critical role in the tumour

microenvironment via their paracrine activities [36,37].

NSC-derived exosomes inhibited mouse glioma cell

growth by transporting oligonucleotides to a FLOT2
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target [38]. Exosomal lncRNA PTENP1 mediates cell

communication and exerts antitumour activity [14].

Numerous studies have shown that rat NSC-CM-

induced antiglioma effects are related to the mitogen-

activated protein kinase (MAPK) [39,40] and PI3K/

AKT signalling pathways [27]. The present study dem-

onstrated that human NSC-CM represses glioma cell

progression by downregulating the Wnt/b-catenin
pathway, which is consistent with previous reports.

However, a previous study showed that NSCs can also

accelerate tumour formation in nude mice by co-

culturing NSCs and Ln229 cells in a neurobasal

medium [2]. This discrepancy may be attributed to the

different glioma cell lines, NSC origins and experimen-

tal designs utilized between studies. The present study

isolated human NSCs from abortive fetal hippocampi

at 6–12 weeks of pregnancy. By contrast, the NSCs

used in previous studies [2] were obtained from the

subventricular zone (SVZ). A recent study has shown

that NSCs in human SVZ tissue are the cells of origin

of glioblastomas [41] and may contribute to relapse. In

addition, the glioma cells were treated with NSC-CM

in our study, whereas they were simultaneously cul-

tured with glioblastoma cells (in a 1 : 4 ratio) in the

previous study [2].

Notably, adding CHIR99021 (10 lM, for 3 days) to

the control medium significantly induced b-catenin and

Met expression in glioma cells (Fig. 5C,D) but did not

affect the expression of c-Myc, cyclin D1 and CD44

(data not shown). These results indicate that human

NSC-CM regulates the expression of c-Myc, cyclin D1

and CD44 via a separate mechanism. b-catenin activa-

tion has been implicated in the transformation, prolif-

eration and invasion of various cancers [21]. The Wnt/

b-catenin pathway induces Met overexpression in colo-

rectal cancer [42]. Met can drive cell migration and

growth during embryogenesis and contributes to cell

proliferation, invasion and metastasis in many cancers

[43]. In the present study, human NSC-CM inhibited

glioma cell proliferation and invasion, at least partially

by downregulating b-catenin and Met. Cyclin D1 acts

as a critical regulator of the G1/S cell cycle transition

[44]. NSC-CM-mediated inhibition of cyclin D1 may

cause cell cycle arrest and inhibit cell proliferation.

CD44 overexpression could be relevant in regulating

the highly invasive behaviour of gliomas [45], and

NSC-CM-mediated CD44 inhibition may reduce the

invasive capabilities of glioma cell lines. Furthermore,

c-Myc plays critical roles in cell proliferation, differen-

tiation, cell cycle progression, metabolism and apopto-

sis [46]. According to a previous review [47], c-Myc

dysregulation can either promote proliferation or

induce apoptosis depending on the in vivo cellular con-

text. There are usually two main conditions under

which c-Myc would induce apoptosis. First, c-Myc can

induce apoptosis when the extracellular microenviron-

ment lacks growth factors and other nutrients. Based

on this condition, we speculated that by the 5th day,

both the control medium and NSC-CM became

equally deficient in nutrients such as growth factors,

and therefore, c-Myc was able to induce apoptosis of

glioma cells. Second, c-Myc can induce apoptosis when

pro-apoptotic molecules become dominant over antia-

poptotic molecules within the cell. In accordance with

this notion, we speculated that on the 5th day, the

pro-apoptotic molecules secreted by NSCs in the NSC-

CM further promoted the apoptosis of glioma cells.

This resulted in the higher apoptosis rate in glioma

cells cultured in NSC-CM than that in cells cultured in

the control medium. In addition, on the 5th day, the

cell necrosis rate of both the experimental and control

groups was significantly increased compared with that

observed on the first 3 days. This result is consistent

with the decline seen in the growth curves on day 5

(Fig. 1A).

The capacity for migration is a malignant character-

istic of cancer cells and correlates to higher mortality

rates. In this study, glioma cells cultured in human

NSC-CM exhibited markedly less migration than those

cultured in the control medium (Fig. 3A–C), and this

result was consistent with that of a previous report

[27]. However, some studies have shown that MSCs

promote EMT in breast cancer [48]. The molecules

secreted by rat adipose-derived stem cells induce

EMT-like transformation in C6 cancer cells [13]. The

inconsistency in the effects of various stem cells on gli-

oma cell migration could be attributed to the complex-

ity/heterogeneity of stem cell-secreted paracrine

Fig. 5. NSC-CM represses Wnt/b-catenin signalling in glioma cells. (A) Protein expression in Hs683, U87 and T98G cells treated with NSC-

CM or control medium based on western blotting results. (B) Relative protein expressions in Hs683, U87 and T98G cells showed in (A) were

quantified using IMAGEJ. (C) b-catenin and Met expression in Hs683, U87 and T98G cells treated with NSC-CM or control medium supple-

mented with 10 lM CHIR99021 (activator of Wnt/b-catenin pathway) for 3 days. (D) Relative expression of b-catenin and Met in Hs683, U87

and T98G cells showed in (C) were quantified using IMAGEJ. NSC-CM refers to neural stem cell-conditioned medium. Control medium refers

to the fresh medium for NSCs. All data are presented as the means � SD; n = 3; Student’s t-tests. *P < 0.05; **P < 0.001. NSC-CM, neural

stem cell-conditioned medium; SD, standard deviation.

1782 FEBS Open Bio 13 (2023) 1772–1788 � 2023 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

hNSCs repress glioma cell progression X. Yin et al.



Fig. 6. NSC-CM represses glioma cell proliferation by inactivating Wnt/b-catenin signalling. Proliferation of (A) Hs683, (B) U87 and (C) T98G

cells treated with control medium, NSC-CM or media supplemented with 10 lM CHIR99021 (Wnt/b-catenin pathway activator) for 3 days

(left). Rates of EdU-positive glioma cells were quantified using IMAGEJ (right). NSC-CM refers to neural stem cell-conditioned medium. Scale

bar: 100 lm. Control medium refers to the fresh medium for NSCs. All data are presented as the means � SD; n = 3; Student’s t-tests.

*P < 0.05; **P < 0.001. EdU, 5-ethynyl-20-deoxyuridine; NSC-CM, neural stem cell-conditioned medium; SD, standard deviation.
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Fig. 7. NSC-CM represses glioma cell invasion by inactivating the Wnt/b-catenin signalling pathway. (A) Invasion of Hs683, U87 and T98G

cells treated with control medium, NSC-CM or media supplemented with 10 lM CHIR99021 for 3 days (up). (B) Number of invasive Hs683,

U87 and T98G cells per field was quantified (down). (C) ELISA assay of IFN-a and DKK1 expression in human and rat NSC-CM. NSC-CM

refers to neural stem cell-conditioned medium from human or rat NSCs. Control medium refers to the fresh medium for NSCs. Scale bar:

100 lm. All data are presented as the means � SD; n = 3; Student’s t-tests. *P < 0.05; **P < 0.001. DKK1, dickkopf-1; ELISA, enzyme-

linked immunosorbent assay; IFN-a, interferon-a; NSC-CM, neural stem cell-conditioned medium; SD, standard deviation.
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factors, which may differentially modulate the behav-

iour of glioma cells [17,49]. In addition, the study

design, stem cell origins, culture conditions and cross-

talk between cancer and stem cells may affect their

antitumour properties.

To identify whether common antitumour factors

exist in conditioned media derived from different

NSCs, we detected secretions with potential antitu-

mour activity [33,34]. Notably, IFN-a and DKK1 were

detected in human and rat NSC-CM (Fig. 7C). DKK1

antagonizes the Wnt signalling pathway by competing

for binding to the Wnt-assisted receptor LRP6 [50].

Human umbilical cord-derived MSCs inhibit C6 gli-

oma cell growth by secreting DKK1 [51]. Baicalin

reduces the expression of b-catenin and c-Myc by pro-

moting DKK1 expression [52]. Therefore, the inactiva-

tion of Wnt/b-catenin signalling by NSC-CM could be

attributed to NSC-released DKK1 in the tumour

microenvironment. Type I IFNs can induce

tumour cell apoptosis, repress tumour cell proliferation

and metastasis, and activate antitumour immune

responses [53,54]. In the present study, IFN-a was

found to be expressed in human and rat NSC-CM,

suggesting that IFN-a exerts antitumour activity by

regulating immune cells in the tumour microenviron-

ment. Collectively, the antiglioma effects of NSCs

could be mediated by multiple paracrine factors

through various mechanisms, which can provide alter-

native strategies for treating glioma. Although increas-

ing evidence demonstrates that NSCs and their derived

factors exhibit antitumour activities, the contributions

of specific paracrine factors from different NSC origins

remain largely unclear.

Studies on genetically engineered mouse models

have shown that gliomas most likely originate from

NSCs/NPCs in the SVZ and oligodendrocyte precur-

sor cells [41,55,56]. A recent study using direct molec-

ular genetic evidence from both patients and mouse

models confirmed that NSCs in SVZ tissues are the

cells of origin that harbour driver mutations in glio-

blastoma [41]. Therefore, normal NSCs from patients

with glioblastoma are unsuitable for use in clinical

treatment. Normal NSCs and their derivatives are

expected to serve antitumour functions because of

their low immunogenicity. Notably, the stemness fea-

tures, proliferation, differentiation and specificity of

NSCs change in an age-dependent manner. A review

demonstrated an age-related decrease in the release of

nucleotides from astrocytes [57]. Another review

showed that NSCs and their progenitors exhibit

reduced proliferation and neuronal production with

age [58]. A key limitation of the present study is that

the direct molecular mechanisms via which NSC-CM

inhibits the malignant properties of glioma cells are

unclear. This aspect should be explored comprehen-

sively in future studies. Research into the antitumour

effects of NSCs is ongoing, and much remains to be

elucidated. The antiglioma factors released from dif-

ferent NSCs warrant further validation using multi-

omics technologies.

Conclusion

We evaluated the effects of human NSCs on glioma

cell progression via their paracrine activities. Our find-

ings suggest that NSC-derived factors can inhibit gli-

oma cell proliferation, invasion, migration and cell

cycle progression in vitro, while also inducing apopto-

sis. IFN-a and DKK1 were secreted into human and

rat NSC-CM and possibly contributed to the antitu-

mour effects by inactivating the Wnt/b-catenin signal-

ling pathway. We revealed that hNSC-CM at least

partially reduces the proliferation and invasion poten-

tial of three glioma cell lines through the Wnt/b-
catenin pathway. Overall, the current findings highlight

the great potential of NSC-derived factors as vehicles

for therapeutic agents or targets for the clinical treat-

ment of glioma.
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