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Combination treatment with VPA and MSCs‑TRAIL could
increase anti‑tumor effects against intracranial glioma
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Abstract. Human bone marrow‑derived mesenchymal stem
cells secreting tumor necrosis factor‑related apoptosis‑inducing
ligand (MSCs‑TRAIL) have demonstrated effective anti‑tumor
activity against various tumors including lung, pancreatic
and prostate tumors, although several tumor types are not
responsive. In such case, other reagents may decrease tumor
growth via TRAIL‑mediated cell death. The present study
aimed to examine the effectiveness of valproic acid (VPA) in
enhancing the efficacy of TRAIL, which was delivered using
MSCs. Moreover, the present study examined the induced
tumor tropism of MSCs via cell viability and migration
assays. Combination treatment with VPA and MSCs‑TRAIL
enhanced the glioma therapeutic effect by increasing death
receptor 5 and caspase activation. Migration assays identified
increased MSC migration in VPA and MSCs‑TRAIL‑treated
glioma cells and in the tumor site in glioma‑bearing mice
compared with VPA or MSC‑TRAIL treatment alone. In vivo
experiments demonstrated that MSC‑based TRAIL gene
delivery to VPA‑treated tumors had greater therapeutic efficacy compared with treatment with each agent alone. These
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findings suggested that VPA treatment increased the therapeutic efficacy of MSC‑TRAIL via TRAIL‑induced apoptosis
and enhanced tropism of MSCs, which may offer a useful
strategy for tumor gene therapy.
Introduction
Glioblastoma multiforme (GBM), the most common and
aggressive malignant glioma type, has poor therapeutic
outcomes, even after surgical resection, radiation and
chemotherapy. After treatment using surgical resection,
radiation and chemotherapy, the median survival of patients
with GBM is 14.6 months for radiotherapy plus temozolomide and 12.1 months for radiotherapy alone (1). GBM can
invade or infiltrate areas within or close to functional brain
parenchyma (2), and novel strategies are required to improve
anti‑tumor effects on glioma to overcome these problems.
The tumor necrosis factor‑related apoptosis‑inducing
ligand (TRAIL) triggers apoptosis in tumor cells without
damaging healthy cells and tissues, and is used in various
types of tumor therapies, including GBM (3,4). Human bone
marrow‑derived mesenchymal stem cells (hBM‑MSCs;
MSCs) have tumor‑targeting characteristics and can be
easily separated and engineered using viral vectors (5,6). In
addition, the migratory capacity of MSCs toward the tumor
region increases chemokines or growth factors expressed
and released by glioma cells, which mediates the tropism
of MSCs (7,8). To improve the secretion duration of TRAIL
and deliver it to invaded tumor cells, the current study used
MSCs (9‑12).
TRAIL binds to death receptors (e.g. DR4 and DR5),
which activates the caspase cascade (13). The loss of DRs
increases the expression levels of caspase inhibitor, cellular
FLICE‑inhibitory protein and X‑linked inhibitor of apoptosis
protein, or causes alterations in the expression of the Bcl‑2
protein family (13). TRAIL alone may be an insufficient to
treat tumor, as multiple types of tumor cells, including most
glioma cell, do not respond to TRAIL‑induced apoptosis
with TRAIL alone (14,15). Previous studies have reported
that chemotherapeutic agents or radiotherapy can enhance
response to TRAIL by upregulating the TRAIL receptors in
gliomas (16‑18), suggesting that improved anti‑tumor activity
may be accomplished with combination treatments.
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Valproic acid (VPA) is a histone deacetylase inhibitor
(HDACi) agent used in the treatment of epileptic seizures,
bipolar disorders and migraines in clinical research (19‑21).
VPA exerts an anticancer effect; for instance, it increases the
cytotoxicity effect to various cancer cell lines (22‑24), as well
as can induce apoptosis and growth arrest by activating the
DR and caspase pathway (25‑27). Therefore, the present study
investigated the efficacy of adding VPA to MSCs secreting
TRAIL (MSC‑TRAIL) to increase the therapeutic effects of
glioma treatment.
In the current study, it was hypothesized that VPA could
enhance MSCs‑TRAIL anticancer effect in glioma. To
investigate a combined treatment of VPA and MSCs‑TRAIL
that enhances anticancer effects to glioma compared with
each treatment alone, effect of combined treatment VPA and
MSCs‑TRAIL to glioma was examined using in vitro and
in vivo models.
Materials and methods
Cell culture and reagents. All cells were maintained at 37˚C in
a 5% CO2‑humidified atmosphere. MSCs were obtained from
the Catholic Institute of Cell Therapy. MSCs were grown in
DMEM (Wisent, Inc.) supplemented with 20% FBS (Wisent,
Inc.), 10,000 µg/ml penicillin and streptomycin (Gibco;
Thermo Fisher Scientific, Inc.), and were used for experiments
during passages 3‑5. A glioblastoma cell line of unknown
origin (U87) and a glioblastoma cell line of U138 cells were
purchased from the American Type Culture Collection
(cat. nos. HTB‑14 and HTB‑16; https://web.expasy.org/cellosaurus/CVCL_0022) and cultured in DMEM (Wisent, Inc.)
supplemented with 10% FBS (Wisent, Inc.) and 10,000 µg/ml
penicillin and streptomycin (Gibco; Thermo Fisher Scientific,
Inc.).
VPA was purchased from Sigma‑Aldrich (Merck KGaA).
Recombinant human TRAIL and DR5/Fc chimera proteins
were acquired from R&D Systems, Inc. DR5/Fc chimeric
protein (100 ng/ml) was used at 37˚C for 24 h. Stromal
cell‑derived factor‑1 (SDF‑1) was purchased from Santa
Cruz Biotechnology, Inc. The C‑X‑C chemokine receptor
type 4 (CXCR4) antagonist AMD3100 was purchased from
Sigma‑Aldrich (Merck KGaA).
Adenoviral vectors and infection. The recombinant adenoviral
vector encoding the gene for enhanced green fluorescent
protein (Ad‑GFP) and TRAIL (Ad‑TRAIL) were engineered
and provided using the Ad‑Easy vector system, following the
manufacturer's instructions [Quantum Biotechnologies (Pty)
Ltd.]. Ad‑GFP or Ad‑TRAIL MSCs (5x105) were infected at a
multiplicity of infection of 50 in OPTI‑MEM serum free media
for a 3 h incubation in 5% CO2 humidified 37˚C chamber. After
3 days, MSCs‑TRAIL was used in the following experiments,
as described previously (18).
Cytotoxic effect of VPA or TRAIL in glioma cells (co‑culture).
Cells were plated into wells of a 96‑well plate at a density of
5x103 cells/well in medium containing 10% FBS and incubated at 37˚C for 48 h in a 5% CO2‑humidified atmosphere.
Subsequently, cells were washed twice with medium and incubated at 37˚C for 24 h in a 5% CO2‑humidified atmosphere with

medium containing 0‑16 mM VPA and/or 0‑10 ng/ml TRAIL.
A total of 2 mM VPA was used in the single treatment group
and in the VPA + TRAIL group, because TRAIL treatment
to glioma cells started to significantly decrease glioma cells
viability. After exposure to the various concentrations of VPA
or TRAIL for 24 h, the viable cell population was determined
using MTT assay, with isopropanol:DMSO (9:1) used to
dissolve the purple formazan. Then, the 570 nm wavelength
was used to measure formazan.
For co‑culture experiments, MSCs‑TRAIL (1x104) were
plated in Transwell inserts with 0.4‑mm pores (Corning,
Inc.) and glioma cells (5x104) were seeded in the lower well
of the 24‑well plates. Following incubation for 24 h at 37˚C,
apoptosis activity in glioma cells was measured using a
caspase‑Glo 3/7 assay (Promega Corporation). Briefly, an
equal volume of caspase‑3/7 detection reagent was added 24 h
after combination treatment with VPA and TRAIL to glioma
cells supernatants, and the mixtures were incubated at 37˚C
for 3 h. Supernatants were obtained via centrifugation at room
temperature and 2,012 x g for 10 min, and were stored at ‑80˚C
for ~7 days. Each sample was measured with a SpectraMax L
luminometer (Molecular Devices, LLC).
Western blotting. Western blot analysis was performed as
described previous (24). Cells were lysed in protein extraction buffer (PRO‑PREP™ Protein Extraction Solution; Intron
Biotechnology, Inc.). Protein concentrations were determined
with the Bradford protein assay kit. The protein was subjected
to 4‑10% gradient gel by loading 15 µg protein per lane, and
western blot analysis was then performed. Proteins were
transferred onto a nitrocellulose membrane (Invitrogen;
Thermo Fisher Scientific, Inc.). Each blot was blocked using
PBS containing 5% skim milk and 0.05% Tween‑20 at
room temperature for 30 min. The membranes were incubated with the appropriate primary antibodies against DR5
(1:500; R&D Systems, Inc.; cat. no. MAB1540), caspase‑3
(1:500; Cell Signaling Technology, Inc.; cat. no. 9662S),
cleaved caspase‑3 (1:500; Cell Signaling Technology, Inc.;
cat. no. 9664S), caspase‑8 (1:500; Cell Signaling Technology,
Inc.; cat. no. 9746S), CXCR4 (1:500; Abcam; cat. no. ab2090)
and β ‑actin (1:1,000; Sigma‑Aldrich; Merck KGaA;
cat. no. A1978) overnight at 4˚C. Subsequently, blots were incubated with secondary antibodies conjugated with horseradish
peroxidase (1:1,000; Invitrogen; Thermo Fisher Scientific,
Inc.; monoclonal cat. no. 32430, polyclonal cat. no. 32460) for
2 h at room temperature. The bands were detected using an
enhanced chemiluminescence detection system (Cytiva). Each
western blotting test was conducted on different parts using
the same gel type and exposure.
Flow cytometric analysis ‑ FACS. For the flow cytometric
analysis of DRs, cells were harvested and incubated with
phycoerythrin‑conjugated anti human DR5 antibody
(1:1,000; cat. no. AF631; R&D Systems, Inc.), as described
previously (25,26). Briefly, cells (2.5x105) were stained with
the antibody for 30 min at 4˚C. After washing with PBS, the
expression of DR5 was analyzed via flow cytometry using
a FACSVantage SE (Becton, Dickinson and Company). In
addition, apoptosis was determined using an Annexin V
and PI staining‑based fluorescein isothiocyanate Annexin V
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Apoptosis Detection kit (BD Biosciences), according to the
manufacturer's instructions, 24 h after treatment of glioma
cells with VPA and TRAIL. The FASCanto 2 flow cytometer
(BD Biosciences) and FlowJo v8.0.3 (FlowJo LLC) software
were used for analysis for early + late apoptotic cells.
TRAIL expression using ELISA. The culture supernatant of
MSC‑TRAIL was analyzed using ELISA according to manufacturer's procedure (Human TRAIL/TNFSF10 Quantikine
ELISA Kit; R&D Systems, Inc.; cat. no. DTRL00). To
investigate the persistence of transgene expression in vitro,
BM‑MSCs were seeded at a high density (4x10 4 per well of
a 24‑well plate). BM‑MSCs were transduced with 50 multiplicities of infection of Ad‑TRAIL in OPTI‑MEM serum‑free
medium for 3 h in a 5% CO2 humidified 37˚C chamber. The
virus‑containing medium was removed and additionally
incubated in low‑serum medium (Eagle's DMEM containing
2% FBS) at 37˚C for ~40 days. Culture supernatants were
harvested and fresh medium was changed every 3 day. Then,
secreted TRAIL was examined.
In vitro and in vivo migration assay. The migratory abilities
of MSCs and MSCs‑TRAIL were determined using Transwell
plates (Costar; Corning, Inc.) that were 6.5‑mm in diameter with
8‑µm pore filters. U87 and U138 (5x105) cells were incubated
in serum‑free medium (SFM) for 48 h and the resulting conditioned medium (CM) was used as a chemoattractant. MSCs
or MSCs‑TRAIL (2x104) cells were suspended in SFM and
plated into the upper well, and 600 µl SDF‑1‑containing SFM,
CM or the CXCR4 antagonist AMD3100 was used to confirm
the migration capacity of MSCs‑TRAIL toward glioma cells
was placed in the lower well of the Transwell plate. Following
incubation for 4 h at 37˚C, cells that had not migrated from the
upper side of the filter were scraped off with a cotton swab,
and filters were stained with the Diff‑Quik™ three‑step stain
set (Sysmex Corporation). The number of cells that migrated
to the lower side of the filter was counted under a light microscope at x100 magnification in three randomly‑selected fields.
For the in vivo migration assay, mice were used in this
test (n=6). For the in vivo migration assay, 1x105 red fluorescent PKH26 dye (Sigma‑Aldrich; Merck KGaA)‑labeled
VPA‑treated MSCs‑TRAIL were mixed with an equal number
of green fluorescent PKH67 dye (Sigma‑Aldrich; Merck
KGaA)‑labeled MSCs‑TRAIL. Mixed cells were implanted
into the contralateral hemisphere at 2 weeks after glioma cell
(5x104 cells in 3 µl PBS) inoculation into the right striatum
of the mouse brain. Migration toward the tumor was assessed
via direct visualization at 7 days after mixed cell inoculation
using an LSM 510 Meta confocal microscope (Carl Zeiss AG;
magnification, x100).
Intracranial glioma model and treatments. Nude mice (age,
6‑8 weeks; weight, 20 g; Charles River Laboratories, Inc.) were
used in accordance with institutional guidelines under approved
by the Institutional Animal Care and Use Committee of The
Catholic University of Korea (approval no. 2017‑0211‑05).
The following housing conditions were used: Temperature
22±3˚C, relative humidity 60±15%, 12‑h light/12‑h dark cycle
and autonomous intake of food and water. Mice were divided
into four groups (n=28, with 7/group): Tumor control group,
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VPA‑treated group, MSC‑TRAIL‑treated group and VPA
with MSC‑TRAIL‑treated group. The intracranial xenograft
mouse model of human glioma was established as previously
described (18,28,30). For intracranial implantation of human
glioma cells in the brains of mice, mice were deeply anesthetized with ketamine‑xylazine cocktail (80 mg/kg ketamine,
10 mg/kg xylazine) (31) and then animals were stereotactically
inoculated with 1x105 U87 cells (in 3 µl PBS) into the right
frontal lobe (2‑mm lateral and 1‑mm anterior to bregma, at
2.5‑mm depth from the skull base) using a Hamilton syringe
(Hamilton Company) and a microinfusion pump (Harvard
Apparatus; Harvard Bioscience, Inc.) (18,28,30).
For survival experiments, intracranial glioma‑bearing
mice were randomly divided into four groups after tumor
implantation: i) Those treated with intratumoral injections of
saline (3 µl PBS); ii) received intraperitoneal injections of VPA
(200 mg/kg); iii) received MSCs infected with Ad‑TRAIL
(MSCs‑TRAIL; 2x105) via intracranial injection (18,28,30);
and iv) or combination therapy (VPA and MSCs‑TRAIL). VPA
was injected 1 day after MSC transplantation and continued
every day for 7 days. Mice that exhibited rapid weight loss
(≥10% in 3 days) or onset of significant neurological symptoms,
such as seizures, impaired balance and hemiplegia, were
considered in a moribund condition. Mice were euthanized via
CO2 asphyxiation (10‑20%/min) when these symptoms were
identified in the glioma mice model (32).
In vivo bioluminesence imaging analysis and evaluation of
tumor region. In vivo bioluminesence imaging analysis was
performed with survival analysis. For in vivo bioluminesence
imaging, the animals were inoculated with U87‑Luc and
treated as aforementioned (30). To monitor animal condition,
a Maestro device was used to assess the inhibition of tumor
growth and monitor the condition of the mice every 4 days
after tumor inoculation. The substrate of luciferase, D‑luciferin
(150 mg/kg; Xenogen Corporation), was delivered via intraperitoneally injection 15 min before direct visualization using
the Maestro in vivo Imaging System (CRI, Inc.; http://www.
cri‑inc.com/products/maestro‑2.asp). In brief, mice were
anesthetized using gas mixtures of 1.5% isoflurane (dosage
2‑5% induction; 0.25‑4% maintenance) (33) and then imaged.
The biofluorescence signals (photons/sec) emitted from the
mice were captured using a high‑sensitivity charge‑coupled
device camera (PerkinElmer, Inc.) and analyzed using
Maestro II software (CRI, Inc.). To evaluate the tumor region
and in vivo fluorescence imaging analysis, mice were divided
into four groups (n=12; 3/group): Tumor control group,
VPA‑treated group, MSC‑TRAIL‑treated group and VPA with
MSC‑TRAIL‑treated group. Brains from mice given therapeutic treatment were serially sectioned (thickness, 20 µm;
obtained every 200 µm into the tumor) at day 35 after tumor
inoculation, then stained with hematoxylin and eosin (H&E)
and visualized directly with a Slide scanner (Pannoramic
MIDI, 3D; Histech Ltd.). The brain was removed and the
frontal part of the cerebrum was embedded in optimal cutting
temperature compound (Tissue‑Tek® O.C.T.) and snap‑frozen
in liquid nitrogen at ‑196˚C. Embedded tissues cryosections
were stained with Harris hematoxylin solution for 8 min and
with eosin at room temperature for 30 sec to 1 min. Sections
were mounted with xylene based mounting medium.
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Figure 1. Cytotoxic effects of glioma cells using TRAIL and combined with VPA. (A) VPA sensitivity was achieved in glioma cells (U87 and U138). Glioma
cells were treated with VPA in a dose‑dependent manner (0‑4 mM) for 24 h and then analyzed with a MTT assay. ***P<0.001 vs. untreated control (one‑way
ANOVA). (B) To examine the effect of combined treatment, glioma cells were seeded in 96‑well plates. The cytotoxic effect on glioma cells treated with VPA
(2 mM) and TRAIL (10 ng/ml) for 24 h was analyzed using a MTT assay. ***P<0.001 in the comparison of alone treatment with untreated control; as compared
with the treatment with VPA or TRAIL alone (one‑way ANOVA with Bonferroni multiple comparison test). (C) Effect of VPA on TRAIL‑induced apoptosis
in glioma cells were evaluated via flow cytometry. Apoptosis was determined using Annexin V and PI staining at 24 h after treatment with VPA (2 mM) in
the absence or presence of TRAIL (10 ng/ml). Data are presented as the mean ± SD. **P<0.01 in the comparison of alone treatment with untreated control; as
compared with the treatment with VPA or TRAIL alone (one‑way ANOVA with Bonferroni multiple comparison test). VPA, valproic acid; TRAIL, tumor
necrosis factor‑related apoptosis‑inducing ligand.

Evaluation of apoptosis via TUNEL assay. Mouse brains
were perfused with PBS, 4% paraformaldehyde and postfixed
4˚C overnight. Fixed brains were embedded, snap frozen
in liquid nitrogen at ‑196˚C and stored at ‑70˚C until use.
TUNEL staining was performed using the TUNEL assay
kit (Roche Diagnostics). Terminal deoxynucleotidyl transferase in reaction buffer (containing a fixed concentration
of digoxigenin-labelled nucleotides) was applied to serial
sections for 1 h at 37˚C, before the slides were placed in
Stop/Wash buffer for 10 min. Apoptotic cells were detected
after incubation in the Cy3‑conjugated streptavidin (Jackson
ImmunoResearch Laboratories, Inc.) at 1:1,000 dilution for
30 min at room temperature. The slides were counterstained
with DAPI (1:1,000; Sigma‑Aldrich; Merck KGaA). Coverslips
with Kaiser's glycerol gelatin (Merck KGaA; cat. no. 109242)
mounting medium were used. Apoptotic cells were also
measured via a computer using the MetaMorph (Molecular
Devices).
Statistical analysis. Data are presented as the mean ± SD,
and were analyzed using SPSS 13.0 (SPSS, Inc.). Statistical
differences between different test conditions were determined
using unpaired t‑test and post hoc Bonferroni test was used
following one‑way ANOVA analysis for multiple comparison.

The survival of glioma‑bearing mice was analyzed using a
log‑rank test based on the Kaplan‑Meier method. Experiments
were repeated three times independently. P<0.05 was considered to indicate a statistically significant difference.
Results
Combined treatment with VPA and TRAIL increases the
cytotoxic effects. To assess whether VPA would be a useful
reagent to increase sensitivity to TRAIL, glioma cells were
treated with VPA. VPA increased cell death in glioma cells in
a dose‑dependent manner, as demonstrated by decreased cell
viability (Fig. 1A). Combined treatment with VPA and TRAIL
significantly induced cell death in glioma cells (Fig. 1B). To
identify apoptotic cell death upon combined treatment in
glioma cells, apoptotic cell populations were detected using
FACS analysis. A significant increase in apoptotic cells was
observed when glioma cells were exposed to combined treatment, compared with VPA or TRAIL alone (Fig. 1C).
VPA treatment activates TRAIL‑induced apoptosis via DR5
upregulation. To evaluate if VPA increased TRAIL‑induced
apoptosis, it was examined whether VPA increased the
number of TRAIL receptors. FACS analysis demonstrated that

ONCOLOGY REPORTS 45: 869-878, 2021

873

Figure 2. Enhancement of TRAIL‑induced apoptosis by upregulation of DR5 and caspase activity with VPA treatment. (A) Glioma cells (U87 and U138) were
treated with increasing doses of VPA (0‑4 mM) for 24 h and DR5 expression was measured via flow cytometry. (B) Glioma cells were treated to VPA (0‑4 mM)
for 24 h, and then total cell extracts were tested via western blotting with anti‑DR5 antibody. β‑actin expression was used as a loading control. (C) Glioma cells
were treated with VPA (0‑4 mM) and TRAIL (10 ng/ml) with or without DR5/Fc chimera protein (100 ng/ml; to block DR5 activity), and then the viability of
glioma cells was determined using a MTT assay. Data are presented as the mean ± SD. ***P<0.001 in the comparison of alone treatment with untreated control;
as compared with the treatment with VPA or TRAIL alone (one‑way ANOVA with Bonferroni multiple comparison test). (D) Glioma cells were treated with
VPA (0‑4 mM) or VPA combined with TRAIL (10 ng/ml) with or without DR5/Fc chimera protein (100 ng/ml) and tested with a caspase‑Glo 3/7 kit to analyze
caspase activity. ***P<0.001 in the comparison of alone treatment with untreated control; as compared with the treatment with VPA or TRAIL alone (one‑way
ANOVA with Bonferroni multiple comparison test). DR, death receptor; VPA, valproic acid; TRAIL, tumor necrosis factor‑related apoptosis‑inducing ligand.

DR5 expression was increased in a dose‑dependent manner in
glioma cells (Fig. 2A), and western blot analysis also suggested
a dose‑dependent increase in DR5 expression after VPA
treatment (Fig. 2B). To determine if apoptosis upon combined
treatment was associated with DR5, DR5/Fc chimera proteins
were used to block DR5 activity. In addition, it was investigated whether VPA‑enhanced TRAIL‑induced apoptosis was
mediated via caspase activation. VPA and TRAIL combination decreased glioma cell viability and increased caspase‑3/7
activity (Fig. 2C and D). Glioma cell death and caspase‑3/7
activity were inhibited in the presence of DR5/Fc, indicating
that apoptosis enhancement, caused by the combined treatment, may be associated with the specific interaction between
TRAIL and DR5.
VPA increases the therapeutic effects of MSCs‑TRAIL
against glioma cells. Based on the effects of combined VPA
and TRAIL treatment on glioma cells, MSCs were used as a
TRAIL delivery vehicle to increase efficacy. VPA was added
to MSCs or MSC‑TRAIL to examine how to avoid the induction of MSC‑TRAIL inhibition. In media containing various
concentrations of VPA, the viability of MSCs or MSC‑TRAIL

was not changed (Fig. 3A). In addition, VPA did not affect the
duration of TRAIL secretion in MSC‑TRAIL (Fig. 3B). Glioma
cells were treated with MSC‑TRAIL and VPA at different
doses, then the viability and the expression and cleavage of
caspase‑8, an initiator caspase, and caspase‑3, a major effector
caspase (34), were investigated. DR5/Fc was used to verify
the specific interaction between DR5 and the combination
treatment. Glioma cell death and cleavage of caspase‑8 and
caspase‑3 were increased upon combined treatment with VPA
and MSC‑TRAIL, while DR5/Fc blocked glioma cell death
and caspase‑8 and caspase‑3 cleavage (Fig. 3C and D).
VPA treatment increases the migration of MSC‑TRAIL
via CXCR4 upregulation. The CXCR4/SDF‑1 interaction
serves a key role in MSC migration (35). The current study
examined whether VPA treatment enhanced CXCR4 expression in MSC‑TRAIL. It was found that CXCR4 expression
was increased in MSCs and MSC‑TRAIL following VPA
treatment in a dose‑dependent manner (0‑4 mM) (Fig. 4A).
Moreover, VPA increased MSC‑TRAIL migration in a
dose‑dependent manner toward SDF‑1, a ligand of CXCR4,
but migration of VPA‑treated MSC‑TRAIL decreased after
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Figure 3. Effect of VPA treatment on MSCs‑TRAIL. (A) MSCs and MSCs‑TRAIL were treated with VPA (0‑16 mM) and their viability was determined using
a MTT assay. (B) After VPA (2 mM) was added to MSCs or MSCs‑TRAIL, the concentration of secreted TRAIL in culture supernatant was analyzed via
ELISA on the indicated day. (C) Glioma cells (U87 and U138) were treated with VPA (0‑4 mM) with MSCs‑TRAIL with or without DR5/Fc chimera protein
(100 ng/ml), and then the viability of glioma cells was determined using a MTT assay. Data are presented as the mean ± SD. **P<0.01 in the comparison
of alone treatment with untreated control; as compared with the treatment with VPA or MSCs‑TRAIL alone (one‑way ANOVA with Bonferroni multiple
comparison test). (D) Glioma cells (U87 and U138) were treated with VPA (2 mM), MSCs‑TRAIL or VPA and MSCs‑TRAIL with or without DR5/Fc
chimera protein (100 ng/ml). After 24 h, total cell extracts were analyzed using western blotting with antibodies against caspase‑8 (upper panel) and caspase‑3
(bottom panel). The relative expression of each protein was normalized to β‑actin. Each western blot test was conducted on different parts using same gel
and exposure. VPA, valproic acid; TRAIL, tumor necrosis factor‑related apoptosis‑inducing ligand; DR, death receptor; MSCs‑TRAIL, tumor necrosis
factor‑related apoptosis‑inducing ligand‑secreting human bone marrow‑derived mesenchymal stem cells.

treatment with AMD3100, a CXCR4 antagonist (Fig. 4B).
The migration of MSCs toward CM from glioma cells was
examined. Combined treatment with VPA and MSC‑TRAIL
significantly enhanced the migration of MSCs toward CM
from glioma cells (Fig. 4C). To assess the in vivo migratory
capacity of VPA or MSC‑TRAIL alone, PKH‑26‑labeled
VPA‑treated MSCs‑TRAIL were injected together with
PKH‑67‑labeled control MSCs‑TRAIL into the contralateral
hemisphere of tumors in a U‑87MG glioma model. VPA
increased the MSC‑TRAIL migratory activity compared with
MSC‑TRAIL alone (Fig. 4D). These observations indicated
that CXCR4/SDF‑1 was involved in the migration of MSCs
toward gliomas both in vitro and in vivo.
Combined treatment with VPA and MSCs‑TRAIL enhances the
therapeutic potential in intracranial xenografted models. The
therapeutic effects of the combined treatment were investigated
in an intracranial xenograft mouse model after inoculation with
glioma cells. To observe tumor growth using in vivo bioluminescent imaging analysis, tumor‑bearing mice with U87‑Luc

cells were established. A total of 7 days after tumor inoculation mice were treated with MSCs‑TRAIL, and then VPA
was injected into the animal model (Fig. 5A). H&E staining
(upper panel) demonstrated that the tumor size was smaller
in mice treated with MSC‑TRAIL and VPA in combination
compared with in those treated with VPA or MSC‑TRAIL alone
(Fig. 5B). Moreover, the survival rate (bottom panel; Fig. 5B)
was prolonged in mice that received the combination treatment
compared with those treated with VPA or MSC‑TRAIL alone
and the control mice. At day 7 after U87 inoculation, tumors
were injected intratumorally with MSCs‑TRAIL. Moreover,
VPA was injected 1 day after MSC transplantation and
continued every day for 7 days (n=7/group). Analysis of survival
was conducted using a log‑rank test based on the Kaplan‑Meier
method. The survival of VPA and MSCs‑TRAIL treated mice
was significantly improved survival compared with each of the
other three groups (P<0.05; Fig. 5B).
Tumor‑bearing mice were established using U87‑Luc
cells, and tumor growth was measured. A notable decrease
in bioluminescence was observed in mice treated with the
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Figure 4. Increased migration ability of MSCs‑TRAIL toward VPA‑treated tumors and VPA‑induced increase of CXCR4 expression in MSCs‑TRAIL.
(A) Upregulation of CXCR4 expression was identified via western blot analysis following addition of VPA to MSCs and MSCs‑TRAIL culture medium.
β‑actin was used as a loading control. (B) Effect of treatment with SDF‑1 and AMD3100 on the migration of MSCs‑TRAIL was examined using a Transwell
migration assay. Magnification, x100. Data are presented as the mean ± SD. *P<0.05 and **P<0.01 vs. the treatment with SDF‑1 or VPA alone (one‑way
ANOVA with Bonferroni multiple comparison test). (C) Migratory ability of MSCs‑TRAIL in response to conditioned medium from untreated or VPA‑treated
tumors was determined using a Transwell plate (8‑µm pores). Representative photomicrographs of stained filters show migrated cells. Magnification, x100.
Data are presented as the mean ± SD. **P<0.01 vs. treatment of MSCs‑TRAIL or VPA (one‑way ANOVA with Bonferroni multiple comparison test). (D) To
measure the in vivo migration capacity of MSCs‑TRAIL, PKH67(green)‑labeled MSCs‑TRAIL were injected together with PKH26(red)‑labeled VPA‑treated
MSCs‑TRAIL into the contralateral hemisphere of tumors in a glioma model. Nuclei were stained with DAPI (blue). Box a and b, Tumor area; Box N, Normal
area; T, tumor area. Visualization was conducted using a confocal microscope (magnification, x100). Dotted line, tumor edge. VPA, valproic acid; TRAIL,
tumor necrosis factor‑related apoptosis‑inducing ligand; DR, death receptor; MSCs‑TRAIL, tumor necrosis factor‑related apoptosis‑inducing ligand‑secreting
human bone marrow‑derived mesenchymal stem cells; SDF‑1, stromal cell‑derived factor‑1; CXCR4, C‑X‑C chemokine receptor type 4; CM, conditioned
medium; SFM, serum free medium.

combined treatment compared with those treated with VPA
or MSC‑TRAIL alone (Fig. 5C). Furthermore, TUNEL assay
was performed to evaluate the MSC‑TRAIL‑induced apoptosis in VPA‑treated glioma cells. Increased apoptotic activity
was detected in MSC‑TRAIL and VPA‑treated glioma tumor
regions compared with each treatment alone (Fig. 5D).
Discussion
The present study demonstrated that MSC‑based TRAIL gene
therapy, combined with VPA, was a more effective treatment
against glioma compared with a single treatment. It was
also identified that the therapeutic capacity of MSC‑TRAIL
was improved due to the increased number of DRs and the

migratory ability of MSCs in response to VPA. Enhancement
in MSC tropism appeared to be mediated by the increased
CXCR4 release from MSCs in VPA‑treated tumors. These
findings suggested that VPA increased the anti‑tumor activity
of MSC‑based TRAIL therapy by enhancing MSC tropism
and TRAIL‑induced apoptosis.
A HDACi, VPA, has been reported to enhance TRAIL
sensitivity by inducing DR expression in several types of
tumors, which can provide a positive anti‑tumor effect
against glioma by activating DR pathways (36‑39). Although
the current study did not demonstrated whether VPA with
TRAIL affects healthy cells, the results suggested that
VPA with TRAIL decreased viability of glioma cell lines
(U87 and U138), as well as increased the apoptotic effect
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Figure 5. Effect of combined therapy with VPA and MSCs‑TRAIL on tumor growth and survival in vivo. Tumor‑bearing mice were treated with PBS,
MSCs‑TRAIL alone or VPA with MSCs‑TRAIL to determine the effect on tumor growth in a intracranial glioma mice model. (A) Representation of animal
groups and the schedule of animal experiment plan. (B) Representative images (magnification, x100) of hematoxylin and eosin staining from each treatment
group, demonstrating the cell death in tumor mass at day 35 after tumor inoculation (upper panel). Survival rate of orthotopic xenograft mice was analyzed
using a log‑rank test based on the Kaplan‑Meier method (bottom panel). (C) Bioluminescence images indicate tumor growth in orthotopic xenograft mice
inoculated with U87‑Luc cells after each treatment. (n=3/group). (D) Apoptosis in the treated groups was analyzed using TUNEL staining (red). Nuclei
were stained with DAPI (blue). Visualization was performed using a confocal microscope at magnification, x100. Data are presented as the mean ± SD.
*
P<0.05 (one‑way ANOVA with Bonferroni multiple comparison test). VPA, valproic acid; TRAIL, tumor necrosis factor‑related apoptosis‑inducing ligand;
MSCs‑TRAIL, tumor necrosis factor‑related apoptosis‑inducing ligand‑secreting human bone marrow‑derived mesenchymal stem cells; D, day.

in FACS and caspase3/7 activity. Thus, the present findings
provide evidence for testing combination treatments in glioma
cells, which may serve an important role in improving efficacy
in glioma cell lines. The current study examined whether
MSC‑TRAIL treatment, combined with VPA, enhanced the
potential therapeutic effect in glioma cells and an orthotopic
xenograft mice model. Combined treatment with VPA and
MSC‑TRAIL significantly increased cytotoxicity in human
glioma cells via TRAIL‑induced apoptosis by upregulating
DR5. However, treatment with individual agents weakly
induced glioma cell cytotoxicity and DR5 upregulation. These
results indicated that the VPA and MSC‑TRAIL combination
has the potential to increase cytotoxicity in glioma cells, overcoming the limitation of treatment with either alone.

In the present study, using MSCs as a delivery vehicle for
TRAIL, along with VPA, it was observed that MSC viability
and TRAIL secretion were affected. MSC viability or TRAIL
release from engineered MSCs did not decrease significantly
after exposure to TRAIL, even after combined treatment with
VPA. These observations suggested that MSC‑TRAIL released
substantial quantities of TRAIL protein, so that the therapeutic
gene was activated continuously and the effect was increased by
VPA. The use of MSCs as delivery tools of anti‑tumor agents
has been reported for the treatment of gliomas (40,41). The
migration of MSCs toward various tumor sites is associated with
the release of several cytokines (9). The enhanced migration
of MSCs toward tumors makes them a potential combination
strategy for anti‑tumor therapy; however, accomplishing a
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sufficient number of tumor‑targeted MSCs remains a problem.
Recently, VPA was revealed to respond to SDF‑1 and its receptor
CXCR4, which are associated with bone marrow‑derived cell
migration, in a pathologic environment (42). The present study
indicated that VPA treatment may be a potential a method to
overcome the aforementioned‑mentioned limitations of MSCs.
The current results suggested that tumor treatment with VPA
and MSC‑TRAIL may enhance the migration of MSC‑TRAIL
toward glioma cells by enhancing CXCR4 expression in vitro.
Furthermore, the in vivo observations demonstrated that VPA
treatment with MSC‑TRAIL increased migratory capacity
toward tumor sites. Collectively, it was indicated that the
increased expression of CXCR4 affected the migratory ability
of MSCs; therefore, it may improve the therapeutic potential of
MSC‑based gene therapy.
In conclusion, the present results suggested that combining
VPA and MSC‑TRAIL may be an effective strategy in the
treatment of malignant gliomas by enhancing apoptosis
and migration. Therefore, the combination of VPA and
MSC‑TRAIL represents a potential therapeutic candidate
for treating glioma. However, while the current study tested
several possible means to increase TRAIL‑induced apoptosis,
the specific mechanism of sensitization were not identified.
Thus, additional experiments are required to discover the
specific mechanism of sensitization.
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