
Abstract. Background/Aim: Glioblastoma multiforme (GBM)
is a malignant primary brain tumor with high rates of
recurrence. This study aimed to investigate the effect of
repurposed drug combinations on GBM. Materials and
Methods: Viability of U87 MG and 11ST patient-derived GMB
cell lines, after valproic acid, tranylcypromine or riluzole
alone, in different combinations, as well as combined with
standard temozolomide chemotherapy was examined using the
MTT assay. Proliferation, mRNA level of tissue factor pathway
inhibitor 2 (TFPI2), and cell invasion were evaluated using
anti-Ki-67 antibody staining, reverse transcriptase-polymerase
chain reaction and xCELLigence system. Results: The strongest
effect on cell viability was achieved by the combination of
riluzole with valproic acid (U87MG: 27.2%, 11ST: 25.99%).
Tranylcypromine significantly enhanced the effect of
temozolomide when used in combination, as did valproic acid.
The normally high proliferation of GBM significantly declined
under treatment with valproic acid with tranylcypromine
(p=0.01). Finally, we observed reduction of invasion
comparing single tranylcypromine to its combination with
valproic acid or riluzole. Conclusion: These results support the
idea that combinations of drugs could increase the treatment
efficiency of GBM.

Despite intensive research and improvement in medical care,
glioblastoma multiforme (GBM) remains one of the most
aggressive types of solid tumors, with a 2-year survival rate
of less than 30% (1). Surgical resection followed by
concomitant radiochemotherapy is the standard-of-care

treatment for newly-diagnosed GBM, but ultimately fails to
prevent disease progression. One of the reasons for the poor
therapeutic effect is the great molecular heterogeneity of
these tumors. Combination treatment directed against
different tumor-driving molecular pathways might minimize
drug resistance by making cancer cells incapable of adapting
to simultaneous toxic effects (2).

Epigenetic mechanisms play an important role in GBM
pathogenesis (3). Histone-modifying enzymes influence gene
expression by regulating the condensation of chromatin and
the access of nuclear proteins to their target genes (4). The
ability of histone deacetylase (HDAC) and histone
demethylase inhibitors, members of the class of epigenetic-
modifying drugs under active development, to induce
apoptosis, differentiation and chemo-sensitization of cancer
cells has suggested their use in the treatment of numerous
malignancies (5). 

Treatment with the classical antiepileptic drug valproic
acid (VPA), a non-selective inhibitor of HDAC class I and
II (6), was shown to be associated with improved overall
survival of patients with GBM (7). The phase II trial of VPA
with standard radio-and chemotherapy led to a median
overall survival of 29.6 months and progression-free survival
of 10.5 months (8), exceeding survival obtained by standard
regimens (1). There are several ongoing prospective trials
evaluating the use of VPA in combination with other agents
for treatment of adult and pediatric high-grade gliomas
[reviewed in (3)]. The classical antidepressant drug,
tranylcypromine (TCA), an inhibitor of monoamine oxidase
A, is known to target lysine-specific histone demethylases
LSD1 and -2 (9). The activity of various transcription factors
and nuclear receptors is regulated by LSD1 (10), which is
also able to directly target important cellular proteins such
as P53 (11). Lysine-specific histone demethylase 1 is
involved in neuronal differentiation processes and promotes
the stemness phenotype (12). It is also part of the complex
acting as a key effector of the regulatory program of GBM
stem-like cells, and its knockdown causes GBM stem-like
cells to lose their capacity to initiate tumors in vivo (13).
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Figure 1. Continued



TCA has been shown to have in vivo and in vitro effects
against several cancer types and is being tested in clinical
trials (14).

One of the factors contributing to the aggressive
proliferative behavior of GBM is abnormal glutamate
release. Excessive glutamate is toxic to the normal cells
surrounding a tumor. Riluzole, the only United States Food
and Drug Administration-approved medication for the
treatment of amyotrophic lateral sclerosis, can reduce both
the release of glutamate and glutamate-induced toxicity in
brain tissue (15). Yelskaya et al. showed that blocking
glutamate release in the GBM cell line U87MG using
riluzole inhibited cell proliferation (16). Recently, the effect
of riluzole on the down-regulation of glucose transporter 3
(17), known to be important for the tumorigenic potential of
radio-and chemoresistant GBM stem-like cells (18), was
reported. Riluzole has been shown to be effective in various
cancer models (19-21) and has been explored in clinical
trials for melanoma therapy (22).

In this project, we tested different combinations of VPA,
TCA and riluzole in order to target different pathways
involved in GBM pathogenesis. We examined the effects of
these drugs, alone and in combination, on cell viability,
proliferation and invasion. Their role in sensitization for
standard chemotherapy with temozolomide was also studied. 

Materials and Methods
Materials and cell culture. Cell culture media, fetal bovine sera and
other supplements were purchased from Gibco Life Technologies
(Carlsbad, CA, USA). VPA was purchased from Sigma-Aldrich (St.
Louis, MO, USA), riluzole from TOCRIS (Bristol, UK),
temozolomide from MSD Sharp & Dohme GmbH (Haar, Germany)
and TCA from Abcam (Cambridge, UK). VPA, TCA and riluzole
were dissolved in double-distilled water. Temozolomide was
dissolved in dimethyl sulfoxide (Sigma-Aldrich). U87MG GBM
cells were gift from Julia Bode (Molecular Mechanisms of Tumor
Invasion, Schaller Research Group at the University of Heidelberg
and the DKFZ). The 11ST cell line was derived from a patient’s
primary GBM sample from the Neurosurgical Department,
University Medical Center Göttingen, Germany, according to the
following protocol: fresh tumor tissue was rinsed in cold phosphate-
buffer solution (1× PBS), minced by scalpel and passed through a
30 μm cell strainer (Miltenyl Biotech, Bergisch Gladbach,
Germany) in 500 μl of 1× PBS. The single-cell culture was then
added to 5 ml minimum essential medium (ThermoFisher Scientific,
Waltham, MA, USA) culture medium supplemented with 10% fetal
bovine serum (FCS), 2 mM L-glutamine and 1 mM sodium
pyruvate and transferred to a T25 cell culture flask until it reached
60-80% of confluence in the presence of penicillin/streptomycin
(ThermoFisher Scientific). 

Cell viability assay. Cell viability assays were performed using 
3-(4, 5-dimethylthiazol)-2, 5-diphenyltetrazolium bromide (MTT;
Sigma-Aldrich, St. Louis, MO, USA). Cells were seeded into 
96-well plates at a final density of 15×103 cells/well. Cells were
allowed 24 h to attach and then treated with following concentrations
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Figure 1. MTT assays for U87MG and 11ST viability after treatment with
valproic acid (VPA), tranylcypromine (TCA), and riluzole (Ril) alone (A),
or in combination (B), and combined with temozolomide (TMZ) (C). Data
are the mean±SEM. Results of at least three independent experiments are
presented. C: Control. Statistical analysis was performed using one-way
ANOVA. Significantly different at: *p<0.05, **p<0.01, and ***p<0.001.



of (i) single drugs: 2, 5, 10 mM VPA; 250, 500, 1000 μM TCA; 25,
50, 75 μM riluzole; (ii) combination of the drugs 50 μM riluzole + 2,
5, 10 mM VPA; 500 μM TCA + 25, 50 μM riluzole; 5 mM VPA +
250, 500 μM TCA; and (iii) 200 μM temozolomide with: 2, 5, 10
mM VPA; or 25, 50 μM riluzole; or 250, 500 μM TCA respectively.
The drugs were added to each well in 10 μl of 10× concentrated
drug solution diluted in 100 μl of FCS-free medium. After 72 h,
MTT was added and the cell cultures were incubated for a further
4 h at 37˚C. Samples were measured with a spectrophotometer
absorption reader (Bio-TEK, Winooski, VT, USA) via absorbance
at 562 nm.

Cell proliferation assay and immunocytochemistry. Cells were
seeded in three replicates on 24-well plates containing poly-D-lysin-
coated glass coverslips at 120×103/well. The cells were given 24 h
to attach and then treated for the next 24 h with drug-containing
media. After 24 h, the cells were fixed with acetone for 20 min at
−20˚C. After fixation, the coverslips were blocked with 10% horse
serum for 20 min, incubated with primary antibody to Ki67 (1:50;
DAKO, Santa Clara, CA, USA) overnight at 4˚C and visualized
with Alexa 488 Fluor donkey anti-mouse secondary antibody
(1:500; Life Technologies, Waltham, MA, USA). Nuclei were
counterstained with 4’,6-diamidino-2-phenylindole (DAPI; Sigma-
Aldrich). The coverslips were dried at room temperature and
mounted with Aqua-Poly/Mount medium (Polysciences, Inc.,
Eppelheim, Germany). Slides were studied with a ZEISS Axiovert
200 Fluorescence Microscope (Zeiss, Oberkochen, Germany). Ki-
67-positive cells were counted at 20× resolution. Quantification was
performed in Neurolucida software (MBF Bioscience, Williston,
VT, USA). The percentage of proliferating cells based on the total
number of Ki-67-positive cells divided by the total number of
DAPI-positive cells was calculated. For each treatment, at least five
random microscopic fields were quantified. Each treatment was
repeated at least three times. 

Cell invasion assay. The rate of cell invasion was monitored in real-
time with the xCELLigence system (ACEA Biosciences Inc., San
Diego, USA) CIM plates. For 16 h prior to the experiment, U87MG
cells were serum starved. The upper chamber of the CIM plates was
coated with 20μl of 800μg/ml solution of Matrigel™ (BD
Biosciences, Heidelberg, Germany). A total of 50,000 cells were
seeded in each well of the upper chamber in serum-free media
including 5 mM VPA, 500 μM TCA, or 50 μM riluzole and
combinations of these. Culture medium including 5% FCS and the
compounds were added to each well of the lower chamber. The
electrode impedance value of each well was automatically
monitored by the xCELLigence system for 4 h and expressed as the
Cell Index. 

RNA purification, reverse transcription, and real-time polymerase
chain reaction for the analysis of tissue factor pathway inhibitor 2
(TFPI2) gene expression. Total cellular RNA was isolated with the
RNeasy kit (Qiagen, Hilden, Germany) and reverse-transcribed into
cDNA using the SuperScript III first-strand synthesis kit (Life
Technologies). cDNA (100 ng) was used for real-time PCR
amplification. Real-time PCR was performed on a BioRAD CFX384
cycler using iTaq universal SYBR-Green Mastermix (Bio-rad,
Hercules, CA, USA) and gene-specific primers as follows:
hydroxymethylbilane synthase (HMBS): forward: 5’ CGC ATC TGG
AGT TCA GGA GTA 3’, reverse: 5’ CCA GGA TGA TGG CAC TGA

3’; hypoxanthine phosphoribosyltransferase 1 (HPRT1): forward: 5’
TGA CCT TGA TTT ATT TTG CAT ACC 3’, reverse: 5’ CGA GCA
AGA CGT TCA GTC CT 3’; TFPI2: forward: 5’ GTC GAT TCT GCT
GCT TTT CC 3’, reverse: 5’ CAG CTC TGC GTG TAC CTG TC 3’.

Statistical analysis. Statistical analysis was performed using one-
way ANOVA with Bonferroni post-hoc test.

Results 
Effect of single and combined treatments on cell viability.
Here we examined the effects of VPA, TCA and riluzole
individually and in different combinations on two GBM cell
lines. The effects of single treatments with VPA, riluzole or
TCA on U87MG and 11ST cells are shown in Figure 1A.
VPA at concentrations of 5 and 10 mM significantly reduced
survival of both cell lines. All concentrations of riluzole
significantly reduced the viability of U87MG cells, while
only 50 μM and 75 μM led to a statistically significant effect
on 11ST cell survival. All three concentrations of TCA used
were efficient in reducing U87MG cells, while TCA only
influenced the survival rate of 11ST cells at 1000 μM. 

Next, we combined different concentrations of VPA, TCA
and riluzole to determine their potential improved effect on
cell death (Figure 1B). The most prominent reduction in
viability was achieved by the combination of 50 μM riluzole
and 10 mM VPA. U87MG cells were highly sensitive to
combinations of riluzole and 500 μM TCA. 

We then evaluated the combination of VPA, TCA and
riluzole with first-line treatment agent temozolomide (at
200 μM). Treatment with temozolomide alone had only a
moderate effect on cell death (Figure 1C) but combination
with VPA or TCA significantly reduced viability of both
cell lines in comparison.

Inhibition of GBM cell proliferation and invasion by
combined drug treatment. An important hallmark of cancer,
hence also of GBM, is a high proliferative rate. We tested
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Figure 2. Beneficial effects of combined treatment on proliferation and
migration of U87MG cells. A: Proliferation assay. U87MG cells were
treated with 5 mM valproic acid (VPA), 500 µM tranylcypromine (TCA),
and 50 µM riluzole (Ril) and combinations of these for 24 h. Cells were
stained with anti-Ki67 (green). Nuclei were counterstained with 4’,6-
diamidino-2-phenylindole (DAPI) (blue, 10× magnification). B: The
rate of invasion of cells was monitored with an xCELLigence system (0-
4 h). Bars depict mean±SEM from three independent experiments. C:
Real-time monitoring of cell invasion, representative image is shown.
D: Real-time polymerase chain reaction results showed that all
combined treatments prominently up-regulated the expression of tissue
factor pathway inhibitor 2 (TFPI2) in U87MG glioblastoma cells.
Statistical analysis was performed using one-way ANOVA. Significantly
different at: *p<0.05, and **p<0.01.
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the influence of single and combinations of the drugs on the
proliferation of the two cell lines. Compared to the control
sample, treated samples had a reduced number of Ki-67-
positive cells (Figure 2A). The percentage of proliferating
cells significantly declined under treatment with 5 mM VPA
(p=0.038) and 500 μM TCA (p=0.014) and their
combination (p=0.01) (Figure 2A). 

We also observed reduction of invasion (Figure 2B)
comparing TCA treatment alone with the combination of
VPA/TCA and TCA/riluzole. Even though not significant,
slightly reduced invasion was detected comparing riluzole
alone with its combination with VPA (Figure 2C).
Additionally, we examined expression of TFPI2, a serine
protease inhibitor which plays a role in remodeling of
extracellular matrix. TFPI2 was found to be up-regulated
using all three different combinations, confirming yet again
the positive effect of combined treatment (Figure 2D). 

Discussion

The great molecular heterogeneity of GBM is the key to its
high radio- and chemoresistance. The number of experimental
studies and clinical trials arguing for combined treatment is
growing rapidly. This implies the utilization of various classes
of drugs directed against the different oncogenic pathways that
might be simultaneously activated in a heterogeneous
population of tumor cells. Assuming that combination
treatment might improve therapy, we evaluated repurposing of
three drugs and their combination against two GBM cell lines. 

Although with different response, all three tested drugs,
VPA, riluzole and TCA, reduced viability of both cell lines.
In our experiments, 11ST cells showed more resistance than
U87MG towards TCA and riluzole treatment. This difference
in response between U87MG and 11ST might be due to the
difference in genetic background of these two cell lines. For
example, it has been shown that TP53 status is important for
the anticancer effect of TCA (23). Future experiments might
help identify genetic signatures of tumors with special
susceptibility to treatment with TCA with/without riluzole.
Using different combinations of these three drugs, the most
prominent viability reduction was achieved, for both cell
lines, with the combination of riluzole and VPA. Additionally,
the 11ST cells showed comparatively better effects under
treatment with VPA/TCA (Figure 1B). Earlier studies showed
the benefit of simultaneous treatment with HDAC and LSD1
inhibitors in different types of cancer (23, 24). HDAC class
I and II and LSD1 cooperate in several transcriptional
complexes, such as REST corepressor 1 (CoREST), which
are known to act as transcriptional repressors and be involved
in the development of cancer. Fiskus et al. demonstrated a
synergistic effect of LSD1 inhibitor SP2509 with HDAC
inhibitor panobinostat. They also showed that SP2509
prevented LSD1 assembly with CoREST (24). In another

study, the combination of TCA with vorinostat, panobinostat
and entinostat was able to reduce cancer cell viability, while
the drug effect appeared to be dependent on TP53 expression
(23). Furthermore, several studies have reported the additive
and synergetic effect of VPA and temozolomide (25-27). The
combination of temozolomide with the drugs used in this
study might boost the effect of standard treatment. Indeed,
the effect of single temozolomide treatment was significantly
increased when temozolomide was combined with VPA or
TCA in both cell cultures. The combination effect between
standard chemotherapy and novel drugs might potentially
allow a reduction in the therapeutic dosage of each individual
medication (28). 

Enhanced effect of combined VPA/TCA on inhibition of
proliferation is in line with a synergistic effect on breast
cancer cell proliferation which was achieved in another study
by simultaneous inhibition of LSD1 and HDAC with
pargyline and suberoylanilide hydroxamic acid (29). 

The invasion of GBM cells into normal brain and the
unlikeliness of complete surgical removal contribute to the
lethality and recurrence of GBM (30). Beside the
advantageous effect of TCA on reducing cell viability and
proliferation, TCA had an unfavorable effect by increasing
invasion. The combination of drugs (VPA/TCA or
TCA/riluzole) reduced this effect, yet again showing benefits
of combined treatment. The up-regulation of TFPI2 gene is
another advantageous effect of these drug treatments. Direct
influence of the TFPI2 on the reduction of the invasion was
not examined in this study. TFPI2 is down-regulated in
various tumors (31-33) including gliomas (34). In human
gliomas, TFPI2 is down-regulated or lost during tumor
progression (34). Its up-regulation in glioma cells was found
to reduce invasion both in vitro and in in vivo (35). 

In summary, combination treatment: (i) had a greater
effect on cell survival than treatment with single drugs; (ii)
was able to reduce tumor cell proliferation; (iii) increased the
effect of conventional treatment with temozolomide; (iv) of
TCA/riluzole and VPA/TCA reduced invasion compared to
single TCA treatment. 

Further evaluation of the use of drug combinations is
inevitable, for example, examination of more cell lines with
different genetic backgrounds, drug combinations applied in
in vivo models and the determination of molecular
susceptibility for treatment. But the potential of combination
treatment in minimizing drug resistance by making cancer
cells incapable of adapting to simultaneous toxic effects is
supported by the results of this study.
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