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Abstract—Glioblastoma (GBM) is a malignant brain tumor with a poor
prognosis. The standard postoperative chemotherapy is temozolomide (TMZ),
which does not greatly improve survival. The DNA repair gene O-6-
methylguanine-DNA methyltransferase (MGMT) contributes to the response of
TMZ-induced DNA damage. The commonly prescribed antiepileptic drug
levetiracetam (LEV) has been shown to enhance TMZ’s antitumor effect via
inhibition of histone deacetylases (HDACs), but the therapeutic advantages of
the LEV and TMZ combination remain poorly understood. Mechanisms of
response to chemotherapy include apoptosis and mitotic catastrophe, and recent
studies have suggested that premature senescence may also be invoked when
cancer cells are exposed to therapeutic agents. In our study, we evaluated cell
proliferation and premature senescence after single and combined treatments of
TMZ and LEV in two GBM cell lines that differ in TMZ sensitivity caused by
the absence (A172) or presence (198) of the MGMT protein. Both LEV and
TMZ reduced cell proliferation in a dose-dependent manner in A172 cells. A
senescent-like phenotype, as determined by -galactosidase activity, was
induced by both TMZ and LEV. Overall, there was a greater effect following
combined treatment compared to the monotherapy groups. Thus, LEV appears
to have a tumor-suppressive effect and induces cellular senescence, and
combined treatment of LEV and TMZ enhanced these effects. Because LEV
treatment results in few adverse effects, its use in GBM treatment may allow for
reduction of the TMZ dose to enhance the clinical efficacy of TMZ

chemotherapy and improve quality of life.
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INTRODUCTION

Glioblastoma (GBM) is a highly malignant brain tumor, representing more
than half of all cases of gliomas. Since 2005, the most standard treatment for
GBM is a combination of chemotherapy with temozolomide (TMZ) and
radiation therapy; however, the survival rate of GBM remains poor, with a 5-
year survival rate of less than 10% [1,2]; therefore, there is an urgent need to
identify novel therapeutic drugs, modifications to the TMZ treatment protocol,
or a combination of agents that will increase the anticancer potency of TMZ.

Epigenetic silencing of the DNA repair mechanism gene O-6-methylguanine-
DNA methyltransferase (MGMT) by promoter methylation has been associated
with longer overall survival in patients with GBM [1,2]. Some studies have
identified certain factors that make tumor cells more sensitive to TMZ therapy
through MGMT-dependent or MGMT-independent mechanisms, including
interferon-P, resveratrol, carnitine, levetiracetam (LEV), and valproic acid
(VAP) [2-6]. Thus, confirming that enhanced MGMT expression promotes
clinical resistance to TMZ would help to improve the predictive diagnosis and
establish effective treatment strategies for GBM patients.

Although the effects of chemotherapeutic agents on specific molecular
pathways have been studied to a great degree, the effects that other drugs may
have on such pathways are less recognized. The anticancer effects of
antiepileptic drugs (AEDs) can be significant, because many kinds of AEDs are
administered to patients with brain tumors that can cause epileptic seizures. The
intrinsic anticancer potency of AEDs and their synergistic effects with
chemotherapy or radiotherapy have also been suggested [7,8]; however, AED
therapy is associated with several adverse events, including dementia,

myelosuppression, liver dysfunction, and Steven-Johnson syndrome [9,10].



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

LEV is also an approved drug with anti-epileptic effects, with 91% of glioma
patients treated with LEV remaining seizure-free in a clinical study [11-13].
Bobustuc et al. [14] reported that LEV is the most potent MGMT inhibitor
compared to other AEDs tested. LEV decreased MGMT protein and mRNA
expression levels in GBM cells, and single treatment of LEV showed a tumor
suppression effect against several GBM cell lines. Thus, LEV appears to inhibit
GBM cell proliferation and increase the sensitivity of GBM cells to TMZ.

Recently, substantial evidence has identified cellular senescence as an
alternative tumor suppressor mechanism to apoptosis [6,15]. Cell senescence
represents an arrested state in which the cells remain viable, and is thought to be
a tumor-suppressive mechanism. Thus, it has been proposed that premature
senescence could contribute to the antitumor efficacy of currently used
chemotherapeutics [16,17]. Nevertheless, there is no direct evidence that the
clinical use of TMZ induces premature senescence in GBM cells in vivo.

To further investigate whether LEV could control tumor progression, the
effects of single and combined treatments of TMZ and LEV were evaluated
using two GBM cell lines (A172 and T98). We used cell proliferation and
senescence assays to evaluate the anti-tumor ability of the combined treatment

of TMZ and LEV against the GBM cell lines.

MATERIALS AND METHODS

Cell culture. Human glioma cell lines T98 and A172 were obtained from the
American Type Culture Collection (ATCC). T98 and A172 cells (2 x 10°
cells/mL) were grown in Dulbecco’s modified Eagle medium supplemented

with 10% fetal bovine serum at 37°C in 5% CO,.
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Cell proliferation assay. T98 and A172 cells (2 x 10%) were plated in a 96-well
plate for 24 h, treated daily with 4 concentrations of LEV (0, 80, 160, or 320
ug/mL), and harvested at 72 h for cell proliferation assays. In another
experiment, both cells were plated for 24 h, treated daily with different
concentrations of TMZ (0, 18.75, 37.5, 75, or 150 pg/mL) for 72 h, and then
harvested for cell proliferation assays. In the third experiment, cells were treated
daily with LEV (0, 80, 160, 320 pg/mL) for 72 h and then treated with TMZ (0,
18.75,37.5, 75, or 150 pg/mL) for another 72 h before assays were performed.
The control group was GBM cells that did not receive any LEV or TMZ
treatment. These wells were washed carefully with phosphate buffered saline
(PBS). The cells were placed in the microplate and stored at —80°C for more
than 3 h until samples were assayed. Cell proliferation assays were performed
using CyQUANT® following the manufacturer’s instructions. Briefly, the plates
were thawed at room temperature, and then 200 pL of the CyQUANT GR
dye/cell-lysis buffer was added to each well. The plate was incubated for 2—5
min at room temperature, and protected from light. The next day, fluorescence
was measured using a fluorescence reader with filters appropriate for ~480 nm

excitation and ~520 nm emission maxima.

Senescence assay. A cell senescence kit (Senescence Detection Kit, BioVision
Research Products; Milpitas, CA, USA), designed to histochemically detect -
galactosidase (SA-B-Gal) activity in a cultured cell, was used to detect the
number of senescent cells in each group. The aging process, or senescence, is
considered to be a defense mechanism to control the growth of tumors; cell
division slows down in the aging cell to maintain metabolism. This causes

enlargement of the cell, which results in enhanced SA-B-Gal activity. Since this
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activity 1s not found in a standard cell, SA-B-Gal activity can be used as a
marker of cell senescence, which is indicated by the blue color resulting from its
substrate X-Gal. Cells were plated in a 72-well plate containing 3 mL of 1x PBS
per well. The X-gal solution (25 pL of 20 mg/mL) was dissolved in 1 mL
dimethyl sulfoxide to prepare a 20x stock solution. Staining Solution (470 pL)
and Staining Supplement (5 pL.) (provided in the kit) were heated to solubilize
the precipitate at 24°C. The culture medium was removed and the cells were
washed once in 1 mL of 1x PBS. The cells were mixed with 0.5 mL of fixative
solution for 10—15 min at room temperature. The cells were washed twice with 1
mL of 1x PBS. Staining Solution Mix (0.5 mL) was added to each well. The
plate was covered and incubated overnight at 37°C. Cells were observed under

the microscope for development of blue color.

Statistical analysis. Each experiment was repeated three times. All results are
expressed as the mean + SD. Statistical analysis was performed with SPSS
version 20 software. For the parametric data, one-way analysis of variance
(ANOVA) with Bonferroni correction for multiple comparisons was used to
statistically examine the differences between multiple groups. The results were

considered significant when a value of P < 0.05 was obtained.

RESULTS

Combined LEV + TMZ treatment inhibited glioma cell proliferation more
than each drug alone. At 72 h, the T98 cell numbers were reduced to a certain
degree relative to the number of control cells after daily treatment with 40, 80,
160, and 360 pg/mL LEV, respectively (data not shown). However, the

reduction in cell proliferation was not statistically significant. Similarly, T98 cell
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numbers were slightly reduced in a dose-independent manner relative to the
control cell numbers after daily treatment with 18.75, 37.5, 75, and 150 pg/mL
TMZ, respectively, at 72 h, but again there was no significant difference (data
not shown). In contrast, after daily treatment with both LEV (40 or 80 pg/mL)
and TMZ (18.75 or 75 pg/mL), T98 cell growth inhibition was enhanced
compared to treatment with either drug alone at these concentrations (Fig. 1). In
particular, a significantly greater inhibitory effect on GMB cell proliferation was
observed with the combined LEV (80 pg/mL) + TMZ (75 pg/mL) treatment
compared to TMZ-only treatment at either dose (18.75 or 75 pg/mL).
Interestingly, the combined high dose of LEV (80 pg/mL) + low dose of TMZ
(18.75 pg/mL) treatment showed a significantly greater inhibitory effect than the
high dose of TMZ (75 pg/mL) treatment alone (Fig. 1).

With respect to the A172 cell line, the cell numbers were reduced by 20.2%,
23.5%, and 24.8% relative to the number of control cells after daily treatment
with 80, 160, and 360 pg/mL LEV, respectively (data not shown). The reduction
in cell proliferation was not statistically significant between each dose, although
that at 80 pg/mL LEV was significantly reduced compared to the control level
and that observed with treatment of 40 ug/mL LEV. In contrast to LEV
induction, after daily treatment with 18.75, 37.5, 75, and 150 ug/mL TMZ, A172
cell numbers were reduced in a dose-dependent manner, by 33.3%, 35.1%, 39%,
and 53% relative to the control cell numbers, respectively, at 72 h (data not
shown), although the reduction in cell proliferation was not statistically
significant for any TMZ concentration. After daily treatment with both LEV (40
or 80 ug/mlL) and TMZ (18.75 or 75 pg/mL), a significantly greater inhibitory
effect on A172 cell proliferation was observed, especially with the combined

treatment of LEV at a higher (80 pg/mL) + TMZ (75 pg/mL) concentration
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compared to the TMZ-only treatment.
These results demonstrate that combined treatment of LEV and TMZ has a

greater effect on inhibiting GMB cell proliferation than either treatment alone.

Combined LEV + TMZ treatment induced cell senescence more than each
drug alone. We assessed the TMZ sensitivity of the two GBM cell lines by
using a cell senescence assay. Senescence was detected histochemically by
staining for SA-B-Gal activity, a known characteristic of senescent cells. T98 or
A172 cells started to undergo senescence at about 24 h after treatment with
TMZ, LEV, or both, and the number of cells showing positive SA-B-Gal staining
was determined (Fig. 2). At 72 h, the number of senescent T98 and A172 cells
increased in a dose-dependent manner after daily treatment with 0, 80, and 800
ug/mlL TMZ, with significant differences from untreated cells noted at both
concentrations (P < 0.001). Similarly, dose-dependent increases in senescent
cells were observed with LEV treatment alone at 0, 5, 10, 25, 50, and 100
ug/mL at 72 h (Fig. 3). Significant increases in senescence from the control were
found in the treatments of 0 and 80 ug/mL TMZ (P < 0.001), 80 and 800 pg/mL
TMZ (P =10.011), 0 and 10 pg/mLL LEV (P =0.02), 25 and 50 pg/mL LEV (P =
0.04), and 25 and 100 pg/mL LEV (P <0.01) in the T98 GBM cell line.
Similarly, the increases in senescence from the control were statistically
significant at 0 and 80 pg/mL TMZ (P < 0.001), 10 and 50 pg/mL LEV (P =
0.012), and at 50 and 100 pg/mL LEV (P =0.02) in A172 GBM cells.
Significant increases in senescence from the control were also observed in the
cells treated daily with both TMZ (80 pg/mL) and LEV (0, 10, 50, 100 pg/mL)
in both cell lines. GBM cells treated with 80 ug/mL TMZ + 10 pg/mL LEV and
80 pg/mL TMZ + 50 pg/mL LEV (T98 cells: P =0.04; A172 cells, P =0.01),
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LEV (T98 cells: P=10.013; A172 cells, P = 0.03) had significantly higher rates
of senescence than the control cells. Significantly higher rates of senescence

were observed in the combined treatment groups as compared to treatment with

LEV or TMZ alone for concentrations of 50 and 100 pg/mL LEV (Fig. 3).

DISCUSSION

The present study revealed, for the first time, that LEV induces senescence in
GBM cells. Sole LEV treatment could inhibit cell growth in only A172 cells, as
determined by a cell proliferation assay, whereas treatment with LEV increased
the number of SA-B-gal-positive senescent cells in both cell lines compared to
controls, suggesting that LEV promotes cellular senescence in both GBM cell
lines. Thus, our results showed that combinatorial treatment of LEV and TMZ
showed an increased anticancer effect in a dose-dependent manner.

Several preclinical and clinical studies have proven that hypomethylating
drugs such as 5-aza-2'-deoxycytidine (5-aza-CdR; decitabine), and
mSin3A/histone deacetylases (HDACS) such as valproic acid (VPA) and
suberoylanilide hydroxamic acid (SAHA; vorinostat) have potent anticancer
activity and promising therapeutic potential [18,19]. Previous experimental
results indicated that the anticancer effects of VPA can be increased when
administered in combination with other drugs [20-22]. Determining potential
interactions among drugs prescribed to patients with brain tumors and epilepsy
is an important clinical consideration.

LEV appears to exert a neuroprotective effect via free radical activity, which

can reduce inflammation and neuronal death [23,24]. Therefore, LEV may help
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to prevent the nerve damage caused by radiochemotherapy [12]. Synaptic
vesicle glycoprotein 2A (SV2A) is the protein-binding region of LEV, and Sv2a
knockout mice have epilepsy characterized by severe tonic spasm attacks [25].
GBM and oligodendroglioma showed stronger SV2A expression compared to

the other tumor types, indicating that the SV2A protein level may be a suitable
marker to predict a patient’s response to LEV [26]. Therefore, brain tumor

patients, in particular GBM patients with high expression of SVA2, may be
more likely to benefit from LEV treatment.

HDAC:s are attractive targets in cancer therapy because their inhibition can
induce cell differentiation, growth arrest, and apoptosis [27]. LEV does not
directly inhibit HDAC activity in vitro when applied at the therapeutic
concentration [28]. A limited number of studies have reported that LEV
increased the transcription of HDAC! and could recruit the HDAC1/mSin3A
corepressor complex to the p53-binding site, which ultimately silenced MGMT
protein and mRNA expression levels in vitro [8,14,29]. Thus, LEV may increase
TMZ-induced cytotoxicity in patients with GBM who highly express the
MGMT protein, while also inducing fewer adverse side effects [24]. Indeed, a
high dose of LEV inhibited the proliferation of malignant glioma cells and
increased the effects of inhibiting the sensitivity of glioma cells to TMZ [30].
Our proliferation assay also showed that a high dose of LEV inhibited A172
(MGMT-negative) cell proliferation and increased the effects of inducing the
sensitivity of A172 cells to the monofunctional alkylating agent TMZ. In
contrast, we found no antagonistic or synergistic effect of LEV combined with
TMZ in T98 (MGMT-positive) cells. Collectively, these results suggest that if a

GBM patient is administered an increased dose of LEV, the TMZ dose can be
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reduced, which would minimize the incidence of adverse effects related to TMZ
and improve quality of life. However, despite the reports of the few side effects
of LEV, caution should be taken to not overmedicate with respect to a patient’s
age, underlying disease, and other factors.

A hallmark of cancers is unlimited cellular proliferation; furthermore, cellular
senescence is a potent tumor suppression mechanism [31]. Evidence has also
accumulated that induction of senescence contributes to the treatment efficacy of
chemotherapeutic agents and other anticancer strategies [16]. Hence, suitable
evaluation of chemotherapeutic effectiveness should take both forms of cellular
response into account [32]. Resistance to cell death as well as escape from
senescence could be crucial for malignant transformation, which may contribute
to the failure of chemotherapy [33]. Evidence has also accumulated that the
chemotherapy-mediated senescence entry is p53-independent [34].

Although initially identified in tumors following radiation or genotoxic
chemotherapy [35,36], treatment-induced senescence might also be induced at
lower drug doses, in contrast to the higher doses at which DNA damage and
apoptotic responses are elicited. TMZ has been reported to induce senescence
without apoptosis in melanoma cells [37]. Yamada et al. [7] showed that
carnitine induced senescence in glioma cells, and suggested that carnitine in
combination with chemotherapy could represent an attractive alternative therapy
for glioblastoma, which currently lacks an effective treatment. However, to our
knowledge, few studies have documented the TMZ- and/or LEV-induced
senescence changes to GBM cells. Our study demonstrated that treatment of a
relatively low dose of LEV (10 pg/mL) increased the number of senescent cells
compared to controls in the T98 GBM cell assay. This suggests that even small

amounts of LEV may have an effect of inducing senescence on neoplastic cells.
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In addition, combination treatment of TMZ and a low dose of LEV (10 pg/mL)
did not show a significantly increased effect on senescence, whereas the number
of senescent cells did increase at higher LEV doses in both GBM cell lines.
Collectively, our senescence assay suggested that LEV treatment in combination
with TMZ might induce higher rates of senescence as compared to treatment
with LEV or TMZ alone. Considering its beneficial effects on the side effects of
anticancer drugs, the use of LEV in combination with TMZ could represent an
attractive alternative therapy for GBM. However, further work needs to be
performed in relation to the safety and toxicity of LEV and TMZ at optimal

therapeutic concentrations.

CONCLUSIONS

LEV has a tumor-inhibiting effect in GBM cell lines, which was enhanced when
treated in combination with TMZ. LEV could therefore be used in conjunction
with TMZ, which would enable reduction of the TMZ dose to achieve an
improved tumor response and reduced side effects. Although further studies are
needed to determine the exact mechanism underlying regulation of TMZ
sensitivity, the use of drugs with tumor-suppression effects is considered to lead

to further improvement in the vital prognosis of glioma patients.
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FIGURE LEGENDS

Fig. 1. The effect of levetiracetam (LEV), temozolomide (TMZ), and
combination treatment of LEV and TMZ at different doses in a glioblastoma cell
line (A: T98, B: A172). Both single and combined treatment resulted in dose-
dependent decreases in the numbers of cells compared to untreated control cells.
Asterisks indicate significance of one-way analysis of variance (ANOVA) with

Bonferroni correction testing. *P < 0.05, **P <0.01, ***P < 0.001.

Fig. 2. Cytochemical staining for SA-B-gal activity of T98 and A172 cells.
Microphotograph shows positive (blue) cells. T98 or A172 cells started to
undergo senescence at about 24 h after treatment with TMZ, LEV, or both, as
indicated by an increased number of cells showing positive SA-B-Gal staining. At
72 h, the number of senescent T98 and A172 cells increased in a dose-dependent
manner after daily treatment with 0 and 80 pg/mL TMZ, with significant
differences from TMZ untreated cells noted at both concentrations. Original

magnification, 200x.

Fig. 3. The effect of levetiracetam (LEV), temozolomide (TMZ), and combined
treatment of LEV and TMZ on senescence in T98 and A172 cells. LEV and
TMZ combined treatment induced higher rates of senescence as compared to
LEV or TMZ treatments alone. Asterisks indicate significance of ANOVA
testing. *P < 0.05, **P <0.01, ***P <0.001.
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