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Abstract. Temozolomide (TMZ) is an alkylating agent used 
for the treatment of aggressive forms of brain tumor based 
on its antitumor actions. However, the exact effect on cancer 
and the underlying anticancer molecular mechanism of TMZ 
remain to be elucidated. In the present study, the effects of 
TMZ on the growth and motility of glioma C6 cells were 
investigated. MTT and Transwell assays were used to detect 
cellular growth and motility. The results showed that TMZ 
inhibited the proliferation, migration and invasion of the 
glioma C6 cells in vitro, western blot analysis determined 
that the phosphorylation of extracellular signal‑regulated 
protein kinase (ERK)1/2 was decreased in the TMZ‑treated 
cells, compared with the untreated control cells. The ERK1/2 
specific inhibitor, U0126, augmented the inhibitory effects of 
TMZ on the proliferation, migration and invasion of the glioma 
C6 cells, and the mitogen‑activated protein kinase kinase/
ERK pathway activator, curcumin, attenuated the inhibitory 
effects of TMZ on the proliferation and motility of the glioma 
C6 cells. Additionally, the western blotting in the present study 
demonstrated that TMZ and U0126 decreased the expres-
sion of vascular endothelial growth factor‑C (VEGF‑C), and 
the expression level was restored by curcumin, suggesting 
that VEGF‑C may be the downstream effector of ERK1/2. 
Furthermore, the overexpression of VEGF‑C enhanced the 

growth, migration and invasion of the TMZ‑treated cells. 
These results suggested that TMZ suppressed glioma C6 cell 
development, at least in part, and downregulated the expres-
sion of VEGF‑C by inhibiting the ERK signaling pathway. 
The results of the present study provides the foundation for a 
combinational therapeutic strategy to improve the efficacy of 
TMZ.

Introduction

Glioma is one of the common types of primary intracranial 
tumor in humans (1). Gliomas account for ~30% of all types 
of brain and central nervous system tumor and 80% of all 
types of malignant brain tumor (2). It often spreads via the 
cerebrospinal fluid, metastasizes to the spinal cord and the 
normal brain tissue, and forms a satellite tumor group around 
the primary tumor due to its uncontrolled aggressive growth 
and invasion. Despite developments in surgery, chemotherapy, 
radiotherapy and combined treatment modalities, curing 
glioma completely remains a challenge  (3‑5). The median 
survival rate is generally <1 year due to the high rate of recur-
rence following surgery and poor prognosis (3‑6). Therefore, 
it is necessary to investigate novel potential therapeutic agents 
and elucidate the molecular mechanisms underlying their 
cytotoxic effect via clinical investigations. Temozolomide 
(TMZ) is an imidazotetrazine derivative of the alkylating 
agent. dacarbazine. TMZ exhibits schedule‑dependent anti-
neoplastic activity by interfering with DNA replication and 
demonstrates activity against recurrent glioma (7,8). However, 
for reasons that remain to be elucidated, clinical response is 
poor. Therefore, the exact effect of TMZ on the malignancy of 
glioma cells and the underlying mechanism require investiga-
tion.

The mitogen‑activated protein kinase (MAPK) signaling 
pathways are global regulators of cellular responses to stress, 
which transduce signals through subsequent phosphorylation 
events, culminating in the phosphorylation of the terminal 
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MAPK and altered cellular transcription profiles. There are 
three major MAPK pathways, and the respective terminal 
MAPKs in these are p38, c‑Jun N‑terminal kinase (JNK) 
and extracellular signal‑regulated kinase (ERK)1/2 or 
MAPK 42/44 (9). The ERK pathway is activated by receptor 
tyrosine kinases through the small G protein, Ras. The acti-
vation of Ras leads to the phosphorylation of Raf, which in 
turn phosphorylates MAPK kinase (MEK)1/2, a dedicated 
dual‑specificity kinase that regulates the phosphorylation of 
ERK1/2 by tyrosine and threonine residues (10). Activated 
ERK1/2 can translocate into the nucleus, where it stimulates 
numerous transcription factors involved in cell survival, apop-
tosis, differentiation and motility (11).

A number of molecules often exhibit abnormalities in the 
pathogenesis of glioblastoma. For example, the upregulation 
and/or constitutive activation of growth factors, including 
epidermal growth factor (EGF), hepatocyte growth factor 
(HGF), vascular endothelial growth factor (VEGF), and the 
growth factor receptors, EGFR and HGFR, are often involved 
in the abnormal growth and motility of glioma cells (12‑16). 
Certain signaling cascades, particularly MEK/ERK1/2 and 
phosphoinositide 3‑kinase/AKT are critical in the molecular 
abnormalities. In addition, ERK1/2 exhibits constant constitu-
tive activation upon alterations of tyrosine kinase receptors in 
glioblastoma (17‑22). As anticancer drugs often affect various 
signal transduction pathways, including those associated with 
tumor growth, cell death and metastasis, targeting specific 
signaling pathways is a strategy for the development of cancer 
therapy (23-26). Thus, certain selective inhibitors of pathways 
or molecules associated with the progression and development 
of glioblastoma have been considered as molecular targeting 
agents in cancer therapy. U0126, an ERK1/2‑specific inhibitor, 
can significantly inhibit the activation of ERK and suppress 
ERK signaling (27-29). Therefore, it may be necessary to use 
molecular inhibitors for effective tumor treatment.

TMZ is a standard chemotherapeutic agent for the treat-
ment of glioblastoma multiforme, however, the exact effect of 
TMZ on glioma remains to be fully elucidated In the present 
study, the effects of TMZ on the growth and motility of glioma 
C6 cells were investigated, and whether the ERK signaling 
pathway is involved in its regulation was examined.

Materials and methods

Cell culture. The rat glioma C6 cbiell line was obtained from 
American Type Culture Collection (Vanassas, MA, USA). 
The HEK 293T cell line was stored in the Research Center 
for Vascular Biology (Yangzhou University, Yangzhou, 
China), which was used to generate adenoviral vectors. These 
cells were grown in Dulbecco's modified Eagle's medium 
(DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) supplemented with 5% fetal bovine serum (FBS; 
Lonza, Levallois‑Perret, France) in a humidified atmosphere 
containing 5% CO2 at 37˚C.

Cell proliferation assay. Cell proliferation was assessed 
using an MTT assay. The MTT assay was performed using 
a 96‑well plate according to the manufacturer's protocol. 
The cells were seeded at a density of 104 cells per well 
and were cultured at 37˚C with 5% CO2 for 24 h, following 

which 250, 500 and 1,000 µM TMZ (Sigma‑Aldrich; Merck 
Millipore, Darmstadt, Germany) was added to the culture for 
48 h or 500 µM TMZ for 24, 48 and 72 h. The cells were then 
incubated with 20 µl of MTT (5 mg/ml in phosphate‑buffered 
saline) for 4 h at 37˚C, following which the cells were lysed 
by the addition of 200 µl dimethylsulfoxide. The absorbance 
was measured at 570 nm using a Rainbow microplate reader 
(Tecan Austria GmbH, Salzburg, Austria).

Migration and invasion assays. Cell migration was assessed 
using Transwell chambers (6.5 mm; Corning Incorporated, 
Corning, NY, USA) with 8 µm pore membranes. The lower 
chamber was filled with 600  µl DMEM medium with or 
without TMZ. The cells (5x104) were suspended in 100 µl 
of DMEM medium with 1% FBS and plated into the upper 
chamber, with or without 250, 500 and 1,000 µM TMZ for 
incubation at 37˚C. After 20 h, the number of cells visible on 
the undersurface of the polycarbonate membranes following 
crystal violet staining was scored in six randomly selected 
visual fields (magnification, x100) using a light microscope. 
For invasion assays, the upper surface of the membrane was 
covered with 70 µl of Matrigel (1 mg/ml; BD Biosciences, 
Franklin Lakes, NJ, USA). The procedure of the invasion 
assay was the same as that for the migration assay, with the 
exception that the incubation duration was extended to 24 h.

Western blot analysis. The cells were lysed in cell lysis buffer for 
western blot analysis and immunoprecipiation (cat. no. P0013; 
Beyotime Institute of Biotechnology, Haimen, China) containing 
a protease inhibitor cocktail (Roche Diagnostics, Branchburg, 
NJ, USA). Cell lysate was centrifuged at 10,000 x g for 10 
min and the supernatant was collected. Protein samples were 
quantified using BCA Protein Assay kit (Beyotime Institute of 
Biotechnology, Jiangsu, China). The protein samples (50 µg) were 
separated by 12% SDS‑PAGE and transferred onto Immobilon‑P 
membranes (EMD Millipore, Billerica, MA, USA). The 
membranes were blocked with 5% BSA (Sigma‑Aldrich; Merck 
Millipore) in Tris‑buffered saline Tween‑20 (TBST) for 1 h, 
and incubated with specific primary antibodies overnight at 4˚C 
and then washed for 3 times with TBST, followed by incuba-
tion with horseradish peroxidase (HRP)‑conjugated secondary 
antibodies for 2  h at room temperature. Anti‑ERK rabbit 
polyclonal antibody (1:1,000; cat. no. 9102), anti phosphory-
lated (p)‑ERK pAb (1:1,000; cat. no. 9101), anti‑p‑p38MAPK 
mouse monoclonal antibody (1:1,000; cat. no. 5140), anti‑p‑JNK 
mouse (1:2,000; cat. no. 9255) and anti‑VEGF‑C rabbit pAb 
(1:1,000; cat. no. 2445) were the primary antibodies used for 
detection of target proteins, all obtained from Cell Signaling 
Technology, Inc. (Danvers, MA, USA). HRP‑conjugated goat 
anti‑rabbit IgG secondary antibody (1:2,000, cat. no. 7074), 
horse anti‑mouse IgG (1:2,000, cat. no. 7076) were used and 
were obtained from Cell Signaling Technology, Inc. Enhanced 
chemiluminescence‑detecting reagent (Amersham; GE 
Healthcare Life Sciences, Chalfont, UK) was used for develop-
ment. GAPDH was probed using anti‑GAPDH rabbit (1:1,000, 
cat. no. 2118, Cell Signaling Technology, Inc.) as a loading 
control. The protein blots were quantified by densitometry using 
QuantityOne software version 4.5.0 (Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA), and the quantity expressed was rela-
tive to the corresponding target protein.
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Expression of recombinant VEGF‑C. The recombinant 
human VEGF‑C was purchased from R&D Systems, Inc. 
(Minneapolis, MN, USA).The VEGF C cDNA was ampli-
fied by La Taq DNA polymerase (Takara Biotechnology 
Co., Ltd., Shanghai, China) in polymerase chain reaction 
(PCR) system with La Taq buffer and 2.5 mM dNTP (Takara 
Biotechnology Co., Ltd.) using the following primers: 
VEGF-C forward, 5'-AGT​GTC​AGG​CAG​CGA​ACA​AGA-3'.
and reverse,  5'-CTT​CCT​GAG​CCA​GGC​ATC​TG-3'. PCR 
thermocycler 9700 (Applied Biosystems) was used with the 
following regimen of thermal cycling: stage 1, 1 cycle, 10 min 
at 95˚C; stage 2, 40 cycles, 15 sec at 95˚C, 1 min 60˚C. The 
PCR products were cloned into a DL7001 Ad 5 adenoviral 
vector (Vector Core of Human Gene Therapy Institute, 
University of Pennsylvania, Philadelphia, PA, USA). Answer: 
HEK 293T cells were transfected by adenoviral vector using 
Lipofectamine 2000 (Invitrogen;Thermo Fisher Scientific, 
Inc.) in cell culture dishes. The recombinant viruses were 
generated in HEK 293T cells and were used for infection of 
the glioma C6 cells at 37˚C. After 24 h, the cells were used for 
the experiments. A control cell line was constructed using the 
LacZ/Ad‑5 control vector (Vector Gene Technology Company 
Co., Ltd., Beijing, China).

Statistic analysis. All the experiments were repeated at least 
three times. Statistical significance was analyzed using the 
SPSS 11.0 software program (SPSS, Inc., Chicago, IL, USA). 
Data were analyzed using Student’s t-test. P<0.05 was consid-
ered to indicate a statistically significant difference. Data are 
presented as the mean ± standard error of the mean.

Results

TMZ inhibits the proliferation of glioma C6 cells. To deter-
mine whether TMZ affects cell viability, the glioma C6 cells 
were grown in serum‑containing medium for 24 h, and were 
then either treated with TMZ at various concentrations for 
48 h or were treated with 500 µM TMZ for different durations. 
An MTT assay was then used for the analysis of cell prolifera-
tion. The results indicated that the proliferation of the glioma 
C6 cells treated with TMZ decreased in a concentration‑ and 
time‑dependent manner, compared with the untreated control 
cells (Fig. 1A and B).

TMZ attenuates the migration and invasion of glioma C6 
cells. The effect of TMZ on glioma C6 cell motility was deter-
mined by the detection of cell migration and invasion in vitro. 
The Transwell assays indicated that the number of cells able 
to migrate into the lower chambers decreased markedly in the 
TMZ group as the concentration of TMZ gradually increased, 
compared with the control group (Fig. 2A and B). These data 
showed that TMZ significantly suppressed the migration and 
invasion of glioma C6 cells in vitro in a concentration‑depen-
dent manner.

TMZ decreases oncogenic phenotypes in glioma C6 cells 
via MEK/ERK signaling. In order to clarify the molecular 
mechanism underlying the effects of TMZ in regulating the 
growth and motility of glioma C6 cells, the present study 
examined the activities of members of the MAPK pathways, 

specifically the three terminal MAPK molecules, p38, JNK 
and ERK, by detecting their phosphorylation. The results 
showed that ERK1/2 phosphorylation was markedly decreased 
in the TMZ‑treated cells, compared with the untreated control 

Figure 1. TMZ inhibits the proliferation of glioma C6 cells. The cells 
were cultured for 24 h and were then treated (A) with or without 250, 500 
and 1,000 µM TMZ for 48 h or  (B) with 500 µM TMZ for 24, 48 and 
72 h. An MTT assay was performed to assess cell proliferation. *P<0.05 
and **P<0.01, vs. Ctrl. (Student's t‑test). Data are presented as the mean ± stan-
dard error of the mean. TMZ, temozolomide; Ctrl, untreated control cells.

Figure 2. TMZ decreases the migration and invasion of glioma C6 cells. The 
cells were treated with or without 250, 500 and 1,000 µM TMZ, following 
which (A) cell migration and (B) invasion were analyzed using a Transwell 
assay. *P<0.05 and **P<0.01, vs. Ctrl. (Student's t‑test). Data are presented as 
the mean ± standard error of the mean. TMZ, temozolomide; Ctrl, untreated 
control cells.
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cells (Fig. 3A). However, no significant differences were found 
between the TMZ‑treated and the untreated groups in the 
expression levels of p38 or JNK.

To determine the effect of ERK on the function of TMZ 
in inhibiting the malignant phenotype of glioma C6 cells, 
the ERK1/2 specific inhibitor, U0126, and MEK activator, 
curcumin, were used. The results indicated that U0126 
significantly augmented the inhibitory effect of TMZ on 
the proliferation (Fig.  3B), migration (Fig.  3C) and inva-
sion (Fig. 3D) of the cells, whereas a low concentration of 
curcumin (30) attenuated the inhibitory effect of TMZ on the 
oncogenic phenotypes of the glioma C6 cells. This suggested 
that MEK/ERK signaling was important in the TMZ‑induced 
inhibition of malignant phenotypes.

TMZ downregulates the expression of VEGF‑C via the ERK 
signaling pathway. As the upregulation of the growth factor, 
VEGF, is often involved in the abnormal growth and metas-
tasis of glioma cells (13,15) and the expression of VEGF‑C 
in cancer cells can be affected by ERK signaling (31,32), the 
present study investigated whether TMZ affected the expres-
sion of VEGF‑C via the ERK pathway. The results indicated 
that TMZ decreased the expression of VEGF‑C. Its expression 
was also reduced by the ERK1/2 inhibitor, U0126, and was 

Figure 3. TMZ attenuates the proliferation and motility of glioma C6 cells via MAPK kinase/ERK signaling. (A) Expression levels of pp38MAPK, pJNK, 
pERK, ERK and GAPDH were detected in glioma C6 cells treated with or without 500 µM TMZ for 24 h using western blot analysis. (B) Proliferation, 
(C) migration and (D) invasion of cells treated with TMZ following inhibition or activation of ERK signaling by 30 nM U0126 and 1 µM Cur, respectively. 
*P<0.05 and **P<0.01 (Student's t‑test). Data are presented as the mean ± standard error of the mean. TMZ, temozolomide; Ctrl, untreated control cells; Cur, 
curcumin; ERK, extracellular signal‑regulated kinase; pERK, phosphorylated ERK; pp38MAPK, phosphorylated p38 mitogen‑activated protein kinase; 
pJNK, phosphorylated c‑Jun N‑terminal kinase.

Figure 4. TMZ reduces the expression of VEGF‑C via the extracellular 
signal‑regulated kinase signaling pathway. The expression levels of VEGF‑C 
in glioma C6 cells treated with 500 µM TMZ, 30 nM U0126 or 1 µM Cur 
were analyzed using western blot analysis. Results are representative of three 
repeated experiments. Data are presented as the mean ± standard error of the 
mean. TMZ, temozolomide; VEGF‑C, vascular endothelial growth factor‑C; 
Ctrl, untreated control cells; Cur, curcumin.
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restored by curcumin (Fig. 4), suggesting that VEGF‑C may 
be the downstream effector of ERK1/2.

Overexpression of VEGF‑C enhances the growth and 
motility of TMZ‑treated glioma C6 cells. To determine 
whether VEGF‑C is involved in the regulation of TMZ to 
affect glioma C6 cell growth and motility, VEGF‑C was 
overexpressed in glioma C6 cells and the cells were treated 
with TMZ and/or U0126. Western blot analysis indicated 
that the VEGF‑C protein was markedly overexpressed in 
the glioma C6 cells, and treatment with TMZ and U0126 
downregulated the protein expression levels of exogenous 
and endogenous VEGF‑C (Fig. 5A). The results of the MTT 
assay and Transwell assay showed that the overexpression of 
VEGF‑C significantly reversed the growth, migration and 
invasion of the TMZ‑ and/or U0126‑treated cells, compared 

with the cells without VEGF‑C overexpression (Fig. 5B‑D). 
These data suggested that TMZ attenuated the malignancy of 
glioma C6 cells, possibly through affecting the expression of 
VEGF‑C via ERK signaling.

Discussion

TMZ is a prodrug generated from the alkylating agent dacar-
bazine by imidazotetrazine derivation. TMZ is often used as 
standard therapy for glioma, based on its ability to methylate 
or alkylate DNA at the O‑6 or N‑7 region of guanine residues 
leading to the death of cancer cells (33,34). However, the 
curative effect of TMZ is often compromised due to the repair 
of DNA damage in tumor cells. Therefore, to use TMZ more 
effectively, the mechanism underlying the inhibitory effects 
of TMZ on tumor progression require further investigation. 

Figure 5. Overexpression of VEGF‑C enhances the growth and motility of TMZ‑treated glioma C6 cells. (A) Cells were induced to overexpress VEGF‑C, and 
were then treated with 500 µM TMZ and 30 nM U0126. The protein expression of VEGF‑C was detected using western blot analysis. The cells overexpressing 
VEGF‑C and the control cells were treated with TMZ and/or U0126, following which the (B) proliferation, (C) migration and (D) invasion were analyzed 
using MTT and Transwell assays. **P<0.01 (Student's t‑test). Data are presented as the mean ± standard error of the mean. TMZ, temozolomide; Ctrl, untreated 
control cells; Cur, curcumin; VEGF‑C. vascular endothelial growth factor‑C.
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In the present study, it was found that TMZ significantly 
inhibited the ERK signaling pathway. The ERK pathway is 
a kinase cascade and is critical in the biological functions of 
cancer cells (35‑38). In glioma cells, ERK signaling is closely 
associated with cell death, senescence, proliferation, invasion 
and cellular chemoresistance to TMZ (39‑41). The results 
of the present study indicated that the phosphorylation of 
ERK1/2 was decreased in the TMZ‑treated glioma C6 cells, 
compared with the untreated control cells, and was accom-
panied by decreased proliferation, migration and invasion. 
These decreases were augmented by the ERK1/2 specific 
inhibitor, U0126, and were attenuated by the MEK activator, 
curcumin, suggesting that TMZ inhibited the oncogenic 
phenotypes of the glioma C6 cells, possibly by inhibiting 
ERK signaling.

VEGF‑C is a member of the VEGF family and is involved 
in the malignancy of several types of tumor, including those 
of colorectal, glioma, breast and prostate cancer (42‑47). It has 
been reported that VEGF‑C can enhance cell growth, migra-
tion and metastasis to promote tumor progression (48‑52). In 
the present study, the expression of VEGF‑C was decreased 
in the TMZ‑treated glioma C6 cells, and overexpression of 
VEGF‑C attenuated the inhibitory effects of TMZ on cell 
proliferation, migration and invasion. VEGF‑C also enhanced 
cell growth and motility, compared with the TMZ‑treated cells 
without VEGF‑C overexpression, although they remained 
lower, compared with those in the untreated control cells 
suggesting that there other signaling pathways or proteins 
may be involved in the modulation. The data obtained in the 
present study indicated that TMZ inhibited tumor oncogenic 
phenotypes, including proliferation and motility, at least in 
part, by downregulating the expression of VEGF‑C in the 
glioma C6 cells.

It has been reported that the expression of several 
growth factors, including VEGF‑C are regulated by ERK1/2 
signaling (31‑53). In the present study, it was found that TMZ 
downregulated ERK signaling and decreased the expression 
of VEGF‑C. It was hypothesized that TMZ decreases the 
expression of VEGF‑C through inhibiting the ERK signaling 
pathway in glioma C6 cells. As expected, the inhibition of 
ERK1/2 by its inhibitor, U0126, decreased the expression of 
VEGF‑C, whereas its expression was upregulated by the MEK 
activator, curcumin, confirming the hypothesis. However, the 
transcription factors involved in modulating the expression of 
VEGF‑C remain to be fully elucidated.

In conclusion, the data obtained in the present study 
indicated that ERK signaling was involved in the control of 
TMZ on the oncogenic phenotypes of glioma C6 cells, and 
VEGF‑C was critical role in its modulation. In addition, the 
results suggests that TMZ combined with ERK1/2 inhibitors 
may be a more effective therapeutic approach in the treatment 
of glioma.
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