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Inhibition of basal JNK activity by small interfering
RNAs enhances cisplatin sensitivity and decreases
DNA repair in T98G glioblastoma cells
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Abstract. Inhibition of basal Jun kinase (JNK) activity by
small interfering RNAs (siRNAs) enhances cisplatin sensi-
tivity and decreases DNA repair in T98G glioblastoma cells.
Although the JNK pathway has been extensively studied in
recent years, little is known concerning the signaling pathways
that control their expression in glioma cells. The aim of the
present study was to assess the role of c-Jun-NH,-terminal
kinases (JNKs) in the regulation of T98G glioblastoma cells
treated with cisplatin in the presence or absence of siRNAs
against JNK1 and JNK2. Addition of either small interfering
JNK1-siRNA or JNK2-siRNA induced decreased DNA
repair and sensitized the T98G glioblastoma cells to the DNA
damaging drug cisplatin (cis-diamminedichloroplatinum).
This effect was associated with reduced cell survival and
loss of anchorage-independent colony formation. The results
indicate that effective inhibition of the JNK pathway signifi-
cantly sensitizes glioblastoma cells to cisplatin, a compound of
proven clinical value whose spectrum of application is limited
by resistance phenomena.

Introduction

We and other researchers have shown that the Jun kinase
(JNK) mediates transformation (1-4) and is activated by
genotoxic stress. Inhibition of this pathway is postulated to
1) inhibit the JNK contribution to the transformed phenotype;
and ii) to inhibit DNA repair and synthesis thereby sensitizing
tumor cells to cisplatin (Platinol) and other DNA-damaging
chemotherapeutic agents. Cisplatin is a well-studied chemo-
therapeutic agent that acts through DNA damage (5). It is
widely used (particularly for ovarian, bladder and testicular
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carcinomas), yet, is ineffective in breast carcinoma (6).
However, drug resistance remains one of the biggest obstacles
to successful treatment of cancer and is believed to be the
primary reason for the treatment failure encountered in
approximately half of all cancers. Brain tumors with wild-type
(wt) or mutant p53 status may respond differently to radiation
therapy. Actually, the p53 gene is found to be mutated in more
than 40% of gliomas (7) and it is believed that restoration of
p53 function would enhance the response to chemotherapeutic
treatments (6,8). The mechanism of resistance to therapeutic
drugs, most of which lead directly or indirectly to DNA damage,
is closely linked to the mechanisms of cancer, which we now
know to involve in part genetic changes that alter the cellular
response to DNA damage. Thus, many of the genetic changes,
including loss of p53, that affect the response to therapy may
affect tumor progression as well. Another important cellular
pathway, also triggered in response to DNA damage is the Jun
kinase/stress-activated protein kinase pathway (JNK/SAPK),
one of several distinct mitogen-activated protein kinase
(MAPK) pathways involved in signal transduction. JNK
phosphorylates c-Jun, thereby enhancing the transcriptional
activity of c-Jun. The INK/SAPK pathway is induced by onco-
gene expression (9-12) and is essential for transformation of
rat embryo fibroblasts (13,14). INK activity is strongly induced
in response to a variety of DNA damaging treatments such as
UV irradiation (15), cisplatin (16-19) and camptothecin (4,20),
and as we have shown, appears to promote resistance of tumor
cells to cisplatin through a mechanism involving increased
DNA repair. We examined the role of the JINK pathway
following treatment with cisplatin, in T98G glioblastoma cells
(which express mutant p53) transfected with JNK1- and JNK2-
small interfering RNAs (siRNAs). Therefore, the INK/SAPK
pathway plays a pS3-independent role in resistance to DNA
damaging agents in these cells, yet not to agents that do not
damage DNA (21). In each case the promoter region contains
one or more AP-1 or ATF2/CREB regulatory sequences. Thus,
several of the genes known to be involved in cisplatin-DNA
adduct repair may be upregulated upon activation of the INK
pathway following damage to DNA by cisplatin, and the down-
regulation of one or more of them in JNK-siRNA-treated cells
could account for the therapy sensitization effect we observed.
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The activation of JNK and loss of p53 may represent
independent mechanisms by which tumor cells undergo
progression to accommodate genome instability and ensure
survival while sustaining potentially lethal genome destabi-
lizing events. By promoting DNA repair, the JNK pathway
may help to limit genome instability and the associated DNA
damage to levels compatible with survival limiting genome
instability. In the present study, we investigated the possibility
of sensitization of glioma cells to cisplatin by abrogation of
Jun-N-terminal kinase activity. We compared the response
of basal JNK protein expression in untreated T98G cells and
in cells treated with JNK1-siRNA, JNK2-siRNA alone or in
combination with cisplatin. We found that disruption of either
JNKI1 or INK2 by siRNAs sensitized T98G cells to cisplatin
thereby markedly decreasing the viability of the cells.

Materials and methods

Cell culture. The T98G brain tumor cell line, established
from human glioblastoma, was obtained from the American
Type Culture Collection (ATCC; Manassas, VA, USA). The
cells were cultured in Dulbecco's modified Eagle's medium
(DMEM) (Invitrogen, Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum (FBS), 1 mM sodium pyruvate,
100 Um/I penicillin G, 100 pg/ml, 1 streptomycin, 2 mM
glutamine, | mM MEM non-essential amino acids and 50 M
2-mercaptoethanol in a 5% CO, incubator at 37°C. The cells
were dissociated using 0.25% trypsin and 0.53 mM EDTA
solution and subcultured once in 3-5 days.

Reagents. Tris-borate-EDTA and acrylamide:bisacrylamide
(29:1) were obtained from Bio-Rad (Richmond, CA, USA).
Lipofectamine was obtained from Life Technologies, Inc.,
USA. Complete Mini EDTA-free protease inhibitor cock-
tail tablets and Annexin V-Fluos were purchased from
Roche Diagnostics GmbH (Mannheim, Germany). Phorbol
12-myristate-13-acetate (TPA) and TNF-a were purchased
from Stratagene Inc. (La Jolla, CA, USA). Antibodies JINK
(FL) (sc-571). INK-1 (C-17) (sc-474), INK2 (N18) (sc-827)
and B-actin (sc-1616) were used at a concentration of 0.07 and
0.1 mg/ml, respectively (in a total volume of 12 ml), and were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, USA).

SiRNA transfection. T98G glioblastoma cells were cultured
to 60-80% confluency on 6-well plates. The cells were incu-
bated with 60 nmol/l siRNAs (Santa Cruz) targeting JNK1
(sc-29380), INK?2 (sc-39101) or control ‘scrambled’ siRNA
(sc-37007) and 6 ul siRNA transfection reagent, according
to the manufacturer's recommendation (Santa Cruz) in 1 ml
serum-free medium (MEM) at 37°C for 6 h. After transfec-
tion, cells were cultured in complete medium for 42 h or until
being used. The siRNAs were purchased from Santa Cruz
Biotechnology, Inc.

Western immunoblot analysis. After reaching 70-80% conflu-
ency, T98G cells were starved overnight with serum-free
medium, and then treated at the indicated concentrations and
time periods with the different drugs in the absence of serum.
Forty-eight hours after transfection, cells were collected and
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washed twice by cold PBS, and each well was treated with
50 ml lysis buffer (2 mmol/l Tris-HCI pH 7.4, 50 mmol/l
NaCl, 25 mmol/l EDTA, 50 mmol/l NaF, 1.5 mmol/l Na,;VO,,
1% Triton X-100, 0.1% SDS, supplemented with protease
inhibitors 1 mmol/l phenylmethylsulfonyl fluoride, 10 mg/1
pepstatin, 10 mg/l aprotinin and 5 mg/l leupeptin) (all from
Sigma). Protein concentrations were determined using the
Bradford protein assay. Equal amounts of protein (40 mg) were
separated on a 15% SDS polyacrylamide gel and transferred to
a nitrocellulose membrane (Hybond C; Amersham, Freiburg,
Germany). Membranes were blocked in 5% non-fat dry milk
in Tris-buffered saline (TBS) for 1 h at room temperature and
probed with rabbit anti-JNKSs antibodies (dilution 1:500; Santa
Cruz Biotechnology, Inc.) overnight at 4°C. After 3 washings
with TBS containing 0.1% Tween-20, membranes were incu-
bated with anti-rabbit IgG horseradish peroxidase (1:5,000;
Santa Cruz Biotechnology, Inc.) and developed by luminol-
mediated chemiluminescence (Appylgen Technologies Inc.,
China). To confirm equal protein loading, membranes were
reprobed with a 1:1,000 dilution of an anti-actin antibody
(Santa Cruz Biotechnology, Inc.). Densitometric analyses were
performed using Scion Image software.

Soft agar assays. To evaluate the ability of individual cell
lines to grow in an anchorage-independent manner, cells were
plated in soft agar (Agarose-1000; Gibco-BRL) as previously
described (22). In brief, a 2.5% agarose stock was made in 1X
PBS. The bottom 0.5% agar support was prepared in DMEM
containing 10% FBS. Cells were harvested, washed and mixed
with the top-agarose suspension at a final concentration of
0.3-0.33%, which was then layered onto the bottom agar. The
agar plates were incubated at 37°C in a humidified incubator for
10 days. Each assay was performed in triplicate. The number of
colonies was then counted.

DNA fragmentation assay. Cells were plated in 96-well plates
24 h before treatment. After treatment, DNA fragmentation was
evaluated by examination of cytoplasmic histone-associated
DNA fragments (mononucleosomes and oligonucleosomes)
using a Cell-Death Detection ELISA kit (Roche Molecular
Biochemicals, Indianapolis, IN, USA) according to the manu-
facturer's recommendations.

Flow cytometry. T98G glioblastoma cells (5x10°) were seeded
in triplicate onto 6-well plates and cultured in RPMI-1640
supplemented with 100 ml/1 FBS. Following transfection for
48 h, the cells were collected and washed with ice-cold PBS,
and fixed in 70% ethanol overnight at 4°C. The fixed cells
were pelleted, washed in PBS, resuspended in PBS containing
0.1 mg/ml of propidium iodide and analyzed by flow cytometry.

Results

The JNKSs form one subfamily of the MAPK group of serine/
threonine protein kinases. The JNKs were first identified
by their activation in response to a variety of extracellular
stresses and their ability to phosphorylate the N-terminal
transactivation domain of the transcription factor c-Jun. Our
previous studies (17,23-25) revealed that specific inhibition of
the JNK pathway in a variety of human tumor cells sensitizes
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Figure 1. Expression of JNK1 and JNK2 protein levels in T98G glioblastoma
cell line in response to several stimuli. T98G cells were treated with FBS
0.5%, FBS 10%, TPA 30 nM, and TNF-a 20 ng/ml. Untreated T98G cells
were used as control. B-actin was used as a loading control. One of three
similar experiments is shown. Lane 1, untreated; lane 2, FBS 0.5%; lane 3,
FBS 10%; lane 4, TPA (30 nM); lane 5, TNF-a (20 ng/ml).

the cells to the cytotoxic effects of cisplatin. In the present
study, we characterized the ability of siRNAs against JNK1
and/or JNK?2 to induce drug sensitivity in T98G glioblastoma
cells. The viability of these cells in the presence of cisplatin
was compared to that of the parental and empty-vector control
cells.

Expression of JNKI and JNK?2 protein in human T98G glio-
blastoma cell line. INK1 and JNK2 are among the nuclear
factors that plays an important role in the regulation of several
genes. To determine the effect of blocking the expression of
both JNKI1 and JNK?2 by siRNAs, we first studied the protein
expression of genes encoding the JNK1 and JNK1 products in
T98G cells. The cells were treated with several inductors of
JNKSs, such as FCS 0.5%, FCS 10%, TPA (30 nM) and TNF-a
(20 ng/ml). As showed in Fig. 1, the protein expression of JNK1
and JNK?2 was assessed by western blot analysis (Fig. 1). The
basal protein levels of both JNK1 and JNK?2 were higher in the
cells cultured in FBS 10%, compared to the cells cultured in
FBS 0.5%. Treatment with TPA and TNF-a strongly activated
JNK in all cases.

Knockdown of JNKI and/or JNK2 expression by specific
SiRNAs strongly decreases the protein levels of JNK gene
products and sensitizes cells to the genotoxic effect of
cisplatin. In order to study the role of JNKs in the growth
regulation of T98G cells, we treated the cells with specific
siRNAs to either JNK1 or JNK2. The cells were then treated
with cisplatin at concentrations of 100 M and analyzed for
protein expression. The effect of these assays was assessed
by western blot analysis (Fig. 2). INK1/2-siRNAs and to a
lower extent cisplatin-treated cells, but not cells treated with
scrambled or the untreated cells, showed a marked reduction
in protein levels (Fig. 2). The combination of either JINK1-
siRNA or JNK2-siRNA with cisplatin further increased the
genotoxic effect of cisplatin, suggesting that these two proteins
appear to be important for T98G cell survival.

Growth inhibition of T98G cells by siRNAs against JNKI and
JNK?2 alone or in combination with cisplatin. Another feature
of malignant cells is that they can grow under anchorage-
independent conditions. The most common assay to assess
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Figure 2. Inhibition of INK1 and JNK2 protein synthesis by small interfering
RNAs and sensitization of T98G cells to cisplatin. T98G glioblastoma cells
were transfected with small interfering RNAs (siRNAs) against INK1 and
JNK2 genes, or with scrambled siRNA, in presence or absence of cisplatin
(100 uM). Western analysis of T98G cells at 24 h after transfection with
siRNAs against INK1 and JNK2 alone or in combination with cisplatin (cul-
tured for an additional 2 h), as shown in Materials and methods. One of three
similar experiments is shown.

this is the ability of cells to grow and form colonies in soft
agar. As shown in Fig. 3, the untreated T98G cells or cells
treated with the scrambled siRNA readily formed colonies
in soft agar. In contrast, the T98G cells treated with cisplatin
exhibited a greatly reduced capacity to form colonies (Fig. 3).
Moreover, the T98G cells treated with siRNA-JNK1 and/or
siRNA-JNK2 exhibited a further reduced capacity to form
colonies. The combination of cisplatin with siRNAs slightly
enhanced the effects obtained with JNK1- or JNK2-siRNA
alone. Collectively, these assays clearly demonstrate the ability
of the siRNAs against JNK genes to suppress phenotypes
related to malignant potential.

Inhibition of INK1 and JNK2 by siRNAs sensitizes the T98G cells
to cisplatin-induced apoptosis. INKs are activated in response
to cytokines or environmental stress and can induce both pro-
apoptotic and pro-survival response (26), we analyzed the role of
JNKI1 and JNK2 in cisplatin-induced cell apoptosis in glioblas-
toma cells. Treatment of T98G glioblastoma cells with siRNAs
against JNK1 and/or INK2 decreased IAP activity (Fig. 4A).
IAP is a family of proteins involved in preventing cell death
by apoptosis. Furthermore, supporting the notion that inhibition
of JNK sensitize cells to cisplatin, we treated T98G cells with
cisplatin (100 #M) or with cisplatin together with cells previously
treated with JNK-siRNA or JNK2-siRNA. The activity of IAP
proteins was further decreased (Fig. 4A). The two IAP proteins
involved in death receptor signaling, cellular inhibitor of apop-
tosis-1 (cIAP-1) and cIAP-2, undergo rapid cellular elimination
after binding to proteins via autoubiquitination and subsequent
proteasome-mediated degradation (27,28). In addition, IAPs
have been implicated as potential pro-metastatic genes, particu-
larly by promoting cell motility (29). Subsequently, we assessed
the effect of INK knockdown on cisplatin-induced T98G cell
death. JNK1 and JNK2 promoted obvious cell survival as
shown by decreased DNA fragmentation in the untreated T98G
cells (Fig. 4B) and this decrease was strongly attenuated by
inhibition of JNK1 and JNK2 using JNK1/2-siRNA transfec-
tion. A further increase in DNA fragmentation was observed
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Figure 3. Soft agar assays of cells treated with siRNAs against JNK1 and
JNKZ2,in the presence or absence of cisplatin (100 #M), compared with glioma
parental cell lines (untreated cells) and those transfected with the scrambled
siRNA. T98G cells treated with cisplatin and/or transfected with siRNAs
against JNK1 or INK2 displayed significantly fewer colonies compared with
the parental and scrambled siRNA-transfected cells. A further reduction in
colony formation was observed when T98G cells were treated with a combi-
nation of cisplatin and JNK1-siRNA or JNK2-siRNA. Control and scrambled
siRNA caused no inhibition of colony-forming ability of these cells on soft
agar. Results are representative of three independent experiments.

in T98G cells treated with the siRNAs along with cisplatin
(10 uM), inducing significant apoptosis (Fig. 4B) in the T98G
cells. The results suggest a survival role of JNK1 and JNK2 in
glioma brain cancer progression.

JNK silencing by siRNAs decreases bcl2 expression, yet strongly
induces bax expression, sensitizing the cells to cisplatin-
mediated apoptosis. Since other pathways may also influence
the survival or death of T98G glioblastoma cells, we further
analyzed the expression of two genes involved in apoptosis or
survival of cells. We investigate the expression of bcl2 and bax
gene products in the T98G cells treated with siRNAs against
JNKI1 or JNK2 in the presence or absence of cisplatin to investi-
gate the expression of these genes.

The Bcl-2 family proteins regulate a distal step in an
evolutionarily conserved pathway for programmed cell
death (30,31). Several members of the Bcl-2 protein family can
form physical interactions with each other in a complicated
network of homodimers and heterodimers (32-34). Although
many details remain unclear at present, in general, the ratio
between anti-apoptotic proteins such as bcl-2 relative to
pro-cell death proteins such as Bax determines the ultimate
sensitivity of cells to various apoptotic stimuli (35).
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Figure 4. Inhibition of JNK1 and JNK2 by specific siRNAs inhibits cell
survival and sensitizes T98G cells to cisplatin. T98G glioblastoma cells
were transfected with scrambled siRNA and with siRNAs against JNK1 or
JNK-2. Twenty four hours after transfection, cells were treated with cisplatin
(100 uM) for an additional 2 h. (A) Whole cell proteins were extracted and
IAP enzymatic activities in the T98G cells were analyzed. (B) After transfec-
tion with JNK1- and JNK2-siRNAs or scrambled siRNA, T98G cells were
treated with cisplatin (100 xM) for an additional 2 h. Apoptosis was analyzed
by determination of DNA fragmentation by an ELISA method. Results are
representative of three independent experiments.

As shown in Fig. 5A, the basal levels of the anti-apoptotic
gene bcl2, was strongly suppressed in the T98G cells treated
with cisplatin. Upon treatment with either JNK1-siRNA or
JNK?2-siRNA, bcl2 levels decreased to a greater extend. The
results also showed a relatively small difference in the regula-
tion of bcl2 gene product by INK1 and JNK?2. Nevertheless,
stronger inhibition was reached following treatment with
the combination of JNK1-siRNA, JNK2-siRNA and cispl-
atin (Fig. 5A). As shown in Fig. 5B, the basal level of bax
gene expression was altered after treatment of T98G cells with
either cisplatin, JNK1-siRNA or JNK2-siRNA. Nevertheless,
stronger induction of bax expression was reached in cells
treated with a combination of either JNK1-siRNA or JNK2-
siRNA and cisplatin (Fig. 5B). The effects of cisplatin in both
cases (Fig. 5A and B) were substantially increased in the cells
previously treated with siRNAs against JNK, clearly indi-
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Figure 5. RT-PCR analysis of (A) bcl-2 and (B) bax mRNA levels in T98G
glioblastoma cells in response to treatments with scrambled siRNA, cisplatin,
JNK1-siRNA and JNK2-siRNA and the combination treatment of cisplatin
and JNK1-siRNA or JNK2-siRNA. Levels are represented as the fold change
over the untreated controls. Results are representative of three independent
experiments.

cating that siRNA against either INK1 or JNK2 sensitized the
T98G cells to cisplatin-mediated apoptosis.

Discussion

In the present study, we examined how small interfering
RNAs (siRNAs) against c-Jun-N-terminal kinase (JNK) affect
cell proliferation, DNA repair and susceptibility to apoptosis
in T98G glioblastoma cells treated or not with cisplatin. JINK
activity is strongly induced in a variety of DNA damaging
treatments such as UV irradiation (36), cisplatin (16-19),
camptothecin (4) and promotes resistance of tumor cells to
cisplatin through a mechanism involving increased DNA
repair. Previous studies have shown that a mutant version of
c-Jun (mJun), a direct target of the JNK pathway, can inhibit
cell proliferation in several types of tumor cells (37,38). In
this case, mJun can enter into AP-1 complexes but fails to be
activated by JNK due to the alanine replacement at the two
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critical sites of serine phosphorylation (39). In addition, the
effect of blocking JNK pathway expression by siRNA in pros-
tate and breast cancer cells has been demonstrated in several
studies (17,22,24-26). In the present study, we examined the
role of the JNK pathway following treatment with siRNAs
in the presence or absence of cisplatin in T98G glioblastoma
cancer cells. We showed that siRNAs against JNKs (siRNA-
JNK1/2) induced decreased DNA repair and sensitizes the
T98G glioblastoma cells to the DNA damaging drug cisplatin.
These results were associated with reduced cell survival and
loss of anchorage-independent colony formation ability. The
results indicate that effective inhibition of the JNK pathway
significantly sensitizes glioblastoma cells to cisplatin, a
compound of proven clinical value whose spectrum of appli-
cation is limited by resistance phenomena, further supporting
the notion that the JNK pathway may promote survival by
limiting genome instability. The loss of p53 in T98G glio-
blastoma cells would further enhance survival owing to a
downregulated apoptotic response. Nevertheless, restoration
of p53 in T98G cells through gene transfer results in partial
Gl arrest or apoptosis (40). Our results demonstrated that cells
treated with JINK-siRNAs exhibit an increased apoptosis and
elevated DNA fragmentation compared with untreated T98G
cells. Thus, the success or failure of DNA repair in T98G cells
may probably play a role in determining the consequences of
blocking JNK expression in these tumor cells, suggesting that
downregulation of JNK expression could be used to enhance
the therapeutic effect of cisplatin in glioblastoma cells. As we
have proposed, activation of JNK and loss of p53 may repre-
sent independent mechanisms by which tumor cells undergo
progression, induce genome instability and ensure survival.
By promoting DNA repair, the JNK pathway may help to
limit genome instability and the associated DNA damage to
levels compatible with survival. This result, combined with
inhibition of JNK through siRNAs against JNK1/2, would
therefore constitute a tumor-specific therapeutic intervention,
since such a strategy exploits the DNA damage resulting from
the intrinsic genome instability unique to cancer cells. Such
strategies would tend to have synergistic antitumor effects and
enhance the potential of DNA damaging chemotherapies as
well. Our observations indicate that effective inhibition of the
JNK pathway utilizing siRNAs significantly sensitized T98G
glioblastoma cells to cisplatin.
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