
Abstract. Enhancement of radiation response is possible to
be achieved by combination treatment with therapeutic drugs.
Previously we have shown that As2O3 in combination with
ionizing radiation enhanced radiation response in cervical
cancer cells. In this study, we further investigated molecular
mechanism of synergistic enhancement of radiation response
in combination with As2O3. The combination treatment of
HeLa cells induced translocation of Bax to the mitochondria
and a marked phosphorylation of Bcl-2. p38 MAPK and JNK
were also found to be activated in response to the combination
treatment. Pretreatment of PD169316, a p38 MAPK specific
inhibitor, completely attenuated the combination treatment-
induced mitochondrial relocalization of Bax, and altered Bcl-2
phosphorylation. Moreover, pretreatment of SP600125, JNK
specific inhibitor, clearly attenuated Bcl-2 phosphorylation,
but did not affect Bax translocation to the mitochondria. In
addition, N-acetyl-L-cysteine (NAC), a thiol-containing anti-
oxidant, completely blocked p38 MAPK and JNK activations,
Bax relocalization and Bcl-2 phosphorylation. These results
indicate that activation of p38 MAPK is specifically required
for translocation of Bax to the mitochondria, and both JNK
and p38 MAPK are involved in phosphorylation of Bcl-2 in
response to combination treatment with γ-radiation and As2O3,
and that ROS is a critical regulator of p38 MAPK and JNK
activations. The molecular mechanism elucidated in this study

may provide insight into the design of future combination
cancer therapies to cells intrinsically less sensitive to radiation
treatment.

Introduction

Many factors affect susceptibility of tumor cells to ionizing
radiation. Among them intrinsic apoptosis sensitivity or
resistance seems to play an important role. The use of
chemical modifiers as radiosensitizers in combination with
low-dose irradiation may increase the therapeutic efficacy by
overcoming a high apoptotic threshold. Arsenic has long been
used as anticancer agent in traditional Chinese medicine
(1). Recently arsenic trioxide (As2O3) has been successfully
employed in treatment of refractory or relapsed acute promye-
locytic leukemia (APL), and its efficacy has been confirmed
even in patients resistant to conventional chemotherapy (2,3).
We and others reported that As2O3 is an effective inducer of
apoptotic cell death in vitro in various solid tumor cells, such
as esophageal, prostate, ovarian carcinomas, neuroblastoma,
and cervical cancer cells (4-7).

One of the important points in the development of a new
anti-cancer drug is the understanding of its potential for
inclusion in combination treatment regimen. Several recent
studies demonstrated additive effects of As2O3 with conven-
tional chemotherapeutic agents such as cisplatin, adriamycin
and etoposide, but no synergism. Previously, we showed that
As2O3 sensitize human cervical cancer cells to ionizing
radiation (8). Treatment of As2O3 in combination of ionizing
radiation has synergistic effects in decreasing clonogenic
survival and in the regression of tumor growth in xenografts.
We also have shown that the combination treatment
enhanced apoptotic cell death through a reactive oxygen
species (ROS)-dependent pathway in human cervical cancer
cells. The combination treatment of HeLa cells increased
intracellular ROS level, and induced loss of the mito-
chondrial membrane potential and caspase activation. The
combination treatment-induced cell death was completely
blocked by the antioxidant, suggesting ROS-dependent cell
death pathway is employed. However, precise signaling
pathways for the ROS-mediated mitochondrial apoptotic
cell death triggered by the combination treatment with As2O3

and ionizing radiation still remains unclear, especially in solid
cancer cells.
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In this study, we investigated the cross talk between
MAPK signaling and mitochondrial apoptotic cell death
induced by combination treatment with As2O3 and ionizing
radiation in human cervical cancer cells. We showed that
ROS-dependent activations of p38 MAPK and JNK are
critically required for the mitochondrial apoptotic cell death
in response to the combination treatment.

Materials and methods

Materials. As2O3 was purchased from Sigma (St. Louis, MO).
Antibodies against Bax, α-tubulin, heat shock protein 60, AIF,
p38 MAPK, ERK2 and caspase-9 were obtained from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). Anti-ß-actin was
from Sigma. Antibodies against cytochrome c, Bcl-2 and
JNK1 were from BD Bioscience PharMingen (San Jose,
CA). Antibodies against phospho-p38, phoso-JNK1/2,
phosphor-ERK1/2, JNK1/2, ERK1/2, PARP and caspase-3
were obtained from Cell Signaling Technology (Beverly,
MA, USA). Inhibitors specific to JNK (SP600125), MEK
(PD98059) and p38 MAPK (PD169316) were from
Calbiochem (San Diego, CA). N-acetyl-L-cystein (NAC)
was from Sigma.

Cell culture. HeLa cells were obtained from the American
Type Culture Collection. HeLa cells were grown in Roswell
Park Memorial Institute 1640 medium supplemented with 10%
fetal bovine serum, 100 units/ml penicillin and 100 μg/ml
streptomycin.

Irradiation. Cells were plated in 6- or 10-cm dishes and
incubated at 37˚C under humidified 5% CO2-95% air in
culture medium until 70-80% confluent. Cells were then
exposed to γ-rays with 137Cs γ-ray source (Atomic Energy of
Canada, Ltd., Canada) with a dose rate of 3.81 Gy/min.

Quantification of cell death. For the cell death assessment,
the cells were plated in 6-well plates with cell density of
1x105 cells per well and treated with 6 Gy of γ-radiation
alone, 1.5 μM of As2O3 alone, or combination of γ-radiation
(6 Gy) and As2O3 (1.5 μM) the next day. At indicated
time points, cells were trypsinized, washed in phosphate-
buffered saline (PBS) and then incubated in propidium
iodide (2.5 mg ml-1) for 5 min at room temperature and
analyzed with a flow cytometer.

Measurement of mitochondrial membrane potential and
ROS generation. Cells (5x105/ml) were exposed to 6 Gy of
γ-radiation and/or 1.5 μM of As2O3 for the indicated times.
After exposure, cells were incubated in 30 nM 3,3'-dihexy-
loxacarboxyanine iodide (DiO6(3)), and 10 μM DCFH-DA
(Molecular Probes, Eugene, OR) at 37˚C for 30 min, and
harvested by trypsinization and washed with cold PBS
solution three times. ROS and Δψm were determined by FACS
analysis.

Western blot analysis. Western blot analysis was performed
as described. Briefly, cell lysates were prepared by extracting
proteins with lysis buffer [40 mM Tris-Cl (pH 8.0), 120 mM

NaCl, 0.1% Nonidet-P40] supplemented with protease
inhibitors. Proteins were separated by SDS-PAGE and
transferred to nitrocellulose membranes (Bio-Rad). The
membranes were blocked with 5% non-fat dry milk in
Tris buffered saline and then incubated with primary anti-
bodies for 1 h at room temperature. Blots were developed by
peroxidase-conjugated secondary antibody, and proteins were
visualized by enhanced chemiluminescence (ECL) procedures
(Amersham Biosciences) according to the manufacturer's
recommendations.

Immunocomplex kinase assays. Cells were harvested and
lysed with buffer A containing 50 mM Tris-HCl (pH 7.5),
150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, 2 μg of
leupeptin/ml, 2 μg of aprotinin/ml, 25 mM glycerophosphate,
0.1 mM sodium orthovanadate, 1 mM sodium fluoride,
1% Nonidet P-40, 0.5% sodium deoxycholate and 0.1%
sodium dodecyl sulfate (SDS). Cell lysates were subjected
to centrifugation at 12,000 x g for 15 min at 4˚C. The resulting
supernatant was subjected to immunoprecipitation by
incubation first for 2 h at 4˚C with appropriate antibodies
and then for 1 h at 4˚C in the additional presence of protein
A-Sepharose (Sigma). Immunoprecipitates were assayed for
the indicated protein kinase activities by using fusion proteins
as substrate. Reaction mixtures were were analyzed by SDS-
PAGE and autoradiography. GST-c-jun (Cell Signaling),
GST-ATF2 (Santa Cruz) and MBP (Upstate) were used as
substrates for JNK1, p38 MAPK and ERK2, respectively.

Preparation of cytosolic and mitochondrial fractions. Cells
were collected and washed twice in ice-cold PBS, resuspended
in S-100 buffer [20 mM HEPES, pH 7.5, 10 mM KCl, 1.9 mM
MgCl2, 1 mM EGTA, 1 mM EDTA, mixture of protease
inhibitors] and incubated on ice for 20 min. After 20-min
incubation on ice, the cells were homogenized with a
Dounce glass homogenizer and a loose pestle (Wheaton,
Millville, NJ) for 70 strokes. Cell homogenates were spun
at 1,000 x g to remove unbroken cells, nuclei and heavy
membranes. The supernatant was re-spun at 14,000 x g for
30 min to collect the mitochondria-rich (the pellet) and the
cytosolic (the supernatant) fractions. The mitochondria-rich
fraction was washed once with the extraction buffer, followed
by a final resuspension in lysis buffer (150 mM NaCl, 50 mM
Tris-Cl, pH 7.4, 1% NP-40, 0.25% sodium deoxycholate,
1 mM EGTA) containing protease inhibitors for Western
blot analysis.

Results

We first examined whether ionizing radiation treatment in
combination with As2O3 had a synergistic effect on cell death
in HeLa cells. As shown in Fig. 1A, the combination treatment
indeed synergistically enhanced the apoptotic cell death of
HeLa cells in a time-dependent manner. However, treatment
of cells with radiation (6 Gy) did not show any effect on
cell death. In addition, As2O3 alone (1.5 μM) showed a subtle
cytotoxic effect. To determine whether mitochondrial path-
way is involved in induction of the apoptotic cell death seen
after combination treatment, we examined changes in mito-
chondrial membrane potential and cytochrome c release from
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the mitochondria into the cytosol after the combination treat-
ment. Radiation in combination with As2O3 significantly
disrupted mitochondrial membrane potential (Fig. 1B). At the
same time, level of the cytosolic AIF and cytochrome c was
markedly increased (Fig. 1C), coinciding with changes in
mitochondrial membrane potential. Combination treatment
with radiation and As2O3 also caused activation of caspase-9
and caspase-3, and cleavage of poly ADP-ribose polymerase
(PARP) (Fig. 1C). However, we failed to detect caspase-8
and Bid cleavage (data not shown). These results indicate
that radiation treatment in combination with As2O3 induces
synergistic apoptotic cell death in mitochondrial dys-
function-dependent manner.

Because it has been shown that translocation of Bax from
the cytosol to the mitochondria causes a decline of mito-
chondrial membrane potential (9-14), we investigated whether
the combination treatment with As2O3 and γ-radiation induces
mitochondrial translocation of Bax. As shown in Fig. 1D, the
combination treatment redistributed Bax from cytosol to the
mitochondria without changing the protein level, suggesting
that activation of Bax involves the combination treatment-

induced mitochondrial apoptotic cell death pathway. Since
the phosphorylation of Bcl-2 is critically involved in the mito-
chondrial apoptotic process in response to various stimuli
(15-19), we examined whether the combination treatment
induces phosphorylation of Bcl-2. As shown in Fig. 1D, the
combination treatment of HeLa cells with radiation and
As2O3 resulted in the expression of slower-migrating (phos-
phorylated) forms of Bcl-2 protein. The slower-migrating
forms of Bcl-2 have been shown by studies published
previously (20) to represent phosphorylated forms of the
protein. Therefore, this result indicate that phosphorylation
of Bcl-2 is also involved in synergistic enhancement of mito-
chondrial apoptotic cell death in response to combination
treatment with γ-radiation and As2O3.

Mitogen-activated protein kinases (MAPKs) have been
implicated in regulation of apoptotic cell death in response
to various stimuli. To investigate a potential involvement of
MAPKs in the enhancement of mitochondrial apoptotic cell
death induced by the combination treatment with radiation
and As2O3, we first examined changes in MAPK activities
after the combination treatment using immune-complex kinase
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Figure 1. As2O3 in combination with γ-radiation enhances apoptotic cell death. (A) HeLa cells were treated with 6 Gy of γ-radiation alone, 1.5 μM of As2O3

alone, or combination of γ-radiation (6 Gy) and As2O3 (1.5 μM). After 24, 48 and 72 h, cell death was determined by flow cytometric analysis described
in Materials and methods. Results from three independent experiments are shown as means ± SEM. (B) Cells were treated with 6 Gy of γ-radiation and/or
1.5 μM of As2O3. After 48 h, mitochondrial transmembrane potential of these cells was determined by retention of DiOC6(3) added during the last 30 min of
treatments with a flow cytometry. Results from three independent experiments are shown as means ± SEM. (C) Cells were treated with 6 Gy of γ-radiation
and/or 1.5 μM of As2O3. After 48 h, cytosolic fraction was obtained and subjected to Western blot analysis with anti-AIF, -cytochrome c or -α-tubulin antibodies.
α-tubulin was used as a cytosolic marker protein. Cell extracts were also examined directly by Western blot analysis with antibody to caspase-9, caspase-3,
PARP and ß-actin. ß-actin was used as a loading control. (D) As2O3 in combination with γ-radiation induces Bax translocation to mitochondria and Bac-2
phosphorylation. Subcellular fractionation was performed with the cells treated with 6 Gy of γ-radiation and/or 1.5 μM of As2O3 for 48 h. Mitochondrial
fractions were subjected to Western blot analysis with anti-Bax and -HSP60 antibodies. HSP60 was used as a mitochondrial marker protein. Cells were
treated with 6 Gy of γ-radiation and/or 1.5 μM of As2O3. After 48 h, cell extracts were subjected to Western blot analysis with anti-Bax, -Bcl-2 and ß-actin
antibodies. ß-actin was used as a loading control.
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assay. As shown in Fig. 2A, the combination treatment led
to dramatic increase of the p38 MAPK and JNK activities,
but did not affect ERK activity. However, the total cellular
levels of MAPKs remained constant (data not shown). To
determine whether activations of p38 MAPK and JNK are
involved in the combination treatment-induced apoptotic cell
death, we employed specific inhibitors of p38 MAPK or JNK.
Pretreatment of PD169316, a p38 MAPK specific inhibitor,
and SP600125, a JNK-specific inhibitor, effectively attenuated
the combination treatment-induced apoptotic cell death,
while MEK/ERK inhibitor, PD98059, did not (Fig. 2B).
Pretreatment of PD169316 and SP600125 also inhibited

mitochondrial membrane potential loss (Fig. 2C), release of
cytochrome c and AIF from mitochondria (Fig. 2D) induced
by the combination treatment. Moreover, ectopic expression
of dominant negative mutant forms of p38MAPK or JNK
also effectively suppressed the combination treatment-induced
mitochondrial membrane potential loss (Fig. 2E) and mito-
chondrial cell death (Fig. 2F). In addition, p38 MAPK
inhibition showed more potent attenuation of mitochondrial
apoptotic cell death than JNK inhibition. These results indicate
that p38 MAPK and JNK act as important mediators of the
combination treatment-induced mitochondrial apoptotic cell
death in human cervical cancer cells.
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Figure 2. Activations of p38 MAPK and JNK are involved in the combination treatment-induced apoptotic cell death. (A) HeLa cells were treated with 6 Gy
of γ-radiation alone, 1.5 μM of As2O3 alone, or combination of γ-radiation (6 Gy) and As2O3 (1.5 μM). After 48 h, proteins were subjected to immune
complex kinase assay with anti-ERK, -p38 MAPK and -JNK antibodies. MBP, GST-ATF-2 and GST-c-Jun were used as substrates for ERK, p38 MAPK and
JNK, respectively. (B) HeLa cells were treated with 6 Gy of γ-radiation and/or 1.5 μM of As2O3 in the presence of JNK specific inhibitor, SP600125 (20 μM),
p38 MAPK specific inhibitor, PD169316 (20 μM), or MEK specific inhibitor, PD98059 (40 μM). After 48 h, cell death was determined by flow cytometric
analysis described in Materials and methods. Results from three independent experiments are shown as means ± SEM. (C) After 48 h, mitochondrial
transmembrane potential of these cells was determined by retention of DiOC6(3) added during the last 30 min of treatments with a flow cytometry. Results
from three independent experiments are shown as means ± SEM. (D) After 48 h, cytosolic fraction was obtained and subjected to Western blot analysis with
anti-AIF, -cytochrome c or -α-tubulin antibodies. α-tubulin was used as a cytosolic marker protein. (E) HeLa cells were treated with 6 Gy of γ-radiation and/or
1.5 μM of As2O3 in the presence or absence of dominant negative forms of ERK, JNK, and p38MAPK. After 48 h, mitochondrial transmembrane potential
was determined by retention of DiOC6(3) added during the last 30 min of treatments with a flow cytometry. (F) After 48 h, cell death was determined by
flow cytometric analysis described in Materials and methods.
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We further examined whether p38 MAPK and JNK
are involved in Bax translocation to the mitochondria and/
or Bcl-2 phosphorylation in response to the combination
treatment. As shown in Fig. 3, pretreatment of PD169316, a
p38 MAPK specific inhibitor, completely attenuated the
combination treatment-induced relocalization of Bax to the
mitochondria, and also altered Bcl-2 phosphorylation. On
the other hand, treatment with SP600125, a JNK specific
inhibitor, suppressed the combination treatment-induced
Bcl-2 phosphorylation, but did not affect mitochondrial
relocalization of Bax. In addition, pretreatment of PD98059,
a MEK/ERK specific inhibitor did not alter either Bax trans-
location or Bcl-2 phosphorylation. These results indicate
that activation of p38 MAPK is specifically required for
translocation of Bax to the mitochondria, and both JNK
and p38 MAPK are involved in phosphorylation of Bcl-2
in response to combination treatment with γ-radiation and
As2O3.

We previously showed that reactive oxygen species (ROS)
plays a critical role in synergistic enhancement of apoptotic
cell death by the combination treatment with radiation and
As2O3 in human cervical cancer cells (8). We further examined
whether generation of ROS induced by the combination
treatment is required for p38 MAPK and JNK activations
and their mediated alteration of Bcl-2 family proteins. To
determine a linkage between elevation of the intracellular
ROS level and p38 MAPK and JNK activations in response
to the combination treatment, HeLa cells were preincubated
with thiol-containing antioxidant N-acetyl-L-cysteine (NAC)
prior to the combination treatment. Pretreatment of NAC
completely suppressed the combination treatment-induced

p38 MAPK and JNK activations (Fig. 4B) as well as ROS
generation (Fig. 4A). In addition, pretreatment of NAC
completely attenuated Bax translocation to the mitochondria,
Bcl-2 phosphorylation (Fig. 4C), cytochrome c and AIF
release (Fig. 4D) and subsequent apoptotic cell death
(Fig. 4E). These observations suggest that increase in the
intracellular ROS level after the combination treatment is
required for p38 MAPK and JNK activations accompanied
by the mitochondrial apoptotic cell death.

Discussion

The use of chemical modifiers as radiosensitizers in com-
bination with low-dose irradiation may increase the therapeutic
efficacy by overcoming a high apoptotic threshold. The aim
of our investigation was to elucidate molecular mechanism of
the synergistic apoptotic cell death triggered by combination
treatment with ionizing radiation and As2O3 in human cervical
cancer cells.

We previously demonstrated that As2O3 in combination
with γ-radiation have a synergistic effect in dissipation of
mitochondrial membrane potential, thereby enhancing
apoptotic cell death in human cervical cancer cells (8). In
the present study, we provided further evidence that trans-
location of Bax to the mitochondria and phosphorylation
of Bcl-2 are two critical events leading to mitochondrial
membrane potential loss in response to the combination
treatment. The mitochondrial activation-mediated apoptosis
pathway has been shown to be required for Fas-induced
apoptosis in certain cell types that are classified as type II
cells (21,22). In these cells, Bid, the BH3-only protein of the
Bcl-2 family, are activated by post-translational modification
in a caspase-8 dependent manner, and induces the Bax
activation (23-25) and subsequent mitochondrial membrane
potential loss. However, we failed to detect any changes in
caspase-8 and Bid in response to the combination treatment
(data not shown), suggesting that Bax translocation to the
mitochondria and subsequent mitochondrial membrane
potential loss induced by combination treatment with γ-
radiation and As2O3 is caspase-8 and Bid independent. p38
MAPK has been positively implicated in induction of apop-
tosis in response to various stress signals including TNF-α,
interleukin-1, UV irradiation, hyperosmotic stress and chemo-
therapeutic drugs (26-29). Consistent with these findings,
we found that p38 MAPK is involved in the combination
treatment-induced mitochondrial apoptotic cell death.
Inhibition of p38 MAPK with pretreatment of specific
chemical inhibitor completely attenuated mitochondrial
translocation of Bax in response to the combination
treatment, suggesting that p38  MAPK is critically required
for the Bax relocalization to the mitochondria.

Several reports have demonstrated the hypothesis that
the anti-apoptotic function of Bcl-2 is dependent on its phos-
phorylation status rather than its expression level (20,30).
An abrogation in anti-apoptotic function of Bcl-2 due to
its phosphorylation has been demonstrated in cells treated
with Taxol or other microtubule-targeting anticancer agents
(20,31). Consistent with these findings, we observed that the
combination treatment-induced Bcl-2 phosphorylation is
closely associated with JNK and p38 MAPK activations. Pre-
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Figure 3. Activation of p38 MAPK is specifically required for translocation
of Bax to the mitochondria, and both JNK and p38 MAPK are involved
in phosphorylation of Bcl-2 in response to combination treatment with
γ-radiation and As2O3. HeLa cells were treated with 6 Gy of γ-radiation
alone, 1.5 μM of As2O3 alone, or combination of γ-radiation (6 Gy) and
As2O3 (1.5 μM) in the presence of JNK specific inhibitor, SP600125, p38
MAPK specific inhibitor, PD169316, or MEK specific inhibitor, PD98059.
After 48 h, mitochondrial fractions was obtained and subjected to Western
blot analysis with anti-Bax and -HSP60 antibodies. HSP60 was used as a
mitochondrial marker protein. Cells were treated with 6 Gy of γ-radiation
and/or 1.5 μM of As2O3. After 48 h, cell extracts were subjected to Western
blot analysis with anti-Bcl-2 and ß-actin antibodies. ß-actin was used as a
loading control.
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treatment of JNK or p38 MAPK specific inhibitors, attenuated
phosphorylation of Bcl-2 induced by the combination
treatment, indicating that JNK and p38 MAPK are upstream
regulators for the phosphorylation of Bcl-2.

Many studies have shown that ROS producing agents
lead to activation of the MAP kinases (32,33). Modulation
of GSH levels also plays a role in the activation of JNK and
p38 MAPK, as shown after treatment with alkylating agents
(34,35). Consistent with these findings, we also found that
the increased intracellular ROS plays an important role in
the combination treatment-induced p38 MAPK and JNK
activations. Pretreatment of NAC completely attenuated
the combination treatment-induced p38 MAPK and JNK
activations, suggesting that ROS-dependent activations
of p38 MAPK and JNK.

Taken together, these results indicate that activation of
p38 MAPK is specifically required for translocation of Bax
to the mitochondria, and both JNK and p38 MAPK are
involved in phosphorylation of Bcl-2 in response to com-
bination treatment with γ-radiation and As2O3, and that ROS
is a critical regulator of p38 MAPK and JNK activations.
The molecular mechanism that we elucidated in this study
may provide insight into the design of future combination
cancer therapies to cells intrinsically less sensitive to radiation
treatment.
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