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Abstract

Here we determined which radiation-responsive
genes were altered in radioresistant CEM/IR and
FM3A/IR variants, which showed higher resistance
to irradiation than parental human leukemia CEM and
mouse mammary carcinoma FM3A cells, respec-
tively and studied if radioresistance observed after
radiotherapy could be restored by inhibition of
protein kinase A. The expressions of DNA-PKcs,
Ku70/80, Rad51 and Rad54 genes that related to DNA

damage repair, and Bcl-2 and NF-xB genes that
related to antiapoptosis, were up-regulated, but the
expression of proapototic Bax gene was down-
regulated in the radioresistant cells as compared to
each parental counterpart. We also revealed that the
combined treatment of radiation and the inhibitor of
protein kinase A (PKA) to these radioresistant cells
resulted in synergistic inhibition of DNA-PK, Rad51
and Bcl-2 expressions of the cells, and conse-
quently restored radiosensitivity of the cells. Our
results propose that combined treatment with
radiotherapy and PKA inhibitor can be a novel
therapeutic strategy to radioresistant cancers.

Keywords: cyclic AMP-dependent protein kinases;
gene expression profiling; gene expression regulation,
neoplastic; radiation

Introduction

Radiation therapy is an effective modality for the
treatment of many tumors (Rosen et al., 1999).
However, its therapeutic efficacy is often hindered by
acquirement of radioresistant phenotype of cancer
cells (Pirollo et al., 1997). lonizing or ultraviolet
radiation-induced cellular stress signaling pathways
induce insensitivity of cancer cells to radiotherapy
(Gupta et al., 2003; Chastel et al., 2004; Willers et
al., 2004). Therefore, small molecules designed to
specifically target key components of this signaling
network are now being developed for clinical use as
single therapeutic agents and/or in combination with
other forms of therapy to overcome the resistance.
Molecular events leading to the formation of a ra-
dioresistant phenotype in cancer cells treated with
ionizing radiation (IR) have not been studied extensi-
vely. Many genes have been found to be inducible
by stress conditions such as radiation, and some of
the stress-responsive genes have been implicated in
cells adapting to or being protected from radiation
(Vallis et al., 2002). The identification of many
proteins that modulate apoptosis within a cell has
provided insights into the molecular events important
for mediating radiation-induced apoptosis. The dere-
gulation of DNA damage repair (Ader et al., 2002),
induction of cell cycle arrest (Kang et al., 2004;
Vavrova et al., 2004) and apoptosis resistance
(Snyder and Morgan, 2004; Soderlund et al., 2005)
may be responsible for radioresistance, even though
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the mechanism of radioresistance is not fully under-
stood. Therefore, the proteins controlling the proce-
sses of repair of DNA double strand breaks (DSBs),
cell cycle arrest and apoptosis after IR-induced DNA
damage are attractive candidates for generating
variation in radiosensitivity.

Two major pathways for repairing DNA DSBs
including nonhomologuous end-joining (NHEJ) and
homologous recombination (HR) have been identi-
fied in mammalian cells, and are induced by a
number of DNA-damaging agents including IR and
radiomimetic drugs (Fukushima et al., 2001). NHEJ
dominates during G1 to early S phase of the cell
cycle, and HR is used in late S to G, phases. If left
unrepaired, they can lead to chromosome loss and
cell death. The NHEJ pathway requires the activity
of DNA-dependent protein kinase (DNA-PK), a
multimeric serine-threonine kinase composed of a
catalytic subunit (DNA-PKcs) and regulatory sub-
units (Ku autoantigens: Ku70/80) (Smith and Jack-
son, 1999; Jackson, 2002). In contrast, Rad51 and
Rad54 proteins play a key role in HR in eukaryotes
(Essers et al., 2000; Allen et al., 2003). Altered
expression of DNA repair protein has been im-
plicated in the radioresistant phenotype observed in
cell population that had been treated with multiple
dose of radiation (Marples et al., 2002). In addition,
many other stress-responsive genes are up-regul-
ated in gene expression profiles obtained from ra-
diation-treated cells (Chastel et al., 2004). Accumul-
ating evidences suggest that the antiapoptotic fac-
tors such as Bcl-2 (Condon et al., 2002; Streffer et
al., 2002) and NF-xB (Chen et al., 2002; Tamatani et
al., 2004) could be major contributors to radiore-
sistance, and also cross-talk between the DNA-PK
and NF-kB could contribute to acquire drug resi-
stance of cancer cells (Um et al., 2001).

Agents that target various signaling pathways are
being used in combination with radiotherapy to
improve the therapeutic index without a clear under-
standing of how these agents may affect radio-
sensitization (Tenzer et al., 2002). It has been
reported that the protein kinase A (PKA) signal
pathway regulates cell proliferation, differentiation
and apoptosis of cancer cells (Tortora et al., 2002)
and proposed that inhibition of PKA could down-
regulate NF-xB and Ku activities, both of which play
important roles in drug resistance, and it lead to
enhance the effectiveness of anticancer drugs against
multidrug resistant (MDR) cells with high activities of
NF-xB and Ku (Um et al., 2001).

In this study, we determined which radiation-re-
sponsive genes were altered in radioresistant CEM/
IR and FM3A/IR variants, which showed higher
resistance to irradiation than parental human leuke-
mia CEM and mouse mammary carcinoma FM3A

cells, respectively and studied if radioresistance
observed after radiotherapy could be restored by
inhibitor of protein kinase A.

Materials and Methods

Materials

The following reagent was obtained from the listed
source and used at the concentrations indicated in
the text. N-[2-(p-bromo cinnamyl amino) ethyl]-5-
isoquinoline sulfonamide (H-89) was purchased from
Calbiochem (San Diego, CA). N-[2-(p-bromo cinna-
myl methyl amino) ethyl]-5-isoquinoline sulfonamide
(H-87) was kindly donated by Dr. Hidaka (University
of Nagoya, Japan). All other materials were obtained
in the highest grade.

Development of the radioresistant sublines

The human lymphoblastic leukemia CCRF-CEM
(CEM) cells were kindly donated by Dr. Beck (Uni-
versity of lllinois). The cells were maintained in RPMI
1640 (GIBCO Invitrogen Corp., Carlsbad, CA) con-
taining 10% fetal bovine serum (FBS; GIBCO) in a
5% CO, atmosphere at 37°C. The cells were
irradiated with 6 Gy fraction per cycle using "*'Cs
gamma cell 3000 Elan Exactor (MDS Nordion,
Canada) radiation source at a dose rate of 5 Gy/min
and rested for 2 weeks between cycles. This interval
was chosen to give the cells enough time to carry
out repair processes. Ten cycles of radiation with a
total dose of 60 Gy was given over a period of 3
months to produce the CEM/IR subline, which was
used without cloning. The FM3A mouse mammary
carcinoma cells were cultured in RPMI1640 sup-
plemented with 10% FBS, penicillin (100 U/ml),
and streptomycin (100 ug/ml). The FM3A/IR cells
were derived after fractionated irradiation of FM3A
cells with a total dose of 54 Gy (6 Gy/fraction/two
weeks).

Growth inhibition assay

Cells (2 % 10* cells/ml) were seeded in 96 well
plates and treated with radiation in the presence or
absence of H-89 or H-87, the PKA inhibitor. After
irradiation, the cells were incubated at 37 °C for 5
days. It followed by the addition of 100 ul of MTT [3-
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazoliu
m bromide] solution (5 mg/ml) and the plates were
incubated in the dark room for 4 h (Kim et al., 2004).
The water insoluble MTT-formazan crystals were
dissolved in dimethyl sulfoxide, and the reduction of
MTT was determined at 570 nm using ELISA reader
(Bio-Tec Instruments).
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Cell extract preparation and electrophoretic mobility
shift assay (EMSA)

Cells (1 x 10° cells/ml) were exposed to graded
single doses in the presence or absence of PKA
inhibitor for the indicated times, nuclear extracts of
the cells were prepared from the cells (Um et al.,
2004). In brief, the cells were washed with cold
phosphate buffered saline and harvested quickly and
then resuspended in 300 ul of lysis buffer [10 mM
HEPES, pH 7.9, 1.5 mM MgClz, 10 mM KCI, 0.5 mM
dithiothreitol (DTT), 0.5 mM phenyl methyl sulphonyl
fluoride (PMSF)]. The cells allowed swelling in ice for
10 min. After 0.05% Nonidet P40 was added, the
tube was vigorously mixed 3 times for 3 s on a
vortex, and centrifuged at 250 X g for 10 min to
pallet the nuclei. The nuclear pellet was resuspened
in 30 ul of ice-cold nuclear extraction buffer (5 mM
HEPES, pH 7.9, and 26% glycerol (viv), 1.5 mM
MgCl,, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF).
Then this pellet was incubated on ice for 30 min with
intermittent mixing, and centrifuged at 24,000 X g for
20 min at 4°C. The nuclear extract was either used
immediately or stored at -70°C for later use. Ten ug
of nuclear extract was incubated with **P-labeled
double-stranded oligonucleotide, 5-AGTTGAGGG-
GACTTTCCCAGGC-3' for Ku binding (Santa Cruz
Biotechnology) in binding buffer (10 mM Tris-HCI,
pH 7.9, 50 mM NaCl, 1 mM MgCl,, 0.5 mM EDTA,
4% glycerol) containing 50 pg/ml of poly (dI-dC). The
DNA-protein complex was separated from free
oligonucleotide on 4% nondenaturing polyacryla-
mide gel using 0.5 X TBE buffer (44.4 mM Tris-HClI,
pH 8.0, 44.5 mM boric acid, 1 mM EDTA) for 3 h at
120 V. The gels were dried and autoradiographed.

Western blot analysis

Whole cell lysates or nuclear extracts containing an
equal amount of protein were separated by
SDS-PAGE and blotted to nitrocellulose membrane
(Hybond-ECL, Amersham Biosciences, Bucking-
hamshire, England). The membrane was incubated
with antibody as specified, followed by secondary
antibody conjugated with horseradish peroxidase.
Specific antigen-antibody complexes were detected
by enhanced chemiluminescence (Pierce Biote-
chnology, Inc., Rockford, IL). The following antibo-
dies were used in this study. The purified antibodies
specific to the 70- and 86-kDa Ku protein, Rad51,
Rad54, p53, MDM2, NF-kB, Bcl-2, Bax and B-tubulin
were from Santa Cruz Biotechnology, Inc., Santa
Cruz, CA. The anti-DNA-PKcs antibody was from
Neomarkers (Lab Vision Corp., Fremont, CA). Se-
condary antibodies were obtained from Amersham
Biosciences.

DNA-PK assay

The kinase activity of whole DNA-PK complex was
determined using the Signa TECT™ DNA-depen-
dent Protein Kinase Assay system from Promega
Corp. (Madison, WI). In brief, 10 ug of nuclear ex-
tract of radioresistant and its parental cells was
incubated with activator DNA, a biotinylated p53-
derived peptide substrate, and [**P] ATP for 5 min at
30°C. The sample was terminated by adding ter-
mination buffer. Each termination reaction sample
was spotted onto SAM?™ Biotin Capture Membrane
and then washed with 2 M NaCl and 2 M NaCl in 1%
HsPO4. The SAM2™ membrane squares were anal-
yzed using Molecular Imager System (Bio-Rad La-
boratories, Inc., Model GS 525, Hercules, CA).

Apoptosis assay

The cells (1 X 10° cells/well) treated with radiation
(1-4 Gy) in the presence or absence of H-89 were
washed in incubation buffer (10 mM HEPES, 140
mM NaCl, 5 mM CaCl,). After 24 h of incubation,
cells were centrifuged and resuspended in 500 pl of
annexin V buffer provided with the annexin V FITC
kit (BD pharmigen). Five ul of annexin V was added
to each well and the cells were incubated with at
room temperature for 15 min. Cells were then
transferred to tubes and samples were analyzed by
flow cytometry on a FACScan system (Becton
Dickinson).

Results

Isolation of radioresistant variants of CEM and FM3A
cells and determination of gene expression in re-
sponse to radiation

To assess radioresistance of CEM/IR cells, the cell
survival after graded single doses of y-irradiation
was compared between CEM/IR and parental CEM
cells (Figure 1A). CEM/IR cells were markedly
resistant to radiation than CEM cells. Similar result
was observed in FM3A/IR cells, showing significant
radioresistance in comparison with parental FM3A
cells (Figure 1B). Therefore, to establish the mecha-
nism how cancer cells acquire radioresistant phe-
notype, the expression of a variety of genes com-
monly associated with responsiveness to radiation in
CEM/IR cells was determined by Western blot analy-
sis and their cellular levels compared with those in
CEM cells. As shown in Figure 2A, the expression of
DNA-PKcs, Ku70/80, Rad51 and Rad54 genes that
related to DNA damage repair, and Bcl-2 and NF-xB
genes that related to antiapoptosis, was up-regul-
ated, but the expression of proapototic Bax gene
was down-regulated in CEM/IR cells as compared to
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Figure 1. Determination of radiosensitivity in radioresistant variants of cancer cells. The radioresistant CEM/IR (A), FM3A/IR (B) cells and each parental
counterpart were exposed to the indicated doses of y-irradiation. At 5 days after irradiation, the cell viability relative to untreated control cells was de-
termined using the MTT assay.
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Figure 2. The change in levels of radiation-responsive proteins between CEM and CEM/IR cells. The basal levels of radiation-responsive proteins were
assayed by Western blot analysis using whole cell lysates or nuclear extracts isolated from CEM/IR and its parental CEM cells. B-tubulin (tubulin) was
used as a loading control (A). Ku-DNA binding and kinase activity of DNA-PK were determined by electrophoretic gel mobility shift assay (EMSA) (B, up-
per panel) and DNA-PK Kinase Assay system, respectively (B, lower panel). At 4 h after exposure to the indicated doses of y-irradiation, expression of
DNA-PK components was determined by Western blot analysis (C).

those in the CEM cells. In agreement with elevated To investigate difference in cellular response to IR
protein levels of DNA-PKcs and Ku70/80 in CEM/IR between CEM/IR and CEM cells, the modulation of
cells, the Ku-DNA binding activity and the kinase DNA-PK, the sensitive markers of DNA damage
activity of whole DNA-PK complex in the cells were repair, was determined at 4 h after exposure to
increased in comparison with the CEM cells (Figure various doses of y-irradiation. The basal levels of
2B). Ku70/80 and DNA-PKcs were higher in CEM/IR cells
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Figure 3. The altered expression of DNA repair- and apoptosis-related genes in FM3A/IR cells. The basal levels of DNA repair and apoptosis-related
proteins were assayed by Western blot analysis using whole cell lysates or nuclear extracts isolated from FM3A/IR and its parental FM3A cells. 3-tubulin
(tubulin) was used as a loading control (A). Ku-DNA binding and kinase activity of DNA-PK were determined by EMSA (B, upper panel) and DNA-PK
Kinase Assay system (B, lower panel), respectively. At 10 h after exposure to the indicated doses of +y-irradiation, alteration of DNA-PK expression was

determined by Western blot analysis (C).

than CEM cells. Moreover, the radioresistant cells
showed remarkable induction of DNA-PKcs and Ku
proteins after low doses (3-6 Gy) of y-irradiation
compared with its parental cells (Figure 2C). There-
fore, the radioresistant cells might be more resistant
to radiation-induced DNA damage than the parental
cells. However, at higher dose (12 Gy) of y-irradi-
ation, the DNA-PK was not induced probably due to
serious cellular injury. This result suggests that
increased response to y-irradiation may reflect radio-
resistance in CEM/IR cells. Similar phenomenon
was observed in other radioresistant FM3A/IR cells.
The up-regulation of DNA-PKcs, Ku70/80, Rad51,
Rad54, Bcl-2 and NF-kB genes and the down-
regulation of Bax gene were observed in FM3A/IR
cells as compared to FM3A cells (Figure 3A).
Concurrently, the Ku-DNA binding activity and the
kinase activity of whole DNA-PK complex in FM3A/
IR cells were more increased than those in the
FM3A cells (Figure 3B). As shown in Figure 3C, a
significant increased expression of DNA-PKcs and
Ku80 in FM3A/IR cells after irradiation (4-8 Gy) was
observed, whereas the expression of these DNA-PK
components in FM3A cells was decreased at same
irradiation condition, suggesting differential response
to IR between FM3A/IR and FM3A cells. These
observations suggest that increased levels of the
proteins controlling the processes of DNA damage
repair and apoptosis after IR-induced DNA damage
could contribute to the acquisition of radioresistant
phenotype of cancer cells.

Suppression of DNA damage repair- and
antiapoptotis-related genes in the radioresistant
cells by PKA inhibitor

It has been reported that the activated PKA pathway
plays an important role in DNA damage repair, and
PKA could be activated by radiation (Tortora et al.,
2003). We also previously reported that PKA
inhibitor markedly potentiates cytotoxicity of antican-
cer drugs via inhibition of increased NF-xB and Ku
activities in MDR cells (Um et al., 2001). Therefore,
the levels of DNA-PKcs, Rad51 and Bcl-2 and
Ku-DNA binding activity were compared between
FM3A/IR and FM3A cells after treatment with
various doses of PKA inhibitor, H-89, for 8 h (Figure
4A). H-89-induced down-regulation of Ku-DNA
binding activity, DNA-PKcs, Rad51 and Bcl-2 was
more prominent in FM3A/IR cells than FM3A cells.
Therefore, to determine whether PKA inhibitor could
affect the radiation-induced the expression of anti-
apoptotic molecules, FM3A/IR and FM3A cells were
exposed to two doses of IR in the presence or
absence of H-89 (Figure 4B). Radiation-induced
DNA-PKcs and Ku70/80 expressions of FM3A/IR
cells were significantly reduced by H-89 treatment.
Concurrently, co-treatment of radiation and H-89 to
the cells resulted in synergistic inhibition of Bcl-2
and rad51 expressions and Ku-DNA binding activity
in the cells, whereas FM3A cells were less respon-
sive to the combined effect of radiation and PKA
inhibitor under the same condition. Other radio-
resistant cells showed similar results. The levels of
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Figure 4. Inhibition of DNA repair-related and Bcl-2 gene expression by PKA inhibitor and its combination effect with radiation in
FM3A/IR cells. The cells were treated with the indicated doses of H-89 for 8 h (A) or were exposed to the indicated doses of radiation for
6 h in the presence or absence of 4 uM H-89 (B). The expression of DNA-PKcs, Rad51 and Bcl-2 and the activity/level of Ku were
measured by Western blot analysis and EMSA, respectively.
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Figure 5. Effect of PKA inhibitor on the expression of DNA repair- and apoptosis-related genes in radiation-treated CEM/IR cells. The
cells were exposed to radiation (IR, 6 Gy) in the presence or absence of 4 uM H-89 (A) or exposed to the indicated doses of radiation in
the presence or absence of 4 uM H-87 (B). The levels of DNA repair- and apoptosis-related proteins and Ku-DNA binding activity were
measured by Western blot analysis and EMSA, respectively.
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DNA-PKcs and Ku70/80 of radiation-treated CEM/IR
cells were significantly decreased by H-89 treatment
and it was followed by an increase of p53 and a
decrease of Bcl-2 level (Figure 5A), suggesting that
the PKA pathway could modulate the proteins con-
trolling the processes of repair of DNA DSBs and
apoptosis after irradiation and consequently inhi-
bition of PKA may enhance radiosensitivity of radio-
resistant cancer cells.

Moreover, another isoquinoline sulfonamide com-
pound H-87, the specific PKA inhibitor, also signi-
ficantly suppressed stress-responsive genes such
as DNA-PKcs, Ku70/80, rad51 and Bcl-2 and also
Ku-DNA binding activity induced by radiation in
CEM/IR cells (Figure 5B). These results indicate the
possibility that inhibition of PKA signaling pathway
could enhance the cytotoxic effects of IR against
radioresistant cells via inhibition of prosurvival sig-
naling molecules such as Bcl-2 and DNA-PK.

Enhancement of radiosensitivity by PKA inhibitor

To determine whether suppression of prosurvival
factors by PKA inhibitors leads to enhance cytotoxic
response of radioresistant cells to radiation, and
thereby restore the radiosensitivity of radioresistant
cells, FM3A/IR and FM3A cells were treated with
various dose of irradiation in the presence or ab-
sence of H-89, and growth inhibition was determined
by MTT assay after 5 days. PKA inhibitor potentiated
the cytotoxicity of radiation against radioresistant
cells. Treatment of 2 uM H-89, a nontoxic concen-
tration, significantly sensitized FM3A/IR cells to
irradiation compared with FM3A cells (Figure 6A). In
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the CEM/IR cells, H-87 also showed the high com-
bination effect with radiation at a nontoxic concen-
tration of 2 uM. By contrast, CEM cells were less
responsive to the combined effect of radiation and
PKA inhibitor under the same condition (Figure 6B).
These results indicated that PKA inhibitor, which
suppressed the expression of prosurvival factors
including Bcl-2 and DNA-PK, could be effective in
restoring radiosensitivity of the radioresistant cells
and thus it may be good candidates for the
development of agents for circumventing radio-
resistance of cancer cells.

In addition, apoptotic cell death was analysed with
annexin V, which can detect early stage of apoptosis
(Martin et al., 1995). Apoptotic phenotype measured
by annexin V staining was observed in CEM cells at
24 h after exposure to even 1 Gy irradiation (Figure
7A), while CEM/IR cells did not show significant
apoptotic phenotype at 24 h after exposure to even 4
Gy irradiation (Figure 7C). Apoptosis could be
accelerated by pretreatment of cells with H-89 in the
radiation-treated CEM/IR cells (Figure 7D) but not in
the CEM cells (Figure 7B). These results demon-
strated that the synergistic cytotoxic effect of
radiation and PKA inhibitor was associated with
induction of apoptosis.

Discussion

Although radiotherapy is a powerful tool for the
treatment of cancer, the repeated treatments recei-
ved during fractionated irradiation may promote the
change from a transient to a constitutive pattern of
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Figure 6. Enhancement of radiosensitivity by PKA inhibitor in the radioresistant variants of cancer cells. FM3A/IR (A) and CEM/IR cells (B) were treated
with indicated doses of radiation in the presence or absence of 2 uM H-89 or 2 uM H-87, respectively. After 5 days, growth inhibition was determined

with MTT assay.
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Figure 7. Effect of PKA inhibitor on radiation-induced apoptosis of radioresistant cells. CEM (A, B) and CEM/IR cells (C, D) were exposed to radiation
with 1, 2 or 4 Gy in the presence (B, D) or absence (A, C) of 4 uM H-89. After 24 h quantification of radiation-induced apoptosis based on annexin V
staining was analyzed by flow cytometry. Solid line: untreated cells, gray line: cells treated with radiation and/or H-89.

gene expression and it could lead to acquire radiore-
sistant phenotype of the cancer cells (Fukuda et al.,
2004; Hennesse et al., 2004). Therefore, under-
standing the molecular mechanisms involved in the
response of tumors to IR and acquisition of radio-
resistance are important for improving radiotherapy
and overcoming the radioresistance.

In this study, we revealed that radioresistance of
cancer cells with the enhanced levels of radiation-
responsive proteins, which are able to prevent radia-
tion-induced apoptosis, and may contribute to mul-
tifactorial radioresistance phenotype. In the radiore-
sistant CEM/IR and FM3A/IR cells, the expressions
of DNA-PKcs, Ku70/80, Rad51 and Rad54 genes
that related to DNA damage repair, and concurrently
Bcl-2 and NF-xB genes that related to antiapoptosis,
were up-regulated, but the expression of proapototic
Bax gene was down-regulated in comparison with
each parental counterpart, suggesting that altered
levels of the proteins controlling the processes of

DNA damage repair and apoptosis in cancer cells
could contribute the acquisition of radioresistant
phenotype.

It has been reported that the many cancer ther-
apeutics target and disrupt DNA function through
adduct formation or by causing single- and double-
chain scissions, and thereby DNA-PK, which partici-
pates in the repair of DNA DSBs by activating the
NHEJ pathway, can play an important role in
conferring cells resistance to ionizing radiation (IR)
or DNA-damaging anticancer drugs (Shen et al.,
1998; Kim et al., 2000; Maacke et al., 2000; Marples
et al., 2002; Um et al, 2004). Also, the overex-
pression of Rad51, another DSBs repair protein, can
contribute to acquire the radioresistant phenotype
(Yanagisawa et al., 1998). Our data showed that the
radioresistant CEM/IR and FM3A/IR cells exhibited
higher constitutive expression of Ku/DNA- PKcs,
Rad51 and Rad54 and DNA-PK activity than each
parental counterpart. These results suggested that
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the increased expression/activity of DNA damage
repair genes might be an important feature of radio-
resistant cancer cells.

Although repair mechanisms such as NHEJ (DNA-
PK) and HR (Rad51 and Rad54) are important mam-
malian responses to double-strand DNA damage,
Bcl-2 and NF-xB expressions are perhaps important
determinants of radiosensitivity. In fact, it was re-
ported that NF-xB and Bcl-2 have been implicated in
resistance to radiation as well as anticancer drugs in
many types of tumors, and thereby the suppression
of NF-kB and Bcl-2 expressions could overcome
resistance to radiation of prostate cancer cells
(Inayat et al., 2002; Dorai and Aggarwal, 2004). Our
previous study also showed that multidrug resistant
CEM/VLB 1o cells exhibited markedly increased con-
stitutive DNA-PK and NF-kB activity, although it was
not known why both NF-xB and Ku activities were
constitutively up-regulated in the cells and how
NF-xB or Ku activity regulate each other activity
mutually (Um et al., 2001). In the present study,
CEM/IR and FM3A/IR cells showed higher basal
levels of antiapoptotic proteins such as Bcl-2 and
NF-xB that could contribute to acquire radioresistant
phenotype, than each parental counterpart. There-
fore, selective inhibition of these radioresistance-
related genes would result in improved radiosen-
sitivity and thereby these molecules would be good
candidates for radiosensitization.

It has been reported that the activation of cAMP/
PKA signaling pathway is required for cancer cell
survival and the inhibition of PKA has a cooperative
antitumor effect with a selected class of cytotoxic
drugs and radiotherapy (Tortora and Ciardiello, 2003)
and causes inactivation of Bcl-2 which eventually
leads to induction of apoptosis (Tortora and Ciar-
diello, 2002). Since the FM3A/IR and CEM/IR cells
have higher PKA activity (1.6-1.9 folds: data not
shown) than each parental counterpart, and the
down-regulation of PKA involved in enhancing
radiation-induced apoptosis (Findik et al., 1995), we
determined whether PKA inhibitor could modulate
the over-expression of DNA damage repair- and
antiapoptotic proteins in the radioresistant cells, and
subsequently affect radiation-induced cytotoxicity of
the cells. Our results revealed that the expression of
Ku and Bcl-2 in FM3A/IR cells was significantly de-
creased by the treatment of PKA inhibitor H-89.
Moreover, the combined treatment of PKA inhibitor
and radiation resulted in synergistically decreased
level of DNA-PKcs/Ku, rad51 and Ku DNA-binding
activity and concurrently reduced levels of Bcl-2 and
enhanced p53 in radioresistant cells. Similar effect
observed with other specific PKA inhibitor H-87. Our
finding revealed that PKA inhibitor markedly poten-
tiated cytotoxicity of radiation and the radiosensi-

tizing effect of PKA inhibitor was higher in radio-
resistant cells than their parental cells.

Previously, we revealed that PKA inhibitor markedly
suppressed constitutive and drug-induced activities
of NF-xB and Ku in CEM/VLB4o cells and sub-
sequently potentiated the cytotoxic activity of anti-
cancer drugs (Um et al, 2001). Therefore, PKA
inhibitor appeared to enhance the radiosensitivity
against radioresistant cells via inhibition of cellular
DNA repair and antiapoptotic proteins, both of which
play important roles in radioresistance. Therefore,
combination of radiotherapy with PKA inhibitor, as a
new class of radiosensitizer, can be a novel ther-
apeutic strategy for treatment of radioresistant can-
cer cells.

At present, we do not have sufficient data to ex-
plain inter-related regulation among radioresistance-
associated molecules by PKA signaling pathway,
and thus further experiments will be required to
clarify the precise mechanisms of modulation of
these molecules by PKA inhibitor.
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