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The effects of ZD1839 (Iressa), a highly selective EGFR
tyrosine Kinase inhibitor, as a radiosensitiser
in bile duct carcinoma cell lines
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Abstract. The signaling pathway that is initiated by binding
of epidermal growth factor receptor (EGFR) and results in
sustained signaling through PI3K plays an important role in a
tumor's response to ionizing radiation. The current in vitro
study explored both the effects of ZD1839 (Iressa), a highly
selective EGFR tyrosine kinase inhibitor, as a radiosensitiser
for bile duct carcinoma cell lines and ZD1839's general effects
on cell growth in the same two lines. Secondly, we ensured
suppression of radiation-induced phosphorylation of EGFR
by ZD1839 using an immunoprecipitation technique. Further-
more, we examined radiation-induced phosphorylation of
ERK, p38, JNK, and AKT with or without inhibitor with
use of Western blot techniques and performed clonogenic
assays to confirm radiosensitivity in the presence of a drug.
ZD1839 inhibited cell growth of both cell lines and
suppressed radiation-induced phosphorylation of EGFR.
After exposure to radiation, there was an increase in
phosphorylation of AKT as shown by Western blot.
Treatment with either ZD1839 or LY294002 (the latter, a
PI3K inhibitor) suppressed phosphorylation of AKT by
Western blot. Both ZD1839 and LY294002 significantly
suppressed colony formation by clonogenic assay; however,
U0126 (a MEK1/2 inhibitor), SB203580 (a p38 inhibitor),
and SP600125 (a JNK inhibitor) had no effect on colony
formation. These results suggest that AKT may be a useful
target molecule for enhancement of radiotherapy effect and
that ZD1839 may have an important role in combination with
radiotherapy for patients with bile duct carcinoma.
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Introduction

Bile duct carcinoma (BDC) is a malignancy with a poor
prognosis. Complete surgical resection is the only hope for
long-term survival, but only a small fraction of patients are
candidates for curative surgery. For patients with unresectable
disease, management of obstructive jaundice associated with
BDC is necessary. Use of an expanding metallic stent (EMS)
has been applied as treatment of obstructive jaundice. In the
effort to extend stent patency and patient survival, clinicians
have employed radiation therapy using a remote afterloading
system (RALS); reports indicate that durations of stent
patency and patient survival after RALS radiotherapy are
significantly longer than those associated with EMS treatment
only (1-3). However, because most BDCs are histologically
adenocarcinoma and are considered radioresistant cancers,
further improvements in outcome require development of
effective radiosensitisers.

The epidermal growth factor receptor (EGFR) family
consists of four closely related growth factor receptors,
including EGFR, erbB-2, erbB-3, and erbB-4. Amplification
of EGFR and erbB-2 occurs in a subset of human tumors
including cancers of the breast, lung, and ovary (4). EGFR is
expressed or overexpressed in a wide variety of solid human
tumors, including non-small cell lung (NSCL) cancer, as well
as cancer of the prostate, breast, stomach, colon and rectum,
head and neck, bladder, and ovary (5). Activation of EGFR
initiates the cascade of intracellular signaling events that leads
to proliferation, cell survival, angiogenesis, and metastasis.
EGFR expression has been observed in about 44.7% of
cases of BDC and is considered to be a contributor to disease
progression (6). Overexpression of erbB-2 in breast and ovarian
cancer is associated with particularly aggressive clinical
behavior and poor prognosis (7). In BDC, the frequency of
overexpression of erbB-2 has been reported in the range from
26.3 t0 52.6% (6.8-10).

Activation of EGFR initiates signaling through two main
downstream pathways, the Ras/Raf/MAPK pathway and the
PI3K/AKT pathway. The Ras to MAPK pathway is perhaps
the most extensively studied, and it consists of at least three
sequential kinase cascades that include the Ras/Raf/MAPK
(also known as ERK) pathway, the stress-activated SAPK/JNK
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pathway, and the p38 pathway. These signals play critical roles
in controlling cell survival, and they are activated in response
to multiple cellular stresses including tumor necrosis factor,
osmotic stress, and heat shock (11,12). Activation of these
pathways after irradiation has been reported in several
carcinoma cell lines (13-15). In contrast, other research groups
have reported that activation of MAPK, JNK, and p38 are
not involved in resistance to radiation (16-18). The activation
status of these pathways in BDC has not been reported to
date.

The PI3K-AKT pathway is known to be anti-apoptotic
in nature, with positive effects on cell survival, cell cycle
progression and motility (19-21). Recently, some reports have
suggested that the PI3K-AKT pathway contributes to radio-
resistance (22-24). A relationship between radioresistance
and the PI3K-AKT pathway has also been reported with BDC
cell lines (25).

The tyrosine kinase inhibitor ZD1839 (Iressa) is a synthetic
anilinoquinazoline tyrosine kinase inhibitor that is selective for
EGFR. Specifically, ZD1839 selectively inhibits the tyrosine
kinase activity of EGFR and erbB-2 with a 50% inhibitory
concentration (ICs,) of 0.02 and 2 uM, respectively (26;
Woodburn JR, et al, Proc Am Assoc Cancer Res 37: 390-
391, 1996). In many cancer cell lines that overexpress EGFR
and erbB-2, particularly, breast cancer cell lines, ZD1839
completely abolishes autophosphorylation of EGFR with
resulting inhibition of activation of downstream signaling
molecules. Positive effects of ZD1839 in combination with
radiotherapy have been reported with bladder cancer (27),
head and neck cancer (28), glioblastoma (29), colorectal cancer
(30), squamous cell carcinoma (31,32), and breast cancer (33).
However, combination therapy with ZD1839 and radiotherapy
in BDC has not yet been reported.

In the present study, we examined the relationships in
BDC cell lines among radiation response and key molecules
such as the signaling pathways initiated by binding of EGFR.
Furthermore, by blocking molecules or signals with ZD1839,
we explored whether ZD 1839 is a potentially useful agent for
therapy in combination with radiation for patients with BDC.

Materials and methods

Reagents. The PI3K inhibitor LY294002 and the p38 inhibitor
SB203580 were obtained from Sigma Aldrich Company
(Tokyo, Japan). The MEK1/2 inhibitor U0126 was obtained
from Cell Signaling (Beverly, MA, USA). The JNK inhibitor
SP600125 was obtained from Calbiochem (San Diego, CA,
USA). ZD1839 was provided as a kind gift by AstraZeneca
Pharmaceuticals (Macclesfield, UK). All inhibitors were re-
suspended in dimethyl sulfoxide (DMSO) to give a 10-mM
stock solution and further diluted with medium immediately
prior to use in experiments.

Mouse anti-phosphotyrosine (PY99) antibody, rabbit poly-
clonal anti-EGFR antibody, rabbit polyclonal anti-erbB-2 anti-
body, and rabbit polyclonal anti-erbB-3 antibody were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Nine
reagents, phospho-AKT (Ser473) antibody, AKT antibody,
phospho-SAPK/INK (Thr183/Tyr185) antibody, JNK anti-
body, phospho-p38 (Thr180/Tyr182) antibody, p38 antibody,
phospho-p44/42 MAPK (Thr202/Tyr204) antibody, ERK anti-
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body, and HRP-conjugated anti-rabbit antibody, were obtained
from Cell Signaling.

Cells. HuCCT-1, a human cholangiocellular carcinoma cell
line, and TFK-1, a BDC cell line, were obtained from the
Institute of Development, Aging and Cancer, Tohoku Univer-
sity. Cells were cultured in RPMI-medium supplemented
with 10% fetal bovine serum (FBS), penicillin (100 units/ml),
and streptomycin (100 mg/ml) at 37°C in humidified 5% CO,-
95% air.

Proliferation assay. HuCCT-1 and TFK-1 cells were treated
with various concentrations (0-10 pM) of ZD1839 for 48 h in
RPMI supplemented with 0.1% FBS before cell proliferation
assays were carried out using the BrdU system (enzyme-linked
immunosorbent assay, ELISA; Amersham Pharmacia Biotech)
according to the manufacturer's protocol. The absorbance at
450 nm of aliquots of cell supernatants was measured using
an automatic plate analyzer (Pharmacia, Tokyo, Japan). Each
experiment was performed twice, both times in triplicate.

Clonogenic assay. Cultured cells in log growth phase were
counted, and 1000 cells were seeded on 10-cm Petri dishes
containing 10 ml medium treated with test agents or vehicle
(DMSO). Each agent was added at least 1 h before irradiation,
and 24 h after irradiation the cells were transferred to drug-
free medium. Irradiation sessions were performed with serial
doses of 1, 3, and 5 Gy with a %°Co irradiator (Shimadzu, Japan)
at a dose rate of 0.7 Gy/min. Cells were incubated for 14-21
days. Colonies were fixed with 4% paraformaldehyde and
stained with crystal violet (viable dye) before being counted.
Each colony was assessed individually using Kodak Digital
Image Analyzer™ version 3 (Eastman Kodak Co.) to ascertain
the presence of a diameter of at least 150 ym. Cell survival
fraction was calculated as previously reported (34): number of
colonies formed/(number of cells seeded x plating efficiency/
100). Each point on the survival curve represents the mean-
surviving fraction from at least three dishes.

Western blot analysis and immunoprecipitation analysis.
Cells from both lines were plated until they reached sub-
confluence, and then they were starved in serum-free medium
for 24 h. The resulting monolayers were then exposed to
ZD1839 for 1 h or exposed to other inhibitors at least 1 h before
irradiation. Cells were irradiated with use of a %°Co irradiator
(3 Gy) and medium was removed at defined times (5 or 15 min)
before cells were washed twice with ice-cold phosphate
buffered saline (PBS) and lysed with RIPA buffer [0.05 M
Tris-HCI (pH 7.4), 0.15 M NaCl, 0.25% deoxycholic acid,
1% NP-40, 1 mM EDTA], phosphatase inhibitor (1 mM
PMSF, 1 mM sodium orthovanadate, 1 mM sodium fluoride),
and protease inhibitor (1 zg/ml aprotinin, 1 pg/ml leupeptin,
1 pg/ml pepstatin). The samples were incubated at 4°C for
30 min and then scraped. After sonication and removal of cell
debris by centrifugation, protein concentration was determined
by bovine serum albumin (BSA) protein assay reagent kit
(Pierce, France) per manufacturer's instructions. The samples
were boiled for 5 min at 95°C and stored at -20°C. For
immunoprecipitation, lysate samples containing equal amounts
of protein were incubated with rabbit polyclonal anti-EGFR
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antibody overnight at 4°C with slow agitation. The next day,
50 pug protein G-Sepharose was added for 2 h at 4°C, and
then the immunocomplexes were pelleted by centrifugation
and washed twice with immunoprecipitation lysis buffer.
Samples containing equal amounts of protein were diluted
three times with Laemmli sample buffer and separated on 7
or 10% sodium dodecyl sulphate (SDS) polyacrylamide gels
and transferred to nitrocellulose membranes. Membranes
were blocked in (TBST) containing 5% non-fat milk for 1 h
at room temperature and exposed to primary antibody
overnight at 4°C. Secondary antibodies were added for 1 h at
room temperature. Blots were developed with enhanced
chemiluminescence (Perkin-Elmer, Boston, MA, USA) and
exposed to Kodak X-Omat Blue film.

Statistical analysis. Statistical analysis was performed with
Scheffe's F test. Results are presented as the average + standard
deviation (SD) of triplicate samples from at least two in-
dependent experiments. A p-value <0.05 was considered to
be statistically significant. The analysis was performed with
Statistica software (StatSoft, USA).

Results

Cell proliferation assay. At first, we investigated the effects
of ZD1839 on growth of HuCCT-1 and TFK-1 cell lines using
the BrdU ELISA system. Both lines of cells expressed EGFR,
erbB-2, and erbB-3 protein (Fig. 1a). HuCCT-1 was found to
be homozygous for mutated K-Ras by Auto sequence, whereas
TFK-1 had wild-type K-Ras (data not shown). Cell prolifer-
ation values are expressed as a percentage of the proliferation
of cells cultured in the absence of ZD1839. ZD1839 inhibited
proliferation of both cells in a dose-dependent manner
(Fig. 1b). ZD1839 (10 #M) significantly inhibited cell growth
compared with control HuCCT-1 cells (p=0.001) and control
TFK-1 cells (p=0.005). The 50% (EDs,) of ZD1839 for
the HuCCT-1 and TFK-1 lines were 1.158 and 2.658 uM,
respectively.

Inhibition of radiation-induced phosphorylation of EGFR
by ZD1839. When we examined the effect of ZD1839 on
radiation-induced phosphorylation of EGFR in the HuCCT-1
and TFK-1 cell lines, we found EGFR in both lines were not
phosphorylated before irradiation, but EGFR in both cell lines
were significantly phosphorylated at 5 min after irradiation.
A 1-uM concentration of ZD1839 inhibited radiation-induced
autophosphorylation of EGFR in both cell lines (Fig. 2).

AKT, MAPK, JNK, and p38 activation in response to radiation.
To ensure activation of AKT, MAPK, p38, and JNK in
response to radiation, we examined phosphorylation of these
proteins at different time intervals after radiation by Western
blot analysis. Levels of phosphorylated protein were uniformly
elevated after irradiation: phospho-ERK, phospho-p38, and
phospho-JNK levels reached their peaks at 15 min after
irradiation and returned to almost baseline levels at 2 h. The
phosphorylation level of AKT also reached its peak at 15 min
after irradiation, returning to almost baseline levels at 2 h
(Fig. 3).

Inhibition of the downstream pathway of EGFR. To examine
whether ZD 1839 inhibited radiation-induced up-regulation of
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Figure 1.ZD1839-induced effects on growth of BDC cells. (a), Both cell lines
were plated until subconfluence and then starved in serum-free medium for
24 h. Whole cell lysates were subjected to 7% sodium dodecylsulphate
polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting using
anti-EGFR antibody, anti-erbB-2 antibody, or anti-erbB-3 antibody. EGFR,
erbB-2, and erbB-3 protein were expressed in both cell lines (a, HuCCT-1
and b, TFK-1). (b), Both lines were exposed to different concentrations of
ZD1839. After 72 h of exposure, both cell lines were evaluated using the
BrdU system as described in Materials and methods. ZD1839 significantly
inhibited proliferation of HuCCT-1 (p=0.001) and TFK-1 (p=0.005) cells in
a dose-dependent manner. Cell proliferation was expressed as a percentage of
the proliferation of cells cultured in the absence of ZD1839. Data represent the
mean + SD of triplicate samples from at least two independent experiments.
Asterisks indicate significant differences (Scheffe's F test, “p<0.05).
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Figure 2. Inhibition of radiation-induced phosphorylation of EGFR by
ZD1839. Both BDC cell lines were treated with or without 1 xM ZD1839
for 1 h, then immunoprecipitated with anti-EGFR antibody 5 min after
irradiation, electrophoresed, and blotted with antiphosphotyrosine antibody
(P-tyr) or anti-EGFR. ZD1839 inhibited radiation-induced phosphorylation of
EGEFR in both cell lines [(a), HUICCT-1 and (b), TFK-1]. Lane 1, control (non-
treated); lane 2, irradiation (3 Gy); lane 3, irradiation (3 Gy) and ZD1839.

the downstream pathway of EGFR, we performed Western
blotting for phospho-ERK, phospho-p38, phospho-JNK, and
phospho-AKT. Inhibitors were added to culture at least 1 h
prior to radiation. Proteins for ERK, p38, JNK, and AKT
analysis were extracted 15 min after radiation. The inhibitors
U0126 (20 uM), SB203580 (20 #M), and SP600125 (20 M)
suppressed radiation-induced phosphorylation of ERK, p38,
and JNK in both cell lines. The inhibitor LY294002 (10 xM)
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Figure 3. Radiation-induced phosphorylation of ERK, p38, JNK, and AKT.
Both BDC cell lines were pretreated as described in Materials and methods.
Whole cell lysates were prepared and used for Western blot analysis. At 15 min
after irradiation, phosphorylated-ERK, p38, INK, and AKT levels were
elevated; levels returned to near baseline levels after 2 h in both cell lines [(a),
HuCCT-1 and (b), TFK-1].
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Figure 4. Effects of ZD1839 and other inhibitors on radiation-induced down-
stream signaling pathways of EGFR. U0126 (20 xM), SB203580 (20 uM),
and SP600125 (20 xM) suppressed radiation-induced phosphorylation of
ERK, p38, and JNK, respectively, in both cell lines. LY294002 (10 xM)
also suppressed radiation-induced phosphorylation of AKT in both cell lines.
ZD1839 (1 uM) suppressed all radiation-induced phosphorylation of ERK,
p38,INK, and AKT in both cell lines [(a), HuCCT-1 and (b), TFK-1].

also suppressed radiation-induced phosphorylation of AKT
in both cell lines. A 1-yM concentration of ZD1839 inhibited
the radiation-induced phosphorylation of ERK, p38, JNK,
and AKT in both cell lines (Fig. 4). These results revealed
that ZD1839 inhibited radiation-induced phosphorylation of
EGFR and the downstream pathway.

Clonogenic assay and radiosensitivity. Clonogenic cell survival
times of both cell lines were decreased by radiation in a dose-
dependent manner. Pretreatment with either ZD1839 or
LY294002 enhanced the radiation-related suppression of clono-
genic cell survival. The survival fraction ratios of HuCCT-1
cells under 3 Gy-irradiation were 0.7 (control), 0.51 (ZD1839),
and 0.35 (LY294002) compared with survival of untreated
cells (Fig. 5a). Ratios of TFK-1 cells were 0.6 (control), 0.37
(ZD1839) and 0.36 (LY294002), respectively (Fig. 5b). More-
over, these effects with both cell lines were obvious under
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5 Gy-irradiation. These results indicated that pretreatment
with ZD1839 or LY294002 potentiated the radiosensitivity of
BDC. Subsequently, to ensure that the downstream signaling
pathway of EGFR contributed to the observed radiosensitivity,
we employed clonogenic assays using blocking agents such
as U0126 for MEK 1, SB203580 for p38, and SP600125 for
JNK. Survival fraction ratios for both cell lines after use of
blocking agents were similar to those obtained with irradiation
alone (Fig. 5¢ and d). Under conditions of non-irradiation,
inhibitors did not affect clonogenic cell survival values for
either cell line (data not shown). These results suggested that
none of the signaling pathway involving MEK-ERK, p38, or
JNK contributed to the observed radiosensitivity of BDC.

Discussion

Because BDC is generally characterized as a cancer with a
relatively low frequency of distal metastasis, curative surgical
resection potentially improves patient survival. Hepatic
lobectomy or pancreatoduodenectomy are often necessary for
curative resection. However, the stress associated with those
surgical procedures is extremely high, so clinicians find a
number of patients are not good surgical candidates due to the
patient's general condition. In those cases, radiation therapy is
considered a useful therapeutic strategy for patient survival in
addition to prolongation of stent patency, with stents implanted
to relieve biliary obstruction. However, the response to
radiation of BDC is generally worse than those for other
malignancies such as head and neck cancer or cervical cancer.
Radiation-induced signal transduction and the regulatory
mechanism of radioresistance in BDC have not been well
investigated. Thus, in the present study, we initially investigated
radiation-induced activation of signaling molecules in BDC.

Some reports indicate that the level of EGFR is correlated
with degree of radioresistance (35,36). Ionizing radiation
activates autophosphorylation of EGFR and increases the
activity of protein tyrosine kinase without ligand binding to
receptor. The autophosphorylation of EGFR induces activation
of downstream pathways. In the current study, immunoprecipi-
tation assay and Western blotting using phosphospecific
antibody demonstrated that irradiation stimulates phospho-
rylated signals for ERK, JNK, p38, and AKT, as well as auto-
phosphorylation of EGFR. Protein phosphorylation was sup-
pressed by pretreatment with each inhibitor (Figs. 3 and 4).
These results with BDC cell lines are consistent with previous
research conducted with other kinds of cancer.

Because it has been suggested that various signaling path-
ways are stimulated by ionizing radiation, we subsequently
investigated the relationships between radiosensitivity and
these signaling molecules. Clonogenic assays demonstrated
that the inhibitor LY294002 suppressed radiation-induced
clonogenic cell survival (Fig. 5a and b); in contrast, U0126
(20 uM), SB203580 (20 xM), and SP600125 (20 xM) did
not alter cell survival (Fig. Sc and d). These results suggest
that radiation-induced phosphorylated signals through ERK,
p38, and JNK are not involved in radioresistance of BDC,
whereas the PI3K-AKT pathway appears to play an important
role in its radioresistance.

EGFR can signal directly to PI3K or indirectly through
Ras to PI3K. Ras signals to PI3K by binding and activating its
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Figure 5. Radiosensitising effect of ZD1839 and other inhibitors. Radiation survival curves were plotted for different radiation doses (1, 3,5 Gy) and with or
without pretreatment with inhibitors [HuCCT-1 (a and c¢), TFK-1 (b and d)]. A highly significant radiosensitising effect was seen for both cell lines compared
with control cells (closed circle) when treated with ZD1839 (open square) or LY294002 (open circle). However, significant effects were not demonstrated for
either cell line when treated with U0126 (20 yM) (closed triangle), SB203580 (20 #M) (open triangle), or SP600125 (20 M) (closed square). Survival
fraction is expressed as a percentage of the proliferation of cells cultured in non-treatment conditions (neither irradiation nor inhibitors). Data shown represent
the mean + SD of triplicate samples from at least two independent experiments. Asterisks indicate significant differences (Scheffe's F test, “p<0.05).

p110 unit. PI3K phosphorylates phosphatidylinositol (PtdIns)
phosphates, leading to conversion of PtdIns 4,5-p2 to PtdIns
3,4,5-p3. This lipid second messenger activates phosphositide-
dependent kinases (PDK), which then activate AKT. By
stimulation with growth factor and cytokines, AKT is phospho-
rylated at two key regulatory sites, Thr308 in the activation
loop of the catalytic domain and Ser473 in the COOH-terminal
regulatory domain (37). Phosphorylation of AKT at Thr308
and Ser473 is catalyzed by PDK1 (38) and by an unknown
protein kinase, respectively. Activated AKT phosphorylates
the pro-apoptotic factor, Bcl-2 family member Bad, caspase
family member caspase-9, Forkhead family transcription factor
FKHRL1, and IkB kinases (39.40).

AKT has been implicated as an anti-apoptotic factor in
many different cell death paradigms, including the withdrawal
of extracellular signaling factors, oxidative and osmotic stress,
irradiation, and treatment of cells with chemotherapeutic drugs
and ischemic shock (41,42). AKT directly regulates the
apoptotic machinery by phosphorylating and inactivating pro-
apoptotic proteins such as Bad, which controls mitochondrial
release of cytochrome c. AKT also indirectly controls apoptosis

through regulation of transcription. Phosphorylation of the
Forkhead family of transcription factors by AKT inhibits
transcription of pro-apoptotic genes such as FasL.

Because it has been suggested that the EGFR-PI3K-AKT
pathway is related to radiosensitivity in BDC, we next investi-
gated whether ZD1839 acts as a radiosensitiser for BDC.
7ZD1839 (Iressa) is a selective EGFR-tyrosine kinase inhibitor
that blocks signal transduction pathways implicated in the
proliferation and survival of cancer cells, but does so with little
or no activity against other kinases. Although it has been shown
that ZD1839 acts as an anti-tumor agent for many cancers,
comparable research with BDC has not been reported to date.
Therefore, we examined the effects of ZD1839 on the growth
of two BDC cell lines. The growth assay demonstrated that
ZD1839 significantly inhibits proliferation of both cell lines
in a dose-dependent manner (Fig. 1b). The EDs, concentrations
of ZD1839 for BDC cells are similar to those observed with
other human cancer cells. Moreover, Western blot analysis
using phosphospecific antibody revealed that ZD1839 (1 xM)
inhibited radiation-induced cell surviving signals mediated
through EGFR, such as ERK, p38, JNK, and AKT, at a lower
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dose than the EDy, values for both cell lines (Figs. 2 and 4).
These results suggest that ZD1839 has an anti-tumor effect in
BDC. Recently, it has been reported in several cancers that
ZD1839 has the potential to act as a radiosensitiser (27-
33). Therefore, we investigated the relationship between
radiosensitivity and ZD1839. At a concentration of 1 M
ZD1839, clonogenic cell survival values were not increased in
comparison with control (non-radiation) conditions. In contrast,
clonogenic cell survival was decreased with the combination
of radiation and the same concentration of ZD1839 (Fig. 5a
and b). Clonogenic assays demonstrated that ZD1839 enhances
BDC sensitivity to radiation. This is the first report to show
that ZD1839 acts as a radiosensitiser for BDC, and these results
are consistent with those made from research with other
cancers.

It has also been suggested that LY294002 may promote
apoptosis of BDC cells by suppressing phosphorylation of
AKT-mediated PI3K, with a resulting improvement in radio-
resistance. In contrast, the mechanisms underlying activity
of ZD1839 as a radiosensitiser in BDC were unclear. It is
suspected that ZD1839 suppresses activation of downstream
signaling pathways, particularly AKT, by blocking auto-
phosphorylation of EGFR. AKT is downstream of PI3K, RAS,
PTEN, and EGFR; therefore, oncogenic mutation or deletion
of these genes in BDC cells constitutively activates AKT and
may result in radioresistance. In our study, ZD1839, considered
a selective tyrosine kinase inhibitor for EGFR, increased radio-
sensitivity not only in EGFR-overexpressing HuCCT-1 cells
but also in TFK-1 cells, which have a much lower expression of
EGFR. One hypothesis for an effective response independent of
EGFR expression is that ZD1839 might directly suppress the
PI3K-AKT pathway without mediating RAS by inactivating
the erbB-2/erbB-3 heterodimer (43,44). The erbB-3 protein has
at least six docking sites and activating sites for PI3K (the
regulatory p85 subunit of PI3K) (45). In addition, erbB-2 was
found to be overexpressed in TFK-1 cells (Fig. 1a), and our
preliminary study suggests that erbB-3 is expressed in both
HuCCT-1 and TFK-1 cell lines (Fig. 1a). When the previous
and our results are considered together, we suspect that
treatment with ZD1839 might dephosphorylate erbB-2 and
down-regulate the PI3K-AKT pathway through de-
phosphorylation of erbB-3.

Furthermore, ZD1839 produced an effective response to
radiation despite the different K-ras gene status in the cell
lines. It has been recognized that cells with mutated K-ras
are more resistant to radiation compared with cells without
mutations (wild-type gene sequence). Direct sequencing of the
two cell lines using an autosequencer revealed that HuCCT-1
cells have a transversion type of mutation in codon 12, whereas
TFK-1 cells have the wild-type sequence (data not shown).
In HuCCT-1 cells, K-ras was constitutively activated, and
thus phosphorylation of AKT might not be completely
suppressed by ZD1839. This suggests that a ras-independent
signal pathway, which moves through EGFR to AKT, may
contribute to the observed radioresistance of BDC.
Additionally, it has been reported that inactivating mutations
or a loss of PTEN expression leads to increased levels of
PI3K products in cells, followed by increased cell proliferation
and resistance to apoptosis. Therefore, we examined the level
of PTEN protein using Western blot analysis: deletion of
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PTEN was not detected in either of the cell lines (data not
shown). Further studies are needed to understand the
mechanisms underlying the ZD1839-induced increase in
radiosensitivity of BDC cells.

In conclusion, our study demonstrated that ZD1839 (Iressa)
can suppress growth in two BDC cell lines and that AKT
activation might play a major role in the clinical radioresistance
of BDC. Our findings indicate that ZD1839 might block the
EGFR-RAS-PI3K-AKT signal pathway, and thus we conclude
that ZD1839 is a candidate for radiosensitisation of BDC in
the clinical setting.
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