significantly higher than systemic concentration, but
also because the drugs are largely extracted by the liver
during the first pass, resulting in minimal systemic tox-
icity [18]. In a number of randomized studies using flu-
oropyrimidine  derivatives, response rates were
significantly higher for hepatic arterial infusion (HAI),
as compared with intravenous administration. However,
the ‘prolongation of survival in patients treated with
HAI still remains controversial in the United States and
Europe where floxuridine (FUDR) alone has been used
for hepatic arterial infusion {2, 5, 16, 19, 20, 22, 26].
FUDR is almost exclusively extracted by the liver,
therefore it seems to be difficult to control the microm-
etastases in the extrahepatic region. Unlike FUDR, a
certain level of 5-fluorouracil (5-FU) remains in the
systemic when injected into the hepatic artery [6, 23].

The combination of 5-FU and cisplatin (CDDP)
exhibits sequence-dependent synergy both in vitro and in
tumor-bearing animals {25, 29, 30]. Several in vivo
studies including the investigations of human tumor
xenografts in nude mice demonstrated that the sequence
of 5-FU followed by CDDP was more active than the
reverse sequence or either drug alone [21, 25, 32, 33].
The clinical efficacy of 5-FU and CDDP combination
has been confirmed. However, such a sequence-depen-
dent antitumor activity has yet to be clinically deter-
mined in the treatment of metastatic colorectal cancer
confined to the liver. Therefore, the current study was
designed to assess the efficacy and tolerability of
ambulatory continuous HAI of 5-FU followed by
CDDP for such patients who underwent complete
resection of primary tumor. The primary objectives of
the research were to observe objective response rate,
survival, time to progression (TTP) and toxicities in
outpatient setting.

Patients and methods
Eligibility criteria

We included patients with histologically confirmed
colorectal cancer, who had multiple and/or massive
metastases confined to the liver that were not amenable
to surgery replacement (the presence of more than 60%
liver by unresectable metastasis) after complete resection
of primary tumor. Inclusion criteria were as follows: a
history of primary colorectal cancer excision; no evi-
dence of extrahepatic metastasis on computed tomog-
raphy, bone scintigraphy, and magnetic resonance
imaging (MRI) if needed; age 20-80 years; Eastern
Cooperative Oncology Group performance status < 2
measurable liver lesions; leukocytc count >3,500/mm?>;

neutrophil count >1,500/mm?; platelet count =100 000/
mm? serum creatinine < 1.5mg/dl; serum biliru-
bin < 2.0 mg/dl; AST <100 IU/l, ALT<100IU/l; a
life expectancy 23 months; and adequate cardiac func-
tion. Previous fluorouracil-based treatments were eligi-
ble if treatment had been completed more than 4 weeks
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before study entry. Exclusion criteria were: extrahepatic
metastases; active uncontrolled infection; unresolved
bowel obstruction; known contraindications to fluoro-
uracil (angina pectoris, myocardial infarction in the past
6 months); and portal vein occlusion. This study was
approved by the local ethics committee, and patients
were informed of the investigational nature of the study
and provided their written informed consent before
registration in the study,

Treatment plan

Hepatic arterial infusion was given by percutaneous
catheterization of the femoral artery. Procedures for
pump placement are as follows. A catheter was inserted
into common hepatic artery from right femoral artery.
Under celiac angiography, the right gastric artery, and
gastroduodenal artery were occluded by a steel coil, to
avoid inflow of anticancer drugs to other organs. The
collateral arteries which feed the liver, if any, were also
occluded. After confirming the presence of the tip of a
heparin-coated catheter in the common hepatic artery, a
reservoir connected to.the catheter was implanted in a
subcutaneous pocket in the right subinguinal portion
and the catheter was secured in the artery. An intraop-
erative injection of contrast material was used to check
the flow immediately after placement.

Patients were treated with 5-FU (450 mg/m?/day) on
days 1-7, which was followed by CDDP (100 mg/body/
week) on days 8-14. Each of them was administered
continuously using a LV 1.5 Baxter balloon pump
(275 ml) at a flow rate of 1.5 ml/h via Infuse-A-Port
catheter inserted into common hepatic artery. Dexa-
methasone 8 mg and heparin 35,000 unit were mixed in
balloon pump and concurrently infused. The doses of
5-FU and CDDP were reduced 20% in patients above
70 years. To prevent nausea and vomiting, 5-hydroxy-
tryptamine-3 antagonists were intravenously adminis-
tered before chemotherapy. G-CSF was used when
neutropenia less than 500/mm? or febrile neutropenia
less than 1,000/mm® were present. Treatment was
continued until evidence of progression, unacceptable
toxicity, or patient refusal. Treatment was delayed if, on
the planned day of treatment, there was leucopenia less
than 3,000/mm?, thrombocytopenia less than 100,000/
mm?, mfectlous fever, persistent diarrhea, or non-
hematologlcal toxicities greater than grade 3, except for
nausea and vomiting. If toxicities greater than grade 3
were observed, the doses of both 5-FU and cisplatin
were reduced by 20% on the next cycle. This treatment
was repeated every 4-6 weeks.

Assessment of treatment and response
Pretreatment evaluation included a complete history,

physical examination, performance status assessment
and laboratory examinations including hepatic and renal



functions, urinalysis, complete blood count with differ-
ential leukocyte profile, serum alpha-fetoprotein (AFP),
carcinoembryonic antigen (CEA) and CA19-9. Com-
puted tomography (CT) scans of the chest, abdomen
and pelvis were performed before commencement of
chemotherapy. During treatment, a physical examina-
tion, a complete blood count and urinalysis were per-
formed once a week. Hepatic and renal functions were
examined once a2 month. CEA and CA19-9 were checked
every 2 moiiths. Liver metastatic lesions were reevalu-
ated every 8 weeks. A chest radiograph and abdominal
ultrasonography or CT scan were repeated at least every
2 month to exclude lung or other abdominal metastases.
For evaluating the response to the treatment, the tumors
were measured bidimensionally by computed tomogra-
phy (CT) both before and after chemotherapy. Re-
sponses were evaluated every 8 weeks according to
World Health Organization Criteria. Toxicities were
monitored weekly and scored according to standard
NCI-CTC. ' .

Statistical anélysis

The data were statistically analyzed using JMP software
(SAS Institute Inc, Cary, NC, USA). Survival estimates
were calculated using Kaplan-Meier curves and confi-
dence intervals were calculated using Greenwood vari-
ance formula. Survival was calculated until death as a
result of any cause, and progression-free survival was
calculated from start of chemotherapy until progression
of disease or death as a result of any cause.

Results

From May 1997 to September 2003, we randomly
enrolled 17 patients with extensive and/or massive

metastases confined to the liver from colorectal cancer.
Patient characteristics were listed in Table 1. There were
4 women and 13 men. The median age was 68 years,
with a range from 45-year-old to 80-year-old. Among 17
patients recruited in the group, 15 were in ECOG per-

formance status 0 and the other two in performance -

status 1 and 2, respectively. Of the five patients who
received prior chemotherapy, three were administered
CPT-11-based systemic regimen, one 5-FU-based sys-
temic treatment, and one HAI treatment. Patients were
given the HAI treatment after we confirmed that they
had normal vasculature and could have a catheter in-
serted to perfuse the liver completely. Infusion via col-
lateral arteries was done in two patients. Total 176 cycles
(median 10, range 3-20 per patient) were done so far.
All patients enrolled were assessable for ‘responses.
Nine out of 17 patients (53%) showed PR (95% CI,
29.3-76.7%), one of them received a resection of liver
metastases after the treatment. Eight patients (47%;
95% CI, 23.3-70.7%) experienced NC. Therefore, dis-
ease control rate was 100%. Two patients (11.8%), who
showed progression due to collateral feeding arteries,
responded to HAI again after occlusion of these
vasculature. As shown in Fig. 1, the median overall
survival was 26 months (95% CI, 17.5-41 months). The

1.0

Median 26 Months (95%CL:17.5~41)

05

Survival Rate

Time (years)

Fig. 1 Kaplan-Meier survival curve of overall survival

Table 1 Patient characteristics and i.reaunent results (As of October 30th, 2004)

Liver metastases

Pts Age/Sex ECOGPS  Primarysite  Histology No. of cycles  Response  Survival (Months)
1 56/M 0 Rectum Well-mod Multiple 17 PR 27.5
2 70/F 0 Sigmoid Well-mod  Multiple 18 PR 32
3 1M 1 Rectum Well-mod  Multiple 11 NC 13

4 | 1BM 0 Rectum Mod Multiple 9 PR 23

5 73M 0 Descending Well Multiple 10 PR 59

6 80/F 0 Rectum Well Multiple 19 PR 45

7 55M 0 Sigmoid Mod Multipie 20 PR 41

8 72/M 0 Sigmoid Well Multiple 1 NC 20

9 76/M 2 Sigmoid Well-mod ~ Multiple 7 NC 13
10 59M 0 Rectum Well-mod  Multiple 6 PR 17.5
11 63/F 0 Ascending Well-mod  Multiple 6 NC 9

12 70/M 0 Rectum Mod Multiple 3 NC 22.5
13 56/F 0 Rectum Well-mod  Multiple 14 NC 29+
14 61M 0 Descending Well-mod  Multiple 3 PR 26
15 45M 0 Rectum Well Massive 12 PR 25+
16 59M 0 Sigmoid Mod Multiple 7 NC 13+
17 68/M 0 Sigmoid Well Muitiple 10 NC 25

ECOG Eastern Cooperative Oncology Group, PS performance status, Well well-differentiated adenocarcinoma, -Mod moderately-
differentiated adenocarcinoma, Well-mod well to moderately differentiated adenocarcinoma. + alive, Pis patients
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1-, 2-, and 3-year overall survival rates were 94.1, 57, and
27.1%, respectively. Three patients (17.6%) are alive at
present. Median time to progression (TTP) was
14 months (95% CI, 11-20.3 months) (Fig. 2). Four
patients (23.5%) progressed at extrahepatic sites, mostly
lung (three patients), bone (one patient), brain (one
patient).

All the patients were assessable for toxicities and
catheter-related complications. There were no treat-
ment-related deaths during the entire courses of study.
Five patients experienced the replacement of catheter
due to the obstruction. There was no evidence of
chemical hepatitis, biliary sclerosis, catheter-induced
thrombosis, and duodenal ulceration and hemorrhage
that have been associated with HAI administration of
chemotherapy. No patient developed severe abdominal
pain suggestive of gastroduodenal ulcer or gastroduo-
denitis. Elevated liver enzymes in documented disease
progression were not considered treatment-related tox-
icities. Non-hematological toxicity was rare with ‘one
patient (6%) showing grade 1 vomiting. Hematological
and renal toxicities were summarized in Table 2. Grade
3 toxic effects were leukocytopenia (12%) and anemia
(24%). No grade 4 toxicities were observed. Cardiac and
neurological adverse effects were not encountered in any
of the patients. As a result, all the patients received the
doses as scheduied.

Discussion

The unique blood supply of the liver allows hepatic
arterial infusion active and feasible for patients with lLi-
ver metastasis [18]. In a number of randomized studies
using fluoropyrimidine derivatives, response rates were
significantly higher for hepatic arterial . infusion

1.0

Median 14 Months (95%CIL11~-20.3)
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Survival Rate
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Fig. 2 Kaplan-Meier survival curve of time to progression

(22-62%), as compared with intravenous administration -
(9-19.6%). However median survivals for HAI treat-
ment groups (12.6-17 month) were not always signifi-
cantly longer than those for systemic treatment groups,
which ranged from 7.5 months to 16 months, indicating
that the prolongation of survival remains controversial
(2,5, 16, 19, 20, 22, 26}. Moreover in a randomized study
to compare an intrahepatic arterial 5-FU plus leucovo-
rin regimen with the standard intravenous de Gramont
fluorouracil plus leucovorin regimen for patients with
metastatic colorectal cancer confined to the liver, the
objective response rate was 22% and the stable disease
rate 32%, median overall survival and TTP were 14.7
and 7.7 months, respectively, 57% of patients were alive
at 1 year, and 22% at 2 years in the HAI treatment
group. Moreover, there was no evidence of advantage in
TTP and overall survival in HAI treatment group, as
compared to systemic treatment group [20]. In the
present study, sequential hepatic arterial infusion of
5-FU followed by CDDP demonstrated PR and SD in

'53 and 47% of treated patients respectively, with disease

control rate PR+ SD) of 100%. The median overall
survival was 26 months (95% CI: 17.541 months) and
median TTP 14 months (95% CI: 11-20.3 months).
Therefore, sequential hepatic arterial infusion of 5-FU
followed by CDDP appears superior to previous HAI
treatment employing fluoropyrimidine derivatives. In
addition, 3-year overall survival rate was 27.1%, being
significantly higher than patients with unresectable liver
metastases, who showed a median survival of approxi-
mately 9 months and 3 year survival of less than 3% [3,
17, 28]. .
Recent progresses have been achieved in the treat-
ment of colorectal cancer by introducing CPT-11 or
oxaliplatin. Several phase III trials investigating com-
bination regimens with FU/LV plus CPT-11 or FU/LV
plus oxaliplatin as a first-line therapy have achieved
overall survival of 14.8-21.5 months [14]. The use of all
three active drugs in advanced colorectal cancer pro-
duced the longest overall survival {15]. Indeed, triple-
combination protocols using FU-LV plus irinotecan
plus oxaliplatin have consistently resulted in high re-
sponse rates of 57-78% in patients with previously un-
treated advanced CRC and have produced the longest
overall survival of 22.5 months in one trial [12, 24, 27,
31]. In comparison with these systemic treatments, we'’
obtained a survival benefit of at least 3.5 months with
sequential HAI treatment despite patients having
liver metastasis, an extremely poor prognostic factor.

Table 2 Hematological and

renal toxicities NCI-CTC Grade Number of patients (%)
Leucocytopenia Thrombocytopenia Anemia Renal dysfunction
Lo 1 1 (6%) 7 (41%) 2 (12%) 1 (6%)
Data are indicated as the 2 1 (6%) - 4 (24%) 2 (12%)
maximum number of patients 3 2 (12%) . - 4 (24%) -
with the most severe grade of 4 - - - . -

toxicity
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Therefore, it seems likely that this sequential treatment
would be a much better option for patients with meta-
static CRC confined to the liver.

The rationale of HAT is based on increased local drug
concentrations and hepatic clearance of the drug before
entering systemic flow. Continuous hepatic infusion of
5-FU and CDDP has been shown to yield fivefold to
tenfold and fourfold to sevenfold higher local concen-
tration than systemic administration, respectively [7]. In
addition, protracted infusion may expose a relatively
larger proportion of cycling tumor cells to 5-FU, thereby
increasing the efficacy of 5-FU. Moreover, the combi-
nation of 5-FU and CDDP has been shown to exhibit a

_sequence-dependent synergy in vitro and in vivo, with
sequence of 5-FU followed by CDDP being the most
active schedule. This sequence-dependent synergy can be
explained by the mechanism of DNA damage repair and
detoxification processes; i.e., pretreatment of 5-FU in-
creased . CDDP cytotoxicity and even circumvents
CDDP resistance by inhibiting repair of platinum-DNA
interstrand cross-links as well as by reducing the cellular
GSH levels (8, 9].

Although our treatment improved response rate and
prolonged the survival of the CRC patients with liver
metastases, further follow-up of these patients and ac-
crual of more numbers of patients are needed. More-
over, four patients (23.5%) experienced extrahepatic
metastases which led to the patients’ death. Therefore,
prevention of extrahepatic micrometastases with sys-
temic chemotherapy appears to be mandatory to further
improve overall survival. In conclusion, this sequential
combination of 5-FU followed by CDDP through he-
patic artery is active and safe in an outpatient setting for
patients with colorectal cancer metastasized only to the
liver, and warrants further multi-institutional studies.
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Gefitinib, a Selective EGFR Tyrosine Kinase Inhibitor,
Induces Apoptosis Through Activation of Bax in
Human Gallbladder Adenocarcinoma Cells

Hiroshi Ariyama, Baoli Qin, Eishi Baba, Risa Tanaka, Kenji Mitsugi, Mine Harada, and Shuji Nakano*

Department of Intemal Medicine and Department of Biosystemic Science of Medicine, Graduate Schoo! of
Medicine, Kyushu University, 3-1-1 Maidashi, Higashi-Ku, Fukuoka, Fukuoka 812-8582, Japan

Abstract Although gefitinib, a selective inhibitor of epidermal growth factor receptor (EGFR) tyrosine kinase, has
" been clinically demonstrated to be effective for certain cancer cell types, the molecular mechanisms of the anti-tumor
activity have not been fully elucidated. Inthis study, we investigated the mechanism of gefitinib-induced growth inhibition
and apoptosis in HAG-1 human gallbladder adenocarcinoma cells. Treatment of gefitinib ata dose of 1 uM resultedina
significant growth inhibition, and the cell number irreversibly declined after 72-h incubation, with a progressive
expansion of apoptotic cell population over 120-h. Following 2-h treatment, gefitinib significantly inhibited EGFR
autophosphorylation and subsequent downstream signaling pathway through Erk and Akt, and induced accumulation of
cells inthe GO/G1 phase of the cell cycle at 24-h, accompanied by a concomitant increase in p21 transcript and increased
expression of p27. Gefitinib did not affect the amount of total and phosphorylated p53 at serine 15, but upregulated the
expression of total Bax, with subsequent increase in p18 Bax, an active form of Bax. The expression.of Bcl-2 and Bad was
unchanged. An increase in gefitinib-induced expression of total Bax might be due to the decreased degradation of Bax,
because the level of BaxmRNA has not been altered by gefitinib treatment. Gefitinib promoted the cleavage of full-length
p21 Bax into p18 Bax in mitochondrial-enriched fraction, a characteristic feature of Bax activation toward apoptosis.
Moreover, blockade of Bax by using anti-Bax small interfering double stranded RNA (siRNA) significantly reduced
gefitinib-induced apoptosis. Taken together, these data suggest a critical role of p18 Bax in gefitinib-induced apoptosis.
J. Cell. Biochem. 97: 724—734, 2006. © 2005 Wiley-Liss, Inc. '
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The EGFR, a receptor tyrosine kinase, is

overexpressed in a wide variety of epithelial -

malignancies including non-small cell lung,
head, neck, colon, and breast cancers [Salomon

Abbreviations used: EGFR, epidermal growth factor recep-
tor; EGF, epidermal growth factor; RTK, receptor tyrosine
kinase; MAPK, mitogen activated protein kinase; Erk,
extracellular signal-regulated kinase; PI-3K, phosphatidy-
linositol 3'-kinase. :

This work was supported in part by a Grant-in-Aid for
Scientific Research (C) from the Ministry of Education,
Science, Sports, and Culture of Japan.

*Correspondence to: Shuji Nakano, First Department of
Internal Medicine and Department of Biosystemic Science
of Medicine, Graduate School of Medicine, Kyushu Uni-
versity, 3-1-1 Maidashi, Higashi-Ku, Fukuoka, Fukuoka
812-8582, Japan. E-mail: sn@intmedl.med kyushu-u.acjp
Received 29 August 2005; Accepted 2 September 2005
DOI 10.1002/jch.20678

© 2005 Wiley-Liss, Inc.

et al., 1995; Shirai et al., 1995; Grandis et al,,

1998; Brabender et al., 2001] and enhanced
expression of epidermal growth factor receptor
(EGFR) is associated with more aggressive
disease and a poor patient prognosis [Fox et al.,
1994; Rusch et al., 1997]. Upon ligand binding,
EGFR is activated through autophosphoryla-
tion by forming homodimerization or hetero-
dimerization with other members of the HER
family tyrosine kinases [Olayioye et al., 1998;
Muthuswamy et al., 1999], and transduces a
variety of signals to downstream signal trans-
duction cascades that lead to cellular prolifera-
tion and survival {Alroy and Yarden, 1997;
Schlessinger, 2000].

Gefitinib, a quinazoline derivative that inhi-
bits EGFR tyrosine kinase activity, has been
shown to be effective in preclinical studies and
in late stages of clinical trials for non-small cell
lung cancer [Fukuoka et al., 2003; Sirotnak,
2003], although the activity is associated with
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Gefitinib Induces Apoptosis Through Bax

the certain background of population, specific
types of histology, and activating somatic
mutations in the tyrosine kinase domain of
EGFR [Lynch et al., 2004; Paez et al., 2004;
Sordella et al., 2004]. This drug has been shown
. to inhibit major cell survival and growth
signaling pathways such as Ras-Raf-MAP
kinase pathway and phosphatidylinositol-3
kinase (PI-3K)-Akt pathway, as a consequence
of inactivation of EGFR [Anderson et al., 2001;
Moasser et al., 2001; Moulder et al., 2001;
Janmaat et al., 2003]. Although induction of
apoptosis has been considered as a major
mechanism for gefitinib-mediated anti-cancer
effects [Gilmore et al., 2002; Janmaat et al.,
2003], the molecular mechanism for gefitinib-
induced apoptosis has not been fully elucidated.
Pro-apoptotic Bad, a BH3 only member of the
Bcl-2 family, and anti-apoptotic Bel-2 have been
shown to be respectively involved in sensitivity
-and resistance to gefitinib-induced apoptosis
[Gilmore et al., 2002; Janmaat et al., 2003],
while the role of Bax, a multi-BH domain pro-
apoptotic protein which appears to act down-
stream of Bad, in the gefitinib-induced apopto-
sis has yet to be clarified. Bax appears to have a
more direct role than Bad in the regulation of
pore formation in the outer membrane of the
mitochondrion [Epand et al., 2002]. Bax protein
undergoes conformational changes that expose
membrane-targeting domains, resulting in its
translocation from cytosol to mitochondrial
membranes where Bax inserts and causes
release of cytochrome C, followed by caspase
activation and DNA degradation [Wolter et al.,
1997; Pastorino et al., 1998]. Bax has been
shown to undergo post-translational modifica-
tion during apoptosis. For example, pl8 Bax
generation through wild type Bax cleavage has
been observed in response to various stimuli
such as Interferon-alfa [Yanase et al., 1998] and
chemotherapeutic agents [Wood et al., 1998].
This p18 Bax fragment has been shown to be as
efficient as full-length Bax in promoting cyto-
chrome C release [Wood et al., 1998; Gao and
Dou, 2000] or more potent than full-length Bax
in inducing apoptotic cell death [Toyota et al.,
2003]. .

In this report, we have investigated
the molecular mechanism of gefitinib-induced
growth inhibition and apoptosis using
EGFR-expressing HAG-1 human gallbladder
adenocarcinoma cells. We present evidence that

“blockade of the EGFR activity with gefitinib
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causes suppression of downstream signaling
pathway through Erk and Akt, and induces
apoptosis through activation of p18 Bax.

MATERIALS AND METHODS
Cell Culture and Chemicals

HAG-1 is a human cell line derived from a
moderately differentiated adenocarcimona of
the gallbladder and its cellular and molecular
features were well characterized [Nakano
et al., 1994]. The cells was cultured in DMEM
supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 100 IU/ml penicillin, and
100 pg/ml streptomycin in a humidified atmo-
sphere of 95% air and 5% CO,, at 37°C.

Gefitinib was kindly provided by AstraZeneca
(Macclesfield, United Kingdom). Stock solu-
tions were prepared in dimethyl sulfoxide
(DMSO, Wako, Osaka, Japan) and stored at
—~20°C. The final concentration of DMSO
for all experiments and treatments (including
controls, where no drug was added) was main-
tained at less than 0.02%. These conditions
were found to be non-cytotoxic. Anti-EGF recep-
tor, anti-Bax, anti-Bad, anti-Bcl-2, anti-p27,
anti-p53 antibodies, and Protein A agarose were
purchased from BD Biosciences (San Jose, CA).
Anti-phospho-p53 (Ser15) antibody was purcha-
sed from Cell Signaling Technology Inc. (MA).

The siRNA (sense and anti-sense strands)
against Bax gene was purchased from Qiagen
(Germantown, MD). The sense and anti-sense
strands sequences of Bax were 5-GAT-
GATTGCCGCCGTGGACA-TT and 5-AAAG-
TAGGAGAGGAGGCCGT-TT, respectively. In
vitro transfections were performed using the
Transit-TKO polymer/lipid from Mirus (Madi-
son, WI) as recommended. For 6 x 10° cells in
10 ml of medium, 2 pug of siRNA were used. Cells
were washed 24 h after transfection.

Determination of Growth
and Growth Inhibition

To determine the effect of gefitinib on cellular
growth, replicate dishes (Falcon 3001) inocu-
lated with 1~2 x 10* HAG-1 cells were incu-
bated with or without gefitinib. Cell number
was determined every day by Coulter counter
after removal of the cells from plates with 0.05%
trypsin and 0.02% EDTA in Ca- and Mg-free
phosphate-buffered saline. The anti-prolifera-
tive effect of gefitinib on HAG-1 cells was
assessed by WST assay, using manufacturer’s
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instructions (DOJIN, Kumamoto, Japan). The
WST assay is a colorimetric method in which
the intensity of the dye is proportional to the
number of the viable cells. Briefly, 100 pl cell
suspension of HAG-1 cells was seeded into a
96-well plate at a density of 1,000 cells/well.
After overnight incubation, 100 pl drug solution
at various concentrations were added. After
incubation for 69 h at 37°C, 10'ul of solution A
and solution B mixture was added to each well,
and the plates were incubated for a further 3h
at 37°C. Then the optical density was measured
at 450 and 620 nm using an IMMUNO-MINI
NJ-2300 spectrophotometer (Nalge Nunc Inter-

 national, Chester, NY). Each experiment was-

performed using six .replicate wells for each
drug concentration and was carried out inde-
pendently three times. The ICs, value was
defined as the concentration needed for a 50%
reduction in the absorbance.

Detection of EGFR by Flow Cytometry

Cells were harvested using -trypsin and
incubated for 1 h at 4°C with 1 pg of the anti-
EGFR antibody (Santa Cruz Biotechnology,
Santa Cruz, CA). As a control for non-specific
binding, 1 pg of protein of human IgGllamda
(Sigma) was used as isotype-matched non-
binding antibody for the EGFR. Subsequently,
cells were washed twice with ice-cold PBS
containing 0.5% BSA and incubated at 4°C in
the dark for 1 h with FITC-conjugated goat anti-
human IgG antibody, diluted 1:50 in PBS/BSA.
After two washing steps with ice-cold PBS/BSA,
cells were resuspended in 0.5 ml of ice-cold PBS/

BSA and analyzed on a FACS/Calibur Flow

Cytometer using CELLQuest software. Rela-
tive expression levels were calculated as the
ratio between the mean fluorescence intensity
of cells stained with the specific antibody and
the mean fluorescence intensity of cells stained
with the control antibody.

Cell Cycle Analysis and Apoptosis Measurement

Control or gefitinib-treated cells were har-
vested by trypsinization, washed with PBS, and
then fixed in 100% ethanol and stored at 4°C for
up to 3 days prior to cell cycle analysis. After the
removal of ethanol by centrifugation,. cells
were then washed with PBS and stained with
a solution containing PI and RNase A on ice for
30 min. Cell cycle analysis was performed on a
Becton Dickinson FACS/Calibur Flow Cyt-
ometer using the CELLQuest or ModFit 3.0

software packages (Becton Dickinson, San Jose,
CA), and the extent of apoptosis was determined
by measuring the sub-G1 population.

Reverse Transcriptase Polymerase Chain Reaction

mRNA was extracted from HAG-1 cells using
the Trizol Reagent (Life Technologies, Grand
Island, NY). ¢cDNA first-strand synthesis was
performed by incubating 250 ng RNA in 20 pl RT
reaction buffer (50 mM Tris-HCl, pH 8.3, 75 mM
KCl, 15 mM MgCl,, 10 mM dithiothreitol, and
500 pM dNTP containing 20 pmol of random
primers) with 200 U avian myeloblastosis virus-
reverse transcriptase (Promega, Madison, WI)
at 42°Cfor 1 h. The ¢cDNA was amplified in 50 pl
PCR buffer containing 50 pmols if each primer,
200 uM dNTP, and one unit of Taq polymerase
(Promega). The primer pairs for c¢yclin D1, p21,
p27, and Bax were: cyclin D1: forward, 5-T-
GCATCTACACCGACAACTC-3, reverse, 5'-C-
AATGAAATCGTGCGGGGTC-3, p21: forward,
5-GAAGTAAACAGATGGCACTT-3, reverse,
5'-TATCAAGAGCCAGGAGGGTA-3', p27: for-
ward, 5-TCTGAGGACACGCATTTGGT-3,
reverse, 5'-TGAGTAGAAGAATCGTCGGT-3,
Bax: forward, 5-TGGTTGCCCTTTTCTACT-
TTG-3', reverse, 5'-GAAGTAGGAAAGGAGG-
CCATC-3'. After a first denaturation step (5 min
at 97°C), samples were subjected to 30 cycles
consisting of 30 sec at 95°C, 30 sec at 60°C, and
30 sec at 72°C, with a final extension step of
10 min. PCR products were resolved by a 1.2%
agarose gel electrophoresis and bands were
visualized by ethidium bromide staining.
Immunoprecipitation and Western Blot Analysis

The cells were washed twice with ice-cold PBS
and scraped into 1 m! of radicimmunoprecipita-
tion assay lysis buffer (50 mM Tris-HCI (pH 7.6),
300 mM NaCl, 0.4% (v/v)TritonX-100, 400 pM
EDTA.2Na, 400 pM NagVO4 10 mM NaF,
10 mM Na,P,0; - 10H;0, 1 mM PMSF, 10 pg/ml
aprotinin, 1 pg/ml leupeptin). After removal of
cell debris by centrifugation, protein concentra- -
tions of the supernatants were determined by
using Bradford method or a BCA protein
assay kit (Pierce, Rockford, IL). For immuno-
precipitation, equal amounts of protein were
incubated for 1 h at 4°C with specific antibod-
ies against p53, phosphorylated p53 (pS®).
Immune complexes were precipitated with
protein A agarose beads, washed with radio-
immunoprecipitation assay lysis buffer and
then boiled in electrophoresis sample buffer
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(250 mM Tris pH6.8, 4% SDS, 10% glycerol,
0.006% bromophenol blue, 2% B-mercaptoetha-
nol). For Western blot, equal amounts of
proteins or immunoprecipitated target pro-
teins were resolved by 5-20% SDS-PAGE
(polyacrylamide gel electrophoresis) and elec-
trotransferred onto a polyvinylidene difluoride
(PVDF) membrane (Bio-Rad, Hercules, CA).
Non-specific binding sites were blocked by
incubating the membranes in blocking buffer
(5% nonfat milk in 1 x TBS with 0.1% T'ween-20)
at room temperature for 1 h. The membranes
were then incubated with primary antibodies
against either phospho-EGFR (Tyr1068, Cell
Signaling Technology), phospho-p44/42 MAPK
(Thr202/Tyr204, Cell Signaling Technology),
phospho-Akt (Ser473, Cell Signaling Technol-
ogy), p27 (Transduction Laboratories), Bax,
Bad, or Bel-2 (Cell Signaling Technology). The
membranes were hybridized with horserad-
ish peroxidase-conjugated secondary antibody
(Cell Signaling Technology). Immunoblots were
developed with the enhanced chemilumines-
cence (ECL) system from Amersham Bios-
ciences (Buckinghamshire, UK) and then were
exposed to ECL hyperfilm according to the
manufacture’s instructions (Amersham Bios-
ciences). The blots were striped and reprobed
with primary antibodies against EGFR (2232;
Cell Signaling Technology) and MAPK (9102;
Cell Signaling Technology) and Akt (9272; Cell
Signaling Technology). For reblotting, mem-
branes were incubated in stripping buffer
(62.5 mM Tris/HC], pH 6.8/2% (w/v) SDS/100 mM
2-mercaptoethanol) for 30 min at 50°C before
washing, blocking, and incubating with anti-
body. Triplicate determinations were made in
separate experiments.

Isolation of Mitochondrial Fraction

Cells were lysed in 1 ml of 20 mM HEPES-
KOH (pH 7.5), 10 mM KCl, 1.5 mM MgCl,, 1 mM
EDTA, 1 mM EGTA, 1 mM PMSF, 10 pg/ml
leupeptin, 10 pg/ml aprotinin, and 250 mM
sucrose. The cells were broken open with 6
passages through a 26-gauge needle applied toa
1 ml syringe. The homogenate was centrifuged
at 800g for 10 min at 4°C to remove nuclei
and unbroken cells. The supernatant was
transferred to a 1.5 ml centrifuge tube. Cen-
trifugation was conducted at 10,000g for 15 min
at 4°C. The supernatant contained the cytosolic
fraction. The resulting mitochondrial pellet was
lysed in 50 pl of 20 mM Tris (pH 7.4), 100 mM
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NaCl, 1 mM PMSF, 10 pg/ml leupeptin, 10 ng/ml
aprotinin, and 1% Triton X-100. Then the lysate
was centrifuged at 15,000g for 5 min at 4°C, and
the resultant supernatant was kept as the
solubilized enriched mitochondria fraction. Cell
fractions were assayed for protein concentra-
tion using the Bio-Rad Dye Binding protein
assay (Bio-Rad Laboratories), then equivalent

. amounts of protein were analyzed for Bax

expression by Western/ECL analysis.
Statistical Analysis

The data were analyzed by the Mann-—
Whitney U-test for statistical significance of
the difference between groups. A P value of
<0.01 was considered to indicate statistical
significance. ‘

RESULTS

Effect of Gefitinib on Proliferation
and Survival in HAG-1 Cells

The EGFR expression was examined in HAG-
1 cellsby flow cytometry. Asshown in Figure 1A,
EGFR was detected in HAG-1 cells, with
approximately 10-fold relative EGFR expres-
sion. The ICsq of the gefitinib against HAG-1
cells was 0.12 uM for 72 h exposure (Fig. 1B).
The population doubling times of HAG-1 cells
was 26.4 h (Fig. 1C), but was prolonged to 104 h
when the cells were treated with 1 pM gefitinib,
indicating that gefitinib depressed the growth of
HAG-1 cells by approximately fourfold (Fig. 1D).
When the treatment exceeded 72 h, the cell
number abruptly decreased, and the decline of
the growth appeared to be irreversible, because
the cell number still decreased upon removal of
gefitinib at 72 h (Fig. 1D). These data indicate
that gefitinib delays the growth of the cells
initially, but leads to cell death when treated
over 72 h.

Time-Course Analysis of the Effect of Gefitinib
on Cell Cycle Progression and Apoptosis

To examine whether the inhibitory effect
observed in growth assays reflects a delay or
arrest of cells in the GO/G1 phase, cells were
treated with gefitinib for indicated times, and
the cell cycle progression was evaluated after PI
staining by fluorescence-activated cell sorting
analysis (Fig. 2). Upon treatment with gefitinib
at a dose of 1 pM, the proportion of cells in a
GO0/G1 phase increased from 60 to 87% at 24 h
from the beginning of the treatment, with
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Fig. 1. Expression of EGFR, cytotoxicity of gefitinib, and effects

of gefitinib on the growth of HAG-1 cells. A: Expression of EGFR

was analyzed by FACS after treatment of cells for 1 h at 4°C with

1 g of the anti-EGFR antibody. B: Cytotoxicity was determined

by using.WST-1 assay. Cells were seeded into a 96-well

microplate, and treated with gefitinib at various concentrations
of gefitinib for 72 h. C: The proliferation of HAG-1 cells without

corresponding decrease in cells in S and G2-M
phase, and reached almost a plateau after-
wards. By contrast, the sub-G0/G1 cell popu-
lation became evident (72 h, 20%) 72 h
post-treatment, and progressively increased
upon further treatment (96 h, 34% and 120 h,

50%). Because cells in the sub-G0/G1 population _

represent apoptotic cells [Janmaat et al., 2003],
the irreversible growth décline appeared to be
due to progressive expansion of apoptotic cell
population.

Effects of Gefitinib on Autophosphorylatlon
of EGFR, Akt, and Erk

To assess the effect of gefitinib on the EGFR
activation and subsequent downstream activa-
tion, we examined the expression and activation
of EGFR, Akt, and Erk. As shown in Figure 3,
phosphorylated EGFR was detected without

T A4 48 2 9% 120

' Time (hr)
gefitinib treatment (O). D: Effect of gefitinib on cell growth. Cells
were seeded and treated with gefitinibat 1.0 pMfor 120 h (@), or
treated with gefitinib at 1.0 uM for 72 h, followed by incubation
with normal medium (A). Arrow indicates removal of gefitinib.
Values represent the means of three experiments; bars, SE. [Color

figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

EGF stimulation. Upon treatment with 1 pM
gefitinib, tyrosine phosphorylation of EGFR
was significantly inhibited with incubation for
2 h, and continued to be suppressed over 24 h,
without chianging the relative amount of EGFR.
In parallel, Erk was also phosphorylated with-
out EGF, and significantly suppressed upon
treatment with gefitinib. Unlike EGFR and
Erk, autophosphorylation of Akt was modest,
but subsequent suppression of Akt was also
observed.

Gefitinib Induces Growth Inhibition
and Apoptosis Through G1 Arrest
and p18 Bax Expression

To identify the molecular basis for gefitinib-
induced GO/Gl arrest, we examined the -
effects of gefitinib on the mRNA expression

_level of the cyclin D1 and p21 by using a
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Fig. 2. Time course analysis of the effect of gefitinib on cell
cycle progression and apoptosis. HAG-1 cells were stained with
propidium iodide after exposure to gefitinib (1.0 uM) for 0, 24,
48, 72, 96, and 120 h, and analyzed by flow cytometry.
Percentages of the total cell population in the different phases of
cell cycle were determined with curve fitting using the ModFit

semi-quantitative RT-PCR method. As shown
in Figure 4A, mRNA expression level of cyclin
D1 is decreased significantly at 24 h from the
beginning of the treatment, and remained low
“during the entire period of experiments. In
contrast, mRNA expression of p21 was upregu-
lated. It has been demonstrated that a blockade
of the EGFR-mediated pathway induced upre-
gulation of p27 [Busse et al., 2000], we next
examined the effect of gefitinib on the expres-
sion of p27. Although mRNA expression of p27
was not affected by the treatment of gefitinib
throughout the experiments (Fig. 4A), gefitinib
increased p27 protein by fivefold at 24 h from the
beginning of the treatment, and levelsremained
high up to 120 h (Fig. 4B). These results,
together with the cell cycle analysis, indicate
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3.0software. The mean values for each phase of the cell cycle are
shown on the top right of each panel. Representative results of at
least three experiments are shown. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.
com.}

that accumulation of p27 might be responsible
for gefitinib-induced growth arrest at the GO/G1
phase. To investigate the apoptotic mechanism,
pro-apoptotic p53, Bad, and Bax and anti-
apoptotic Bcl-2 were evaluated following gefiti-
nib treatment. As shown in Figure 4B, total p53
protein level, which acts upstream of p27, and
phosphorylated p53 at serine 15, which stabi-
lizes and enhances accumulation of p53, both
were not altered after treatment with gefitinib
(Fig. 4B). As shown in Figure 4C, gefitinib
substantially increased the expression of pl8
Bax, an active subtype of Bax protein, 72 h post-
treatment, with maximal expression at 120 h.
By contrast, Bcl-2 and Bad expressions were
unchanged during the incubation period. Since
gefitinib did not affect Bax mRNA levels, an
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" Fig.3. Effects of gefinitib on the phosphorylation of EGFR and

downstream Akt-and Erk 1/2. Western blots are shown for
phospho- and total EGFR, Erk 1/2, and Akt.

6 2 ¢

increase in gefitinib-induced expression of total

Bax (p21 Bax and pl8 Bax) could not be'

explained on a transcription level.

Attenuation of Apoptosis by Blocking Bax Activity
With RNA Interference and Translocation -
of Bax to Mitochondria

To investigate the direct role of Bax m

gefitinib-induced apoptosis, HAG-1 cells were
transfected with anti-Bax siRNA, and gefitinib-
induced apoptosis was evaluated. Anti-Bax
siRNA significantly prevented the cells from
gefitinib-induced apoptosis from 45 to 25% (45%
reduction in apoptosis) (Fig. 5A,B) after incuba-
tion with gefitinib for 120 h. In parallel with the
inhibition of apoptosis, anti-Bax siRNA was
shown to significantly inhibit the amount of
gefitinib-induced p18 Bax and p21 Bax protein,
as compared to control siRNA that was con-
structed based on no significant homology with
Bax RNA. Densitometric analyses showed
approximately 70% reduction in Bax protein
level (Fig. 5C). Western immunoblot analysis of
mitochondrial-enriched fractions, obtained
after cells were treated with 1 uM of gefitinib
for indicated times, showed a time-dependent
increase of pl8 Bax, accompanied by time-
dependent decrease of p21 Bax (Fig. 5D).
Since wild-type p21 Bax has been shown to be
cleaved into p18 Bax in the mitochondria [Wood
et al., 1998], these data indicate that gefitinib

« cyefin D1
mRNA

4P

Incubation time of Gefitinib(hr)
Fig. 4. Quantitative evaluation of apoptosis-associated pro-
teins and RNA transcript in HAG-1 cells tréated with gefitinib.
The cells were exposed to 1.0 pM gefitinib for indicated times,
and processed for RT-PCR and immunoblot analyses as
described in Materials and Methods. A: Quantitative analysis of
transcriptsby RT-PCRof cyclin D1, p21, p27 and Bax. B: Western
blot analyses of p27, p53, and phosphorylated p53 at serine 15.
Equivalent amounts of immunoprecipitates were subjected to
12% SDS-PAGE, followed by transferto nitroceliulose, and then
- blotting by respective antibodies. C: Western blot analyses of Bcl-
2, Bax, and Bad.

activates Bax through translocation of Bax from
the cytosol to the mitochondria, thereby indu-
cing apoptosis.

" DISCUSSION

The most frequent molecular abnormalities
- associated with pathogenesis of gallbladder
_cancer are overexpression of EGFR [Yukawa
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Fig.5. Attenuation of apoptosis by BaxsiRNA and translocation
of Bax to mitochondria. HAG-1 cells were transfected with anti-
Bax siRNA and processed for FACS analyses as described in
Materials and Methods. A: Flow cytometric analysis of cell cycle
progression at 120 h following treatment with gefitinib. B: Levels

et al., 1993; Valerdiz-Casasola, 1994; Lee and
Pirdas, 1995). Thus, we investigated here the
possibility of EGFR signaling as a potential
therapeutic target for gallbladder cancer by

studying in vitro effects of the orally active -

EGFR inhibitor, gefitinib, against an EGFR-
" expressing HAG-1 gallbladder adenocarcinoma
cell line, We have found that the ICs; of gefitinib
against HAG-1 cells was 0.12 uM for 72 h
exposure, a comparable ICs, concentration
exhibited by highly sensitive A431 squamous
carcinoma cell line [Janmaat et al., 2003]. Using
this cell line, we showed that gefitinib inhibited
the cell growth by arresting the cells in G0/G1
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of gefitinib-induced apoptosis as measured by the percentage of
sub-G1 phase cell population at 120 h post-treatment. C: Amount

" of Baxprotein at 120 h posttreatment, measured by Western blot.

D: Amount of Bax protein in mitochondrial-enriched fraction.

phase, followed by the increase in apoptotic cell
population (sub-G0/G1 phase). The arrest of the
cell cycle at the GO/G1 phase was accompanied
by depression of cyclin D1 mRNA as well as
accumulation of p27.protein, a critical negative
regulator of the cell cycle, that inhibits the
activity of cyclin/edk complexes during GO and
Gl [Slingerland and Pagano, 2000];, being
consistent with a previous report showing a
critical role of p27 in the anti-proliferating
activity of gefitinib on tumor cells using p27
anti-sense construct [Di Gennaro et al., 2003].
Moreover, gefitinib upregulated p27 protein
levels without affecting p27 mRNA expression.
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Degradation of p27 has been shown to be a
critical event for the G1/S transition occurr-
ing through ubiquitination and subsequent
degradation by the 263-proteasome [Slinger-
land and Pagano, 2000; Masuda et al., 2002].
Therefore, it is suggested that gefitinib may
affect the ublqmtm—proteasome pathway of
p27 degradation.

When the treatment of HAG-1 cells with
gefitinib exceeded 72 h, cell death became
evident with a progressive expansion of apopto-
“tic population with incubation time until 120 h.
Correspondingly, gefitinib upregulated the
expression of total Bax, with subsequent
increase in p18-Bax that has been shown to be
- generated through cleavage of full-length Bax
during apoptosis [Wood et al, 1998] and
regarded as a more potent inducer of apoptotic
cell death than full-length Bax [Toyota et al,,
2003]. The observed expression of pl8 Bax
appears to be a cause of gefitinib-induced

apoptosis, not only because the amount of p18 -

Bazxincreased in the mitochondria, a character-
istic feature of Bax activation toward apoptosis
[Gross et al.,, 1999], but also because the
blockade of Bax using anti-Bax siRNA signifi-
cantly reduced gefitinib-induced apoptosis. This
is the first report demonstrating the direct role
of Bax in gefitinib-induced apoptosis. With
regard to the mechanism of gefitinib-induced
Bax upregulation, it has been reported in
colorectal cancer that inhibition of EGFR by
anti-EGFR monoclonal antibody C225 induces
apoptosis by enhanced expression .of newly
synthesized Bax protein [Mandal et al., 1998].
However, in the present study, an increase in
the gefitinib-induced Bax protein might be due
to the decreased degradation of Bax, because
levels of Bax mRNA expression and levels of
total and phosphorylated p53 that regulates
Bax [Zhan et al, 1994] were not altered
following treatment with gefitinib. Recently, it
hasbeen demonstrated that Bax is degraded by
the ubiquitin-proteasome pathway [Chang
et al., 1998; Li and Dou, 2000]. Moreover,
inhibition of proteasome function has been
shown to increase levels of ubiquitinated forms
of Bax protein, without any effects on Bax
mRNA expression, thereby inducing apoptosis
as a consequence of upregulation of Bax [Fan
et al., 2001; Nam et al., 2001]. We are currently
investigating the mechanism of gefitinib-
induced accumulation and activation of Bax
through the ubiquitin-proteasome pathway as

well as cleavage pathway of wild-type Bax into
pl8 Bax.

There are two major cell survival and growth
signaling pathways downstream of EGFR, i.e.,
the Ras-Raf-MAPK and PI-3K-Akt pathways.
Recently, it has been reported that simulta-
neous inhibition of both the MAP kinase and
PI-3K Akt pathways is important for the
execution of gefitinib-induced anti-proliferative
effect and apoptosis, and that persistent activity
of either of these signaling pathways is involved
in the decreased or lack of sensitivity to EGFR
inhibitors [Janmaat et al., 2008; Li et al., 2003].
The inactivation of Bad through activation of
these pathways has been démonstrated to be
involved in gefitinib-induced apoptosis, since
activation of either of MAP kinase or Akt
pathway has been shown to abrogate the pro-
apoptotic function of Bad by phosphorylating its
specific serine residues [Datta et al., 1997; Fang
et al., 1999; Shimamura et al., 2000; Zhou et al.,
2000]. In the present study, however, Bad
appears not to be involved in the gefitinib-
induced apoptotic events, because Bad is
unchanged during the treatment despite inac-
tivation of Akt and Erk. With regard to Bax,
there is only a report that inhibition of Akt led to
an increased protein level of Bax in a pancreas

" cancer cell line [Fahy et al., 2003]. In this study,
we have found that activation of MAP kinase
and Akt is significantly inhibited by gefitinib,
suggesting that simultaneous inhibition of
these pathways by gefitinib may lead to Bax
accumulation and subsequent apoptosis.

Although the observations were obtainedon a
single human gallbladder cancer cell line, the
present data suggest the possibility of EGFR
signaling as a potential therapeutic target for
gallbladder carcinoma and may serve as a
rational basis for a therapeutic approach to this
incurable disease with EGFR tyrosine kinase
inhibitors.
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Summary

EEQFRNER PN RREN S OATEDRRICED, BILEBICHT BbeR
EiZ, ARE £FHELLORCHVWTHEREESHBONTLD. &L, RBEE
BE HIEEREEE(GIST) TRIEROUALARRABRSRCIDBISNATE
FUALBEZRICEZATN TS, BETER HEBAHSZTULILLELDE

FRALLES BUREEBRCIBIETYASBVEDHICBEZRHABELLTED,
REETPOLESBOEREZGS L. REE TR, (LFBERFRC LD EaEIREON
BETICH N FIREALESHIRENTARBRICLDIBLIES M BFEND.
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AEDLY¥DIIEILEY, EREELHEFTEYR
o EFIORIRESELNIEELEE IO
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intestinal stromal tumor : GIST) TR T TK%
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D TR 2 h 2 OFRERE TR
EFhTwaDT, FETRAERE BE BEx

LT B,

1 | BEELCSIIILFRE

Radiation Therapy Oncology Group (RTOG)
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