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Background: In recent years, imatinib mesylate (ST1571), a tyrosine kinase inhibitor, has shown
short-term clinical usefulness for gastrointestinal stromal tumor or gastrointestinal leiomyosar-
coma (GIST). The value of surgical resection, including hepatectomy, for metastatic GIST remains
unknown. Our aim was to evaluate the outcome of surgical resection, including hepatectomy, for
metastatic GIST at a single institute.

Methods: Eighteen patients who underwent hepatectomy for metastatic GIST were identified and
the clinicopathological data of these patients were analyzed retrospectively.

Results: The primary site of GIST included stomach in 10, duodenum in five, ileum in two and
esophagus in one patient. A hemihepatectomy or greater resection was undertaken in eight
patients. Six patients underwent simultaneous resection for primary and hepatic desease.

There was no in-hospital mortality in this series. The post-hepatectomy 3- and 5-year survival
rates were 63.7 and 34.0% respectively, with a median of 36 (17-227) months. Recurrence after
the initial hepatectomy was documentedin 17 patients (94%), and metastatic mass ofthe remnant
liver developed in 15 of these 17 patients (88%). Three patients survived >5 years after the initial
hepatectomy who underwent multiple surgical resections during this period. No clinicopatholo-
gical characteristic was a significant predictive factor for survival.

Conclusions: Multiple surgical resections, including hepatectomy, may contribute to important
palliation in selected patients with metastatic GIST. Surgical cure seems to be difficult due to the
high frequency of repeat metastasis to various sites. Therefore, adjuvanttherapy mustbe required

in the treatment of metastatic GIST.
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INTRODUCTION

The liver is a common metastatic site for gastrointestinal
stromal twmors or gastrointestinal leiomyosarcomas (GIST).
Many patients with liver metastasis from GIST are either
unresectable due to diffuse intrahepatic disease or inoperable
due to extrahepatic disease. Some reports describing surgical
resection of liver metastases from various sites of primary
sarcoma have been published (1-3). In a recent analysis of
331 patients with liver metastasis from sarcoma, of which 131
patients had a GIST, 34 underwent hepatectomy of all gross
disease (2). The post-operative 5-year survival rate was 30%,
with a median survival of 39 months. The time interval
from treatment of the primary tumor to the development
of liver metastasis was a significant predictive factor of
survival (2).
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Liver metastasis from GIST previously has been considered
to be insensitive to chemotherapy or chemoembolization. Sur-
gical resection is a possibly effective therapy and may provide
a potential cure. However, imatinib mesylate (STI 571), cur-
rently being tested in clinical trials, has shown effectiveness
for c-kit-positive GIST. STI 571 has demonstrated efficacy,
minimal toxicity and a partial response rate of ~69% (4).
Although there has been no complete response, the rate of
disease progression has been only [1%. STI 571 has thus
influenced the treatment of GIST patients dramatically.

This study reports the outcome of our 18 year experience
at the National Cancer Center Central Hospital (NCCH) in
Japan, to determine the value of surgical treatment, including
hepatectomy, for patients with liver metastasis from GIST.

METHODS

From January 1984 to October 2003, there were 18 patients
with liver metastasis from GIST who underwent hepatic
resection of liver lesions with curative intent at the NCCH.
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Patient demographics were recorded with the clinicopatholo-
gical characteristics of the primary tumor and extent of intra-
hepatic and extrahepatic metastatic disease. Patients’ date of
treatment, recurrence and survival after hepatectomy were
examined retrospectively in their medical records. The dia-
gnosis of all liver metastases was confirmed by a pathologist
at the NCCH. The long axis of the largest tumor was recorded as
the tumor size. A synchronous metastasis was defined as the
detection of a liver metastasis within 1 month of resection of
the primary tumor.

Statistical analysis was performed with SPSS statistical
softwear (Chicago, IL). Statistical significance was defined
as P < 0.05. Cumulative survival was calculated using the
Kaplan—Meier method. Univariate analysis was performed
with Mann-Whitney U-test and log-rank test for survival.

RESULTS
PATIENT CHARACTERISTICS

The clinicopathological variables of the patients with meta-
static GIST to the liver are shown in Table 1. There were 10
(56%) males and eight (44%) females. The median age at
diagnosis of the metastatic liver tumor was 58 years (range
33-65). There were 12 patients (67%) with metachronous liver
lesions and six (33%) with synchronous lesions.

TUMOR CHARACTERISTICS

The distribution of primary tumor location included 10 cases in
the stomach, five duodenal, two ileal and one in the esophagus.
The size of the metastatic liver tumor was > 5 cmin 10 cases and
=5 cm in eight cases (median 6.3 cm, range 1.6-24.0). Of 18
cases with hepatic metastases, 12 cases (67%) had multiple liver
lesions. Five of these 12 cases had =5 liver lesions each. The
time interval between the primary lesion and metastatic liver
disease was =3 years in seven patients (median 53 months,
43-180), and <3 years in |1 patients including six patients
with synchronous liver lesions (median 0 months, 0--35).

TREATMENT

Eight of 18 patients were treated with a lobectomy or greater
resection, three with segmentectomies and seven with partial
resection of the liver. Macroscopic complete resection of liver
metastasis was achieved in 15 (83%) patients. No clinicopatho-
logical characteristic was a significant predictive factor for
survival on univariate analysis (Table 1).

SURVIVAL AND RECURRENCE

Of the 18 patients, 13 died from the primary disease, four were
alive with disease, and only one was alive without recurrence,
during a follow-up period of 35 months from the time of
hepatic resection (Table 2). The median follow-up period
after hepatectomy was 36 months (range 17-227). The
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Table 1. Clinicopathological characteristics

Median survival

n % Months P-value
Gender 0.52
Female 8 44 38
Male 10 56 38
Age 0.62
<50 years 7 39 40
>50 years i1 61 38
Primary site 0.75
Stomach 10 56 38
Duodenum 5 28 37
lleum 2 11 23
Esophagus 1 5 38
Size of liver metastasis 0.36
<5 cm 8 44 37
>5 cm 10 56 38
No. of liver metastases 0.88
Solitary 6 33 40
Multiple 12 67 37
Time to liver metastasis
Synchronous 6 33 30 0.52
Metachronous 12 67 38 0.31
<3 years 1 61 34
=3 years 7 39 40
Extent of hepatectomy 0.32
Less than lobectomy 10 56 40
Lobectomy or more 8 44 34
Radicality 048
Complete 15 83 38
Incomplete 3 17 39

post-hepatectomy 3- and 5-year survival rates were 63.7 and
34.0%, respectively (Fig. 1).

Recurrence following hepatectomy occurred in 17 patients
(94%) including three patients who underwent macroscopic
incomplete resection. The median time to first recurrence in
those patients who underwent a macroscopic complete resec-
tion (n = 15) was 13.5 months (range 4-49). Fifteen patients
(88%) developed recurrence within the remnant liver, of which
six underwent a total of nine further hepatic resections
(Table 2). Nine patients undertook other treatments for recur-
rent liver tumor including radiation in one, ethanol injection in
two, radiofrequency ablation (RFA) in two, and chemotherapy
in four including the use of STI 571 for three patients. Eleven
patients (65%) developed recurrence within numerous other
extrahepatic organs. Bone metastasis occurred in five patients,
peritoneal disease in four and adrenal gland metastasis in
two patients. Other metastatic sites included lung, chest




340 Surgery including liver resection for GIST

wall, skin, soft tissue, brain and axillary lymph nodes. Six of
these patients underwent a total of 18 further resections. Of
these 17 patients with recurrent tumor after hepatectomy, nine
cases (53%) had both intra- and extrahepatic recurrence.

Table 2. Survival and recurrence after hepatectomy

n %
Survival status
No evidence of disease I 5
Alive with disease 4 22
Died of disease 13 73
Recurrence in the remnant liver 15% 88
Resection 6
Other treatment 9
Recurrence of other site 11* 65
Resection 6
Other treatment 5

*Nine patients had both recurrence of remnant liver and extrahepatic organs.
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Figure 1. Survival after initial hepatectomy for metastases from GIST.

Table 3. Five-year survivors after complete resection in three cases

The initial hepatectomy resulted in macroscopic incomplete
resection in three patients. One patient died of disease 19
months after hepatectomy. The other two patients were still
alive at 39 and 45 months, receiving STI 571 administration
following the hepatectomy.

Of all patients who underwent hepatectomy for liver meta-
stasis from GIST, three patients survived >5 years after the
initial hepatectomy (Table 3). Two of them underwent multiple
resections for both recurrent extrahepatic disease and further
hepatectomy for recurrent liver tumors. One patient underwent
a total of 17 sessions of tumor resection: the liver twice, the
chest wall twice, the lung four times, laminectomy twice and
abdominal disease, left kidney and left iliac bone disease
once each. The other patient underwent a total of five resec-
tions: the liver twice, the skin twice and soft tissue once. The
time to recurrence after the initial hepatectomy in these three
patients was 23, 35 and 49 months, respectively. This was a
significantly longer interval compared with the remaining
patients, excluding the three patients with incomplete initial
hepatectomy (median 15 months, 4-24) (P = 0.01 using Mann—
Whitney U-test).

DISCUSSION

Hepatectomy for metastasis from GIST has been reported
previously (1-3), although the largest series included not
only GIST but also soft tissue sarcoma or leiomyosarcoma.
The post-operative 5-year survival rate in this patient group
who underwent complete resection was 30%, with a median of
39 months (2). The present series focuses only on metastatic
liver tumors from GIST, with an overall 5-year survival rate
(including three patients with incomplete resection) of 34.0%
and a median survival of 36 months, from the time of hepatic
resection. This is similar to previously reported series. To
know the natural history of the patient with metastatic
GIST, it is crucial to evaluate the treatment strategy. However,
as we had aggressively performed hepatectomy for metastatic
GIST before the use of STI 571 was introduced, the clinical
course of unresectable cases had not been followed in our
institute. Therefore, we could not make a comparison between
the treatment results of with/without hepatectomy. The
reported response rates for chemotherapy of the tumor are
poor, with a duration of response of only a few weeks or
months (5,6).

Case Agelsex Primary site Time of recurrence No of surgical inteventions Status Follow-up {months)
from hepatectomy
Liver Other site
I 33/M fleum 49 3 9 DOD 227
2 63/F Stomach 35 1 I DOD 61
3 43/ Stomach 23 3 4 DOD 84

DOD, died of disease.




There were no other prognostic factors arising from the
clinicopathological characteristics, including complete resec-
tion of all gross metastases, in the present series. Moreover,
following hepatectomy for liver metastasis, there was a high
proportion of recurrence in the remnant liver in addition to
other organs. This result may show that surgical intervention
for metastatic GIST is only palliative. However, three cases in
our series had a long survival time of >5 years following
repeated hepatectomy and tumor resection. In these three
cases, the time to recurrence after the initial hepatectomy
was statistically longer than that of the other patients. The
longest survivor in our series was 227 months after the initial
hepatectomy. Therefore, the only significant prognostic factor
following hepatectomy on univariate analysis was a >5 year
period to the development or recurrence (2). Other series have
shown that metachronous metastases of =2 years from a com-

plete resection of all gross disease was associated with a better ..

prognosis on multivariate analysis. In all reports, the time to
development of liver metastasis was invariantly an important
prognostic factor in the surgical treatment. This time factor
may be important in the selection of patients for treatment of
recurrent tumor after hepatectomy.

Hepatectomy for potentially resectable metastatic colorectal
tumor is now considered to be the first line therapy and its
safety has been increasing, with an operative mortality and
morbidity rate of 1.8 and 5%, respectively, in a recent large
series (7). This series also reported a 5-year survival rate of up
to 39%; other larger series have also reported much the same
survival benefit (8). Overall, these data may imply that meta-
static liver tumor from colorectal carcinoma via the portal
venous system is not a reflection of systemic disease in the
selected patients. In contrast, liver metastases from sarcomat-
ous tumors reach the liver through the systemic circulation and
therefore liver disease may merely reflect systemic disease.
GIST are thought to be drained by portal vein blood flow as is
the case in colorectal carcinoma. It may be important to deter-
mine the results of surgical treatment by focusing only on the
liver metastasis from GIST. Unfortunately, the present study
clearly reaffirms the difference between liver metastasis of
GIST and colorectal carcinoma. The high rate of recurrence
after hepatectomy for metastatic GIST implies that the disease
had already become a systemic disease.

STI 571 is an inhibitor of the tyrosine kinase activity of c-kit
and has shown good activity against GIST in clinical reports
(4,9). It has been reported in a phase II trial that the partial
response rate to STI 571 was 59% and that only 13% of 86
patients with GIST had progressive disease (10). However, in
this trial, no complete response was obtained and therefore it is
too early to confirm the duration of response in patients with
STI 571-sensitive GIST. To test the benefit of adjuvant STI
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571 in patients after complete resection of high-risk primary
GIST, a phase II trial is being conducted by the American
College of Surgeons Oncology Group (11). A prospective
evaluation of neoadjuvant STI 571 therapy may be warranted.
Two patients out of three in the present series, resulting from
incomplete hepatectomy for metastatic GIST, received STI
571 for residual disease. They demonstrated a prolongation
of survival, in keeping with a partial response.

Hepatectomy for metastatic GIST can be performed safely,
and multiple surgical resections including hepatectomy may
contribute to important palliation in selected patients with
slow-growing metastatic GIST. However, surgical cure
seems unlikely due to the high frequency of subclinical meta-
stases, and hepatectomy may form only part of the therapy for
metastatic GIST. Therefore, adjuvant therapy must be evalu-
ated prospectively in the treatment of metastatic GIST.
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Abstract

AURKA/STK15/BTAK, the gene encoding Aurora A kinase that
is involved in the regulation of centrosomes and segregation
of chromosomes, is frequently amplified and overexpressed in
various kinds of human cancers, including pancreatic cancer.
To address its possibility as a therapeutic target for pancreatic
cancer, we employed the RNA interference iechnique to
knockdown AURKA expression and analyzed its phenotypes.
We found that the specific knockdown of AURKA in cultured
pancreatic cancer cells strongly suppressed in vitro cell
growth and in vivo tumorigenicity. The knockdown induced
the accumulation of cells in the G,-M phase and eventual
apoptosis. Furthermore, we observed a synergistic enhance-
ment of the cytotoxicity of taxanes, a group of chemothera-
peutic agents impairing G,-M transition, by the RNA
interference-mediated knockdown of AURKA. These results
indicate that inhibition of AURKA expression can result in
potent antitumor activity and chemosensitizing activity
to taxanes in human pancreatic cancer. (Cancer Res 2005;
65(7): 2899-905)

Introduction

Pancreatic cancer is one of the most common cancers with an
extremely poor prognosis around the world because of its
aggressive invasion, early metastasis, resistance to existing
chemotherapeutic agents and radiation therapy, and lack of
specific symptoms (1). To improve the horrible prognosis, we
need to find novel approaches to both diagnosis and treatment
that are far more efficient than currently available techniques.
Molecular studies of cancers can lead us to find new drugs for
molecular target therapy such as trastuzumab in breast cancer and
gefitinib in lung cancer (2, 3). Pancreatic cancer involves very
complicated molecular changes (4, 5); our previous comparative
genomic hybridization analysis of the pancreatic cancer genome
revealed intricate genomic alterations in multiple chromosome
arms, including losses of 1p, 3p, 4q, 6q, 8p, 9p, 12q, 17p, 18q, and
21q and gains of 8q and 20q (6). The increase in copy number of
20q13 is especially prominent in pancreatic cancer (6, 7).
Amplification of 20q13 is also found in several other types of
human cancer such as colorectal cancer, breast cancer, bladder
cancer, ovarian cancer, and hepatocellular cancer, suggesting the
existence of an important oncogene(s) that plays a crucial role in a
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variety of human cancers in this area (8-12). AURKA was identified
as one of the candidate oncogenes from the amplicon on
20q13 (13).

AURKA is one of three related genes (AURKA, AURKB, and
AURKC) encoding AURORA kinases/serine-threonine kinases that
play important roles in mitotic spindle formation and centrosome
maturation and are physiologically essential for proper segregation
of chromosomes into daughter cells (14). Since their discovery, the
aurora kinases have been shown to be closely associated with
carcinogenesis; an overexpression of AURKA transforms NIH3T3
cells and gives rise to aneuploid cells containing multiple
centrosomes and multipolar spindles, indicating that AURKA is
one of the fundamental cancer-associated genes and a potential
target for diagnosis and treatment (14, 15). To further elucidate the
possibility for utilization of AURKA in the treatment of human
pancreatic cancer, we analyzed the phenotypes of cultured
pancreatic cancer cells after RNA interference (RNAi)-mediated
AURKA knockdown (16). Moreover, we tested the synergistic
enhancement of the cytotoxicity of taxanes in pancreatic cancer
cells by AURKA-RNAI.

Materials and Methods

Pancreatic cancer cell lines and cell culture. Three human pancreatic
cancer cell lines, Panc-1, MIA PaCa-2, and SU.86.86, were purchased from
American Type Culture Collection (Manassas, VA), and PK-1 was obtained
from the original developer (17). All cells were maintained in RPMI 1640
containing 10% fetal bovine serum under atmosphere of 5% CO, with
humidity at 37°C.

Short interference RNA transfection. Oligonucleotides of short
interference double-strand RNAs (siRNA) with two thymidine residues
(dTdT) overhanging at the 3' end for knock down of the expressions of
AURKA and the luciferase gene (GL2), including 5-AUGCCCUGUCUUA-
CUGUCA-3 in the sense strand corresponding to nucleotides 725 to 743
relative to its start codon for the former (18) and 5-CGUACGCGGAAUA-
CUUCGA-3 in the sense strand for the latter used as a control as
described previously (19), were purchased from Japan Bioservice (Asaka,
Japan). The siRNAs were dissolved into 5X annealing buffer (500 nmol/L
potassium acetate, 150 nmol/L HEPES-KOH (pH 7.4), and 10 nmol/L
magnesium acetate] to a final concentration of 20 pmol/L, boiled for 60
seconds, and gradually cooled down to 37°C for 60 minutes to anneal
them. In vitro transfection was done using the Oligofectamine reagent
{Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions.

Immunoblotting. A total of 3 X 10° cells were plated in 6-well plates
(35 mm in diameter) and allowed to adhere for 24 hours; the transfection of
double-stranded siRNA oligonucleotides was done as described above. After
48 hours, cells were harvested, and protein concentrations in total cell
lysates were measured using the detergent-compatible protein assay kit
(Bio-Rad, Hercules, CA). A 50-pg aliquot of the protein was subjected to
immunoblotting as described previously using a 10% to 20% polyacrylamide
gradient gel (Bio-Rad; ref. 20). The antibodies used were anti-AURKA
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polyclonal antibody (Transgenic, Kumamoto, Japan), anti-f actin
monoclonal antibody (Sigma, St Louis, MO), and horseradish peroxidase-
conjugated anti-mouse or anti-rabbit immunoglobulin antibodies (Amer-
sham Biosciences Co., Piscataway, NJ). For blocking conditions and
concentrations of antibodies, we followed the manufacturer’s recommen-
dations. Signals were visualized by reaction with enhanced chemilumines-
cence Detection Reagent (Amersham Biosiences) and digitally processed
using LAS 1000 Plus with a Science Lab 99 Image Gauge (Fuji Photo Film,
Minamiashigara, Japan).

3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
assay. A total of 5 X 10° cells in 100 pL of the medium were plated
in 96-well plates, and the RNA oligonucleotides were transfected. Every
24 hours up to 7 days, the medium was replaced with 100 pL of 0.05%
3-[4,5-dimethyl-2-thiazolyl}-2,5-diphenyl-2H-tetrazolium bromide (MTT)/
PBS (—) and incubated for 1 hour. After the incubation, the MTT
solution was removed, and the cells were suspended in 100% ethanol.
Absorbance was measured at 590 nm using Versamax microplate reader
(Amersham Biosiences).

Flowcytometry. Cells were harvested with trypsin-EDTA, washed with
PBS (—), and fixed with 70% ethanol at —20°C for a few days. The fixed
cells were pelleted, resuspended in 100 pL of hypotonic citric buffer (192
mmol/L Na,HPO, and 4 mmol/L citric acid), and incubated for 30 minutes
at room temperature. The cells were pelleted and suspended in PI/RNase/
PBS (100 pg/mlL propidium iodide and 10 pg/mL RNase A) overnight at
4°C. Analysis of DNA content was done on a FACSCalibur system (BD
Immunocytometry Systems, San Jose, CA).

Plasmid constructions and colony formation assay. pSUPER-retro.-
neo+GFP (pSR) vectors (ref. 21; Oligoengine, Seattle, WA) harboring
gatccccATGCCCTGTCTTACTGTCAttcaagagaTGACAGTAAGACAGGG-
CATtittta and gatccccCGTACGCGGAATACTTCGAttcaagagaTCGAAG-
TATTCCGCGTACGttttta at its Bglll/HindIll sites were prepared for
expressing short hairpin RNAs (shRNA), as indicated in upper cases,
specific for interfering expressions of AURKA (pSR-shAURKA) and
luciferase (pSR-shGL2), respectively. The fidelity of the inserts was
confirmed by sequencing both strands with primers of 5-CGA-
TCCTCCCTTTATCCAGC-3 for the sense strand and 5-CAGAACACA-
TAGCGACATGC-3 for the antisense strand using an ABI PRIZM BigDye
Terminator Cycle Sequencing FS Ready Reaction Kit and an ABI PRIZM 310
DNA Analyzer according to the manufacturer’s instructions (Applied
Biosystems, Foster City, CA). For colony formation assays, 1 X 10° cells
were plated in 10-cm culture dishes and transfected with 4 pg of either

pSR-shAURKA, pSR-shGL2, or pSR using LipofectAMINE PLUS reagent
(Invitrogen) according to the manufacturer’s protocol. After 24 hours,
transfected cells were passaged and cultured in the appropriate culture
medium containing G418 at 500 pg/mL in concentration. After 14 days,
cells were fixed with methanol and stained with 0.1% crystal violet. Visible
colonies were manually counted.

Tumorigenicity in mice xenograft model. Four-week-old female
Crj:CD-1(ICR)-nu mice were obtained from Charles River Japan, Inc.
(Yokohama, Japan) and maintained under pathogen-free conditions. Each
aliquot of 2 % 10° cells of MIA PaCa-2 stably trasfected with either pSR-
shAURKA or pSR-shGL2 was suspended into 100 pL of PBS (—) containing
20% of Matrigel Growth Factor Reduced (Becton Dickinson Labware,
Flanklin, NJ). These two sets of cells were s.c. injected into both flanks of
mice. The inoculations were done in six mice. Tumor diameters were
measured every 3 days, and each tumor volume in mm® was calculated by
the following formula: V = 04 X D x d* (V, volume; D, longitudinal
diameter; d, latitudinal diameter). Animal experiments in this study were
done in compliance with Tohoku University School of Medicine
institutional guidelines.

Statistical analysis. All experiments were done in duplicate or triplicate.
A two-tailed Student's ¢ test was used for statistical analysis of comparative
data using Microsoft Excel software (Microsoft Co., Tokyo, Japan). Values of
P < 0.05 were considered as significant and indicated by asterisks in the
figures.

Resulis

Specific knockdown of AURKA in pancreatic cancer cell
lines. To address the question of whether AURKA could serve as a
therapeutic target for pancreatic cancer, we employed the siRNA
method in an attempt to deplete the expression of AURKA in
cultured pancreatic cancer cells. We prepared 21-mer oligoribonu-
cleotides targeting AURKA and Photinus pyralis luciferase (GL2)
based on information described elsewhere (18, 19). The oligoribo-
nucleotides were annealed to give a double-strand siRNA and were
transfected at 200 nmol/L into pancreatic cancer cells, MIA PaCa-2,
Panc-1, PK-1, and SU.86.86, using the Oligofectamine reagent. After
48 hours, the cells were harvested, and their total lysates were
analyzed by immunoblotting to see the effects of the siRNA on
AURKA protein levels. As shown in Fig. 14, dramatic suppression of

A.
MIA PaCa-2 Panc-1 PK-1
200nM 200nM

NO AU GL2 NO AU GL2

siRNA conc.

AURKA

ACTB
ratio

Panc-1

AURKA

ACTB
ratio

MIA PaCa-2

200nM
NO AU GL2 NO AU GL2

siRNAconc. O 1 5 10 25

1.00 0.63 0.17 0.02 0.02 0.02 0.02 0.03

SU.86.86

Figure 1. siRNA directed against
200nM 3 9

AURKA specifically inhibits its expression.
A, expression of AURKA 48 hours after
the transfection of siRNA at 200 nmol/L
directed against AURKA (AU) and
luciferase {GL2) in pancreatic cancer

cell lines, MIA PaCa-2, Panc-1, PK-1, and
SU.86.86, detected by immunoblotting.
NO, no transfection. B, a dose-dependent
knockdown of AURKA expression by
siRNA. Panc-1 and MIA PaCa-2 cells were
transfected with the siRNA targeting
AURKA at various concentrations ranging
from 0 to 200 nmol/L. Expression of
AURKA 48 hours after the transfection
was detected by immunoblotting. g-Actin
expression was monitored as the control.
The ratio of AURKA/p-actin was calculated
by using densitometry, and values were
normalized by dividing by the ratio at no
treatment (0O nmol/L).
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AURKA expression was observed in all four cell lines by the siRNA
targeting AURKA but not GL2. The siRNA oligonucleotides did not
cause a nonspecific inhibition of gene expression, as shown by
expressions of B-actin. Furthermore, the suppression of AURKA
protein levels was achieved in a dose-dependent manner as shown
in Fig. 1B; partial to complete suppressions were observed along
with increasing concentrations of the siRNA oligonucleotides.
Knockdown of AURKA inhibits in vitro growth and colony
formation. In phenotypic analyses, we first investigated effects of

AURKA siRNA on the in vitro growth of pancreatic cancer cells.
The siRNA transfection was done at 200 nmol/L to achieve
complete suppression of AURKA expression, and cellutar prolifer-
ations were monitored by MTT assay daily for 7 days. As shown in
Fig. 24, cell proliferation was significantly suppressed by AURKA-
§iRNA in all four pancreatic cancer cell lines as compared with
GL2-siRNA. To observe the stable phenotypic consequences of
siRNA-mediated knockdown in the cells, the 19-mer target
sequences bridged by a 9-mer spacer were introduced into the
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pSUPER retro.neo+GFP (pSR). vector to generate a short hairpin
RNA targeting AURKA (pSR-shAURKA) or luciferase (pSR-shGL2),
as described in Materials and Methods. For the colony formation
assay using these vectors, MIA PaCa-2 and Panc-1 cells were
transfected with either pSR-shAURKA, pSR-shGL2, or pSR empty
vector and maintained in the selection medium containing G418
for 2 weeks. As expected from the MTT assay done in the siRNA
experiment, the numbers of colonies were significantly decreased
in pSR-shAURKA transfectants compared with the controls in both
cell lines (see Fig. 2B). These results indicated that the RNAi-
mediated specific knockdown of AURKA induced strong inhibition
of pancreatic cancer cell growth in vitro.

Knockdown of AURKA suppresses tumorigenicity in vivo. We
wondered whether the down-regulation of AURKA expression in
pancreatic cancer cells would affect their ability to form tumors in
nude mice. To address this question, we established stable
transfectants of MIA PaCa-2 cells with treatment by either pSR-
shAURKA or pSR-shGL2. These cells had modestly reduced
expression of the AURKA protein (Fig. 34). We then tested the
in vitro growth of these cells and found that they showed rational
growth retardation but not complete suppression, probably
because of their modest level of knockdown of AURKA expression
(Fig. 3B). Next, we injected the aliquot of 2 x 10° cells s.c. into six
athymic nude mice and monitored their tumor growth. As shown in
Fig. 3C, the pSR-shGL2 transfected cells gave rise to tumors within
4 weeks in all six mice, whereas the pSR-shAURKA transfected cells
did not develop tumors in any of them. These results indicated
that RNAi-mediated knockdown of AURKA exerted a strong
antitumorigenic effect in vivo on pancreatic cancer cells.

Knockdown of AURKA induces G,-M accumulation and
apoptosis. AURKA is an important regulator of bipolar spindle
formation and therefore essential for accurate chromosome
segregation. We hypothesized that the growth suppression of the

pancreatic cancer cells we observed by the RNAi-mediated
knockdown of AURKA was caused by disruption of cell cycle
transition with delay in mitotic entry, which has been shown in
other kinds of mammalian cells (19, 22). To determine this
possibility, we analyzed the DNA contents of cell populations
reflecting the cell cycle distribution after knockdown of AURKA
mediated by transfection of the siRNA in 200 nmol/L in MIA PaCa-
2 and Panc-1 cells. As shown in Fig. 44, an increase in the Go-M
population with a concomitant decrease in the Go-G, population
was observed after AURKA-siRNA treatment in both cells.
Moreover, as we observed the changes in the DNA content during
the time course after the transfection, we found obvious and
significant increases in the sub-G, populations after 72 hours in
MIA PaCa-2 cells and after 96 hours in Panc-1 cells (see Fig. 4B).
These results indicate that the siRNA-mediated knockdown of
AURKA led the pancreatic cancer cells to abnormal accumulation
in the G,-M phase and to eventual apoptosis.

Knockdown of AURKA significantly enhances cytotoxicities
of taxanes. Taxanes, chemotherapeutic agents impairing the
disassembly of microtubules that is crucial for the proper

-segregation of chromosomes during mitosis of eukaryotic cells,

may synergistically enhance the effect of RNAi-mediated
knockdown of AURKA, because it can accumulate cells in the
G,-M phase where AURKA plays essential roles. To determine
this possibility, we investigated the synergistic effects of AURKA
siRNA and taxanes in MIA PaCa-2 and Panc-1 cells. First, we
searched for the best concentration of siRNAs in this experiment
because siRNA treatment itself showed some cytotoxicities. The
concentration at 10 nmol/L seemed to be the best because no
significant difference in cell proliferation between AURKA-siRNA
and GL2-siRNA treatments was found (data not shown). The
concentration for paclitaxel and docetaxel were set by ICs
previously determined by MTT assay (data not shown). Then we
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tested the potential enhancement of the cytotoxic effect of
taxanes by AURKA-siRNA by treating cells either with AURKA or
GL2-siRNA at 10 nmol/L in concentration followed by addition
of either 10 nmol/L paclitaxel or 5 nmol/L docetaxel 4 hours
later. After 72 hours of incubation, the viabilities of the cells
were measured by MTT assay. Although the modest AURKA-
GiRNA at 10 nmol/L alone did not show any difference in
cytotoxic effect when compared with the control treatment
withGL2-siRNA, it enhanced the cytotoxic effects induced by
taxanes significantly more strongly than the control treatment
(Fig. 54). A reciprocal set of experiments showed that taxanes
can enhance the cytotoxic effect of AURKA-siRNA, as shown in
Fig. 5B; the synergistic enhancement of the cytotoxic effect of
AURKA-siRNA by taxanes were obvious from the treatment at 10
nmol/L. siRNA and accelerated with increasing doses. These
results indicate that the RNAi-mediated knockdown of AURKA
can synergistically enhance the chemosensitivities of these
pancreatic cancer cells to taxanes.

Discussion

AURKA is a commonly amplified and overexpressed gene in
various types of cancers, including pancreatic cancer. In

attempting to determine the possibility of AURKA as a
therapeutic target, we employed the RNAi technique for
knockdown of its expression and analyzed its phenotype. We
found that a transient knockdown of AURKA strikingly inhibited
growth and colony formation of pancreatic cancer cells in vitro.
Stable suppression of AURKA in pancreatic cancer cells revealed
an almost complete abrogation of their tumorigenicity in a
mouse xenograft model. The knockdown induced accumulation
of the cells in the Go-M phase and eventual apoptosis. Rojanala
et al. (23) recently reported that antisense oligonucleotide
mediated transient suppression of AURKA resulted in growth
suppression, G,-M arrest, and eventual apoptosis in vitro. Our
results are in good agreement with theirs. We further showed
that the knockdown of AURKA significantly enhanced the
cytotoxic effect of taxanes. Our findings indicate that AURKA
is an attractive candidate for a therapeutic target, because it can
regress tumorigenicity and enhance chemosensitivity to taxanes
in pancreatic cancer.

We were able to achieve almost complete suppression of AURKA
expression by using our siRNA treatment strategy in pancreatic
cancer cells. The knockdown of AURKA induced the strong
suppression of growth, accumulation in G,-M phase, and eventual
apoptosis of the cells. This result suggests that AURKA is an
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igenesis in vivo, even in the modest suppression of its expression
achieved by our stable vector-mediated shRNAi strategy. This
result suggests that overexpression of AURKA is strongly associated
with the in vivo tumorigenic ability of pancreatic cancer cells,

essential molecule for proliferation of cancer cells and a good
target for halting proliferation and triggering apoptosis; this can be
explained by its key roles in mitosis, as we expected. More
strikingly, the knockdown of AURKA completely inhibited tumor-
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leading us to an interpretation of the frequent overexpression of
AURKA in primary pancreatic cancer tissues and to an expectation
that the knockdown strategy will be practical in stopping the
progression of the cancer in vivo.

We found that the RNAi-mediated knockdown of AURKA
synergistically enhanced the cytotoxicity of taxanes. Taxanes bind
to free tubulin and promote the assembly of tubulin into stable
microtubules by interfering with their disassembly. They inhibit
cell cycle progression by accumulating cells in M phase at the
metaphase-anaphase transition and subsequently lead them to
apoptosis. Knockdown of AURKA also induced accumulation of
cells in the G;-M phase and led to eventual apoptosis. As we
noted, AURKA is essential for the proper arrangement of
centrosomes and microtubules. Our results suggest that the
combination of AURKA knockdown and taxanes results in strong
impairment of M phase progression and the synergistic induction
of apoptosis. This is consistent with the recent report indicating
that HeLa cells with overexpression of AURKA gained a resistance
to paclitaxel by decreasing spindle checkpoint activity (24). In that
report, Anand et al. noted that overexpression of AURKA may
decrease spindle checkpoint activity. In our experiments, AURKA
knockdown may have recovered spindle checkpoint activity and
thus increased the sensitivity of taxanes. The mechanism that
triggers apoptosis by AURKA knockdown remains to be clarified.
Taxanes have cytotoxic activity against various types of cancers

including pancreatic cancer. Docetaxel is used for pancreatic
cancers as first-line chemotherapy or a second-line combination
with gemcitabine in phase II clinical trials (25, 26). Paclitaxel has
been used as a radiation sensitizer (27). These taxane-mediated
chemotherapies could be more effective in combination with
knockdown of AURKA.

RNAI is becoming a conventional application for in vivo cancer
therapy (28, 29). An efficient delivery system of siRNA into solid
tumors has been developed (30). Our results suggest that RNAi-
mediated knockdown of AURKA can be used as a specific gene-
targeting therapy to suppress progression of pancreatic cancer.
Interestingly, in a recent report, Harrington et al. developed a
selective small-molecule inhibitor of Aurora kinases, VX-680, and
showed a potent antitumor activity (31). We can assume that this
different type of approach is also promising for in vivo abrogation
of progression in pancreatic cancer.
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Cancer Therapy: Preclinical

Intrinsic Chemoresistance to Gemcitabine Is Associated with
Decreased Expression of BNIP3 in Pancreatic Cancer

Masanori Akada,"> Tatjana Crnogorac-Jurcevic,' Samuel Lattimore,” Patrick Mahon"
Rita Lopes," Makoto Sunamura,"? Seiki Matsuno,? and Nicholas R. Lemoine'

Abstract

Purpose: Although chemotherapy with gemcitabine is a common mode of treatment of pancre-
atic cancer, 75% of patients do not benefit from this therapy. Itis likely that the sensitivity of cancer
cells to gemcitabine is determined by a number of different factors.

Experimental Design: To identify genes that might contribute to resistance to gemcitabine, 15
pancreatic cancer cell lines were subjected to gemcitabine treatment. Simultaneously, gene
expression profiling using a ¢cDNA microarray to identify genes responsible for gemcitabine
sensitivity was performed.

Results: The pancreatic cancer cell lines could be classified into three groups: a gemcitabine
“sensitive,” an “intermediate sensitive,” and a "resistant” group. Microarray analysis identified 71
genes that show differential expression between gemcitabine-sensitive and -resistant cell lines
including 27 genes relatively overexpressed in sensitive cell lines whereas 44 genes are rela-
tively overexpressed in resistant cell lines. Among these genes, 7 genes are potentially in-
volved in the phosphatidylinositol 3-kinase/Akt pathway. In addition to this major signaling
pathway, Bcl2/adenovirus E1B 19 kDa protein interacting protein (BNIP3), a Bcl-2 family proa-
poptotic protein, was identified as being expressed at lower levels in drug-resistant pancreatic
cancer cell lines. In an analysis of 21 pancreatic cancer tissue specimens, more than 90%
showed down-regulated expression of BNIP3. When expression of BNIP3 was suppressed using
smallinterfering RNA, gemcitabine-induced cytotoxicity in vitro was much reduced.
Conclusions: These results suggest that BNIP3 and the phosphatidylinositol 3-kinase/Akt
pathway may play an important role in the poor response to gemcitabine treatment in pancreatic

cancer patients.

Pancreatic adenocarcinoma is a common cancer with an
extremely poor prognosis. It is the fourth leading cause of
cancer death in the United States (1). Despite an enormous
amount of effort spent in the development of cancer chemo-
therapies for pancreatic cancer, these are effective only in a
small proportion of patients. Along with a lack of early
diagnostic tests that might allow surgical intervention at a
potentially curable stage, this is one of the major problems in
the management of pancreatic cancer.

In the past few years, gemcitabine [2/,2-difluorodeoxyciti-
dine, Gemzar, Eli-Lilly, Indianapolis, IN), a novel pyrimidine
nucleoside analogue, has become the standard chemothera-
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peutic agent used in patients with pancreatic cancer. A phase II
randomized trial in advanced pancreatic cancer showed that
gemcitabine was more effective than 5-fluorouracil (2, 3).
However, not more than 25% of patients with pancreatic
cancer will benefit from gemcitabine, a proportion that is slightly
less than in patients with other cancers (4). It has long been
recognized that the effectiveness of anticancer drugs can vary
significantly between individual patients. Several attempts have
already been undertaken in both cell lines and clinical samples to
detect molecular markers of gemcitabine chemosensitivity. Such
markers can be categorized into two groups. The majority of
genes are related (o nucleoside transport and metabolism, which
may be involved in the intracellular handling of gemcitabine in
cancer cells. In this category, nucleoside transporter (5, 6), M1 or
M2 subunit of ribonucleoside reductase {(7-11), and deoxy-
cytidine kinase (12) have all been described as being related (o
gemcitabine chemosensitivity. Another group comprises the
genes involved in cell cycle regulation, proliferation, or
apoplosis. Mutated p53 (13) and Bcl-xl (14, 15) have been
identified as possible molecular markers for gemcitabine
chemoresistance, and both are directly involved in apoplosis.
In addition, ¢-Src (16, 17) and focal adhesion kinase (FAK;
ref. 18) were also described as gemcitabine resistance - related
genes. These genes may be involved in resistance of pancreatic
cells (o gemcitabine by activating the phosphatidylinositol 3-
kinase (PI3K)/Akt pathway. Furthermore, another study
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showed that under hypoxic conditions pancreatic cancer cell
lines become resistant 1o apoptosis primarily by activation of
PI3K/Akt and nuclear factor kB pathways, as well as partially
through the mitogen-activated protein (MAP) kinase signaling
pathway (19).

It is clear that the sensitivity/resistance of cancer cells to
gemcitabine cannot be predicted by a single factor but may be
delermined by the balance of many factors. Therefore, to
establish the baseline for prediction of chemosensitivity, a
comprehensive analysis of the sets of genes that characterize the
response of cancer cells to gemcitabine treatment is needed.

During the past few years, cDNA/oligonucleotide micro-
array analysis has become a key tool for characterizing gene
expression in a variely of experimental systems, and it has also
been used for detecting gemcitabine chemosensitivity markers.
So far, two studies have been reported (9, 10). In both of
them, cell clones that had acquired resistance in vitro were
compared with their chemosensitive parental cell lines.
However, il is important to use nontreated cell lines to
identify genelic factors that determine intrinsic (as opposed to
acquired) chemoresistance, as this more closely represents the
clinical situation at presentation of a cancer patient. In this
study, by analyzing 15 different pancreatic cancer cell lines
with a range of gemcitabine sensitivity, we attempted to
identify novel genes associated with intrinsic gemcitabine
resistance using a cONA microarray system consisting of 9,464
human gene elements.

Materials and Methods

Pancreatic cancer tissues and cell lines. Sixteen human pancreatic
cancer cell lines were used in this study: A818.4, AsPc-1, CFPAC-1, FAG,
Hs766T, MDAPanc-3, MialaCa-2, PANC-1, PaTu-1, RWP-1, Suit-2, and
T3M4 were obtained from Cancer Research UK cell production services.
PK1, PK9, and PK59 were established and maintained at Tohoku
University (20). All cell lines were kept in a humidified incubator at
37°C with 5% CO, and cultured in E4 complete medium, supple-
mented with 10% fetal bovine serum, penicillin (0.1 pg/mL), and
streptomycin (100 units/mL). The human pancreatic ductal epithelial
cell line HPDE was a kind gift from Dr. Ming-Sound Tsao {University of
Toronto, Canada) and was grown in keratinocyte medium as described
before (21).

Pancreatic cancer tissues were obtained from the Human Biomate-
rials Resource Centre (Hammersmith Hospital, London, United
Kingdom) and Tohoku University 1lospital (Sendai, japan) with full
ethical approval from the host institutions. All tissues used were
enriched for the tumor cellular component (60-80%) by trimming
freshly frozen blocks whereas performing H&E sections at frequent
levels as described previously (22).

Total RNA extraction from cell lines and tissues was done using
Trizo! reagent (Invitrogen, Renfrew, Renfrewshire, United Kingdom)
according to the protocol of the manufacturer.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay.
Cells were resuspended in fresh medium at a concentration of 1 x 10"
cells/well and seeded in a 96-well plate. Cells were incubated for 24
hours at 37°C, and then gemcitabine at various concentrations was
added to each well. The plate was incubated at 37°C for a further 72
hours. For the assay, 10 pl. of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (5 mg/mi) were added to each well
and the plate was incubated for an additional 3 hours at room
temperature. The absorbance was measured at 560 nm using a
microplate reader (Dynex, Worthing, United Kingdom).

Microarray hybridization. 'The 10K cDNA Sanger Human Armrays
(version 1.2.1) obtained through the Cancer Research-UK/Ludwig
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Institute/Wellcome Trust consortium were used in this study. They
contain 9,464 human gene elements. The glass arrays were
manufactured and quality controlled at the Sanger Centre (Cam-
bridge, United Kingdom). The spotting pattern and the complete
annotated list of these cDNAs are available at the CRUK Microarray
web site (http://www.sanger.ac.uk/Projects/Microarrays/informatics/
hverl.2.1.shtml).

Labeling of 50 pg of total RNA was achieved by direct incorporation
of Cy5-dCTP or Cy3-dCTP (Amersham Pharmacia Biotech, Amersham,
tnited Kingdom) in a reverse transcription reaction using anchored
oligodeoxythymidylate primers (Cancer Research-UK Oligonucleotide
Service, London Research Institute, Clare Hall Laboratories, United
Kingdom) and Superscript Il reverse transcriptase (Invitrogen). The
details of the hybridization and washing protocols are available online
(http://www.cgal.icnet.uk/exprotocols/protocols.html).

The ¢DNA derived from the HPDE cell line was used as the
control sample in all hybridizations. In each experiment, Cy5-dCTP-
tagged ¢DNA from an individual pancreatic cancer cell line was
mixed with Cy3-dCTP -tagged ¢DNA from HPDE cells and subse-
quently cohybridized to a microarray. All the experiments were done
in duplicate.

Following hybridization, arrays were scanned using an Affymetrix
428 dual-laser microarray (Affymetrix, Santa Clara, CA) and separate
images were acquired for Cy3 and Cy5 fluorescence.

tmage and data analysis. The signal intensity values of each element
were extracted using the ImaGene 5 software program (BioDiscovery,
Los Angeles, CA). Normalization of the resulting spot intensities was
achieved through the VSN package as part of the Bioconductor software
within R (23). Differentially expressed genes were isolated by
permutation testing using the t statistic (perm = 10,000) and
subsequent P value correction using the false discovery rate method
of Benjamini et al. (24). Differentially expressed genes were those that
had a corrected P value of <0.05. Sample-wise agglomerative
hierarchical clustering was carried out by first selecting the top 1,000
genes based on variance, then using Euclidean distance to generate the
distance matrix, and average linkage to group the samples. All of these
were done within the R environment.

Quantitative real-time reverse transcription-PCR. Primers were
designed using the Primer Express software (Applied Biosystems,
Foster City, CA). The primer sequences for Bcl2/adenovirus E1B 19
kDa protein interacting protein (BNIP3; 61 bp amplicon) are as
follows: forward, 5-GTGGTCAAGTCGGCCGG-3% reverse; 5-GCGC-
TTCGGGTGTTTAAAGA-3".

Template cDNAs were synthesized from 1.5 pg of total RNA using the
Tagman reverse transcription reaction kit (Applied Biosystems).

The real-time reverse transcription-PCR (RT-PCR) reactions were set
up in a total volume of 20 uL using 3 pL of ¢cDNA and 10 pL of SYBR
Creen Master Mix (Applied Biosystems). The final primer concentration
was 300 mmol/L for both forward and reverse primers. For every target
gene a set of triplicate reactions using five dilutions of reverse-
transcribed Universal Human reference RNA (Stratagene, LA Jolla,
CA) was included to construct a standard curve. No-template control
reactions were also included. Real-time R1-PCR was done using the ABI
7700 sequence detector {Applied Biosystems).

RNA interference. Custom-made oligonucleotide small interfering
RNA (siRNA; SMARTpool) for BNIP3 was obtained from Dharmacon
(Lafayette, CO), lamin siRNA was obtained from Qiagen GmbH
(Hilden, Germany), and nonsilencing negative control siRNA was
obtained from Ambion (Austin, TX). The 2 x 10° cells were seeded into
a six-well plate and allowed to adhere for 24 hours. Aliquots of 150
pmol of siRNA, 4 ul. of Enhancer R (Qiagen), and 93 pL of Buffer LC-R
(Qiagen) were mixed and vortexed. After 5 minutes of incubation at
room temperature, 8 pL of TransMessenger transfection reagent
{Qiagen) were mixed together, then incubated for 10 minutes at room
temperature. This siRNA/agent mixture was added into the wells with
800. pL of serum-free/antibiotic-free £4 medium and incubated for 3
hours, after which the medium was changed to 1 mL DMEM with 10%
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fetal bovine serum. Twenty-four hours posttransfection, cells were
trypsinized, seeded into a 96-well plate, and used for the cell growth
inhibition assay.

Western blot analysis. The 2 x 10° cells were harvested and rinsed
twice with PBS, at pH 7.4. Cell extracts were prepared with lysis
buffer [20 mmol/L Tris (pH 7.5), 0.1% Triton X-100, 0.5%
deoxycholate, 1 mmol/L. phenylmethylsulfonyl fluoride, 10 ng/mL
aprotinin, and 10 pg/mL leupeptin). Total protein concentration was
measured using the Protein assay kit with bovine serum albumin as a
standard, according to the instructions of the manufacturer (Bio-Rad,
Hercules, CA). Cell extracts containing 40 pg of total protein were
subjected to electrophoresis in 10% SDS/PAGE gels and after transfer
and blocking with PBS containing 0.2% bovine serum albumin for
16 hours at 4°C, the membrane was incubated with 2 pg/mL mouse
monodonal anti-BNIP3 antibody clone Ana 40 (Sigma-Aldrich, St.
Louis, MO). The incubation was for 2 hours at room temperature,
followed by washing with 0.1% Tween 20/PBS thrice, and then
incubation with secondary antibody mouse immunoglobulin G
(Santa Cruz Biotechnology, Santa Cruz, CA) for 30 minutes followed
by three washes.

Signals were detected by chemiluminescence using the enhanced
chemiluminescence detection system (Amersham Biosciences).

Results

Efficacy of cytotoxicity induced in pancreatic cancer cell lines by
gemcitabine exposure. The responses of 15 pancreatic cancer
cell lines to gemcitabine treatment were investigated using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
assay. Representalive dose-response curves are shown in Fig. 1A
and B. Three cell lines (CFPAC-1, Suit-2, and T3M4)} showed
high sensitivity 10 gemcitabine with less than 20% of those
cells surviving in the presence of 25 ng/mlL of gemcitabine for
72 hours (Fig. 1A) and their 1Csp values were 0.5, 0.7, and 3.0
ng/mL, respectively. Hence, these three cell lines were
classified as the “sensitive” group. In contrast, three cell lines
(Hs766T, RWP-1, and A818.4) showed low sensitivity, with
more than 60% of those cells surviving even in the presence of
more than 1 x 10" ng/ml. of the drug for 72 hours (Fig. 1B).
These three cell lines were therefore classified as “resistant.”
The remaining cell lines (AsPc-1, FA6, MDAPanc-3, MiaPaCa-
2, PANC-1 PaTu-l, PK1, PK9, and PK59) showed moderate
sensitivity (ICsp values 5-1,000 ng/mL) and were classified as
“intermediate sensitive.” Figure 1C shows the dose-response
curve for the immortalized pancreatic ductal cell line HPDE
(ICsp 0.8 ng/ml).

Genes involved in gemcitabine chemosensitivity. To identify
genes differentially expressed between sensitive and resistant
cell lines, cDNA microarray experiments were carried out using
mRNA extracted from all cell lines. In a comparison between
the sensitive and resistant groups, 71 genes were identified that
show differential expression between the two groups (Tables 1
and 2).

Of these 71 genes, 27 genes are relatively overexpressed in
gemcitabine-sensitive cell lines, and 44 are relatively overex-
pressed in gemcitabine-resistant cell lines. Genes with a wide
variety of [unctions were identified among these genes, with a
large proportion that could be categorized into two groups: 14
genes are related to gemcitabine metabolism and transport
(genes 1-8 in Table 1 and genes 28-33 in Table 2) and 27 genes
are relaled (o signaling pathways for cell cycle regulation,
proliferation, or apoptosis (genes 9-16 in Table 1 and genes 34-
52 in Table 2). Among these, FAK was already described as a
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gemcitabine sensitivity - related gene (18). In contrast, although
nucleoside transporter 1 (5, 6), ribonucleoside reductase M1
and M2 (7- 11}, and deoxycytidine kinase (12) were previously
described as gemcilabine sensilivity - related genes, they
showed no significant difference between gemcitabine-sensitive
cell lines and gemcitabine-resistant cell lines in our experi-
ments. Other genes in this class thal were previously described
as gemcitabine sensitivity related were not included in our
microarray. Also, seven genes are potentially involved in the
PI3K/Akt pathway: PXN, p70S6K, FAK, PIK3C3, TSC1, IGEBP7,
and ITGA9. A further three genes are related to the transforming
growth factor-j3 (TGF-B) signaling pathway: RALBPI, SMAD2,
and LTBP1.

Interestingly, among the selected genes, several are located at
the same chromosomal regions such as 6q (MAP3K7,
Coo0rf93, and HECA), 10q (BNIP3, PPP3CB, KIAA0261,
and MGEA5), 19q (EBP, PPPIRISA, and LRP3), and
22q (CDC42EP, FLJ22582, SLC25A1, and TCN2 ), and these
loci are also previously reported as sites of frequent aberrations
and amplification in pancreatic cancer (25-27). In addition,
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Fig. 1. Dose-response curves for gemcitabine in pancreatic cancer cell lines. 4,
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Table 1. Genes relatively overexpressed in gemcitabine-sensitive pancreatic cancer cell lines

Common Unigene Chromosomal
No. name D Description location P t
Genes involved in nucleoside metabolism and transportation
1 PAICS Hs.444439 phosphoribosylaminoimidazole carboxylase 4q12 1.65e-06 —9.9914
2 CDC42EPT Hs.148101 CDCA42 effector protein (Rho GTPase binding) 1 22q13.1 595e-05 -6.65
3 TNNIZ Hs.512709 troponin |, cardiac 19q13.42 0.00071 —5.8469
4 DNMT Hs.436132 dynamin 1 93411 00002  -5778
5 EBP Hs196669 emopamil binding protein (sterol isomerase) Xp11.23 0.0006 -b.6273
6 SMARCAS3 Hs.3068 SWI/SNF related, matrix associated, actin dependent 3q24 0.00068 —b.4641

regulator of chromatin, subfamily a, member 3

7 P2RX4 Hs.321709 purinergic receptor P2X, ligand-gated ion channel, 4 12q24.31 0.00042 53659
8 CDA Hs.72924 cytidine deaminase 1p36.12 0.00092 -4.822
Genes involved in signaling pathways for cell cycle regulation, proliferation, or apoptosis.
9 IGFBP7 Hs.435795 insulin-like growth factor binding protein 7 412 4.00e-08 —17.251
10 p7056K Hs.86858 Ribosomal protein $6 kinase, 70k Da 17qh1.2 0.00012 —-8.0003
il BNIP3 Hs.79428 Bcl2/adenovirus E1B 19 kDa protein interacting protein ~ 10¢26.3 0.00014 -75318
12 PXN Hs.446336 paxillin 12q24.23 0.00017 —6.2075
13 CHAFIB Hs.75238 chromatin assembly factor 1, subunit B (p60) 212213 0.00039 -5.3061
14 RBMS2 Hs.438778 RNA binding motif, single stranded interacting protein 2 12¢23.2 0.00045 -5.267
15 RGS2 Hs.78944 regulator of G-protein signaling 2, 24 kDa 1g31.2 0.00048 -5.0793
16 CREM Hs.231975 cyclic AMP responsive element modulator 10p1.21 0.00059 —-4.9462
Unknown and other function
17 PCCB Hs.63788 propionyl CoA carboxylase, 3 polypeptide 3¢221 1.83e-05 -8.037
18 MPDZ Hs.169378 multipte PDZ domain protein 9p23 0.00012 -7.0767
19 SGCE Hs.409798 sarcoglycan, epsilon 7g21.3 0.00048 —-7.0147
20 GPSN2 Hs.306122 glycoprotein, synaptic 2 4221 9.46e-05 —6.6151
21 LMNBT Hs.89497 lamin B1 5231 7.21e-05 —-6.4772
22 FLJ22582 Hs126783 hypothetical protein FL.J22582 22q131 0.00019 57262
23 DHCR7 Hs 11806 7-dehydrocholesterol reductase 1131 0.00039 -5.4782
24 SERPINF2 Hs.159509 serine proteinase inhibitor, clade F, member 2 17p13.3 0.00079 —-5.3929
25 SLC25A7 Hs.111024 solute carrier family 25, member 1 22q11 0.00069 -5.0347
26 TCN2 Hs.417948 transcobalamin Il; macrocytic anemia 22¢12.2 0.00071 —-5.0308
27 RDX Hs.263671 radixin 11g22.3 000092 -4.6462

several other genes were also located at frequently aberrant sites
such as 3p, 3q, 5p, 8p, 8q, 9p, 17p, 17q, 18p, 19p, and 20q.

Expression profiling and clustering. To investigaie whether
cell lines grouped as either sensitive or resistant are also
genetically similar, hierarchical custering was done as de-
scribed in Materials and Methods, and this was able clearly to
separale gemcitabine-resistant and gemcitabine-sensitive cell
lines.

It is also evident that all the replicates for analyses of
individual cell lines are situated close to each other, indicating
the overall reproducibility of the array technique (Fig. 2).

BNIP3 down-regulation is associated with chemoresistance of
pancreatic cancer to gemcitabine. We have selected BNIP3 as
a candidate gene involved in chemosensitivity for further
analysis. The expression of BNIP3 mRNA was examined in all
pancreatic cell lines by quantitative real-time RT-PCR, and
the data obtained were in a complete agreement with our
cDNA microarray resulls. It is evident that in comparison
with HPDE, BNIP3 expression was down-regulated in all
pancreatic cancer cell lines analyzed except PANC-1 and
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CFPAC-1. Especially in resistant but also in intermediate
sensitive cell lines, BNIP3 expression levels were down-
regulated more than 90% (Fig. 3A). Only the PANC-1 cell
line in the intermediate sensitive group showed an expression
level comparable to that of the immortalized normal cell line
HPDE.

BNIP3 expression is down-regulated in pancreatic cancer. To
explore if the expression level of BNIP3 in clinical specimens
corresponds to the data obtained in cell lines, quantitative real-
time RT-PCR analysis was done using mRNA extracted from
tissues from 21 different patients with pancreatic adenocarci-
noma. Figure 3B shows the expression compared with a control
pancrealtic tissue from a healthy donor. In all but two (T1 and
T20) of the cancer specimens, BNIP3 expression levels were
reduced compared with the normal control, and in 14 of 21
samples more than 50% down-regulation of BNIP3 expression
was observed.

BNIP3 siRNA treatment increases chemoresistance of pancre-
atic cancer cells to gemcitabine. To verify that BNIP3 is
involved in gemcitabine sensitivity, siRNA experiments were
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Table 2. Genes relatively overexpressed in gemcitabine-resistant pancreatic cancer cell lines

Common Unigene Chromosomal
No. name [{»} Description location P t

Genes for nucleoside metabolism and transportation

28 Dyri Hs.278429 Homo sapiens dystonia 1, torsion 9g34.11 5.76e-05 710491
29 VIPR1 Hs.348500 vasoactive intestinal peptide receptor 1 3p221 0.00014 6.50633
30 ATPTIC Hs.88252 ATPase, ClassVi, type 11C Xq271 0.00055 555326
31 MTSS? Hs.77694 metastasis suppressor 1 82413 0.00051 5.52812
32 SAFB Hs.23978 scaffold attachment factor B 19p13.2 0.00068 513198
33 RALBPT Hs.75447 ralA binding protein 1 18p11.22 0.00075 47879

Genes involved in signaling pathways for cell cycle regulation, proliferation, or apoptosis.

34 SMAD2 Hs. 110741 SMAD, mothers against DPP homologue 2 18g211 4.3e-05 7.82148
35 FAK Hs.434281 focal adhesion kinase 8q24 0.00029 7.03583
36 TRAFE Hs.444172 Tumaor necrosis factor receptor — associated factor 6 11p13 0.0001 6.71903
37 MADD Hs.82548 MAP-kinase activating death domain Tip11.2 6.30e-05 6.60535
38 PPP3CB Hs.187543 protein phosphatase 3 catalytic subunit, | isoform 10g22.2 0.00012 6.10191
39 7SC1 Hs.69429 tuberous sclerosis 1 9q34.13 0.00039 5.92062
40 STAT5A Hs.437058 signal transducer and activator of transcription 5A 17g11.2 0.00015 5.91317
41 S0CSs Hs.169836 suppressor of cytokine signaling 5 2p21 0.00027 588452
42 PHF16 Hs.82292 PHD finger protein 16 Xp11.3 0.00054 5.84577
43 PIK3C3 Hs.418150 phosphoinositide-3-kinase, class 3 18g12.3 0.00035 573027
44 UNCI3B Hs. 165001 unc-13 homologue B 9p13.3 0.00023 5.70029
45 MAP3K7 Hs.290346 MAP kinase kinase 7 6q15 0.00045 5.49991
46 LTBPT Hs.241257 latent TGF-{ binding protein 1 2p22.3 0.0008 5.38788
a7 ITGA9 Hs.222 integrin, 9 3p22.3 0.00033 5.35081
48 GNAQ Hs.469951 guanine nucleotide binding protein (G protein), 2q211 0.00066 5.30905
q polypeptide
49 MYST3 Hs.93231 MYST histone acetyltransferase 8p11.21 0.00044 516659
(monocytic leukemia) 3
50 SKIP Hs.178347 skeletal muscle and kidney enriched inosito! 17p13.3 0.00052 513827
phosphatase
51 () Hs.1281 complement component 5 9q33.2 0.00092 4.97948
52 PPPIRT5SA Hs.76556 protein phosphatase 1, regulatory (inhibitor) subunit 15A 19g13.33 0.00075 4.81317

Unknown and other function

b3 LRP3 Hs.143641 low density lipoprotein receptor-related protein 3 19q12 6.02e-06 10.2416

54 SLCYA3 Hs.123044 solute carrier family 9 (sodium/hydrogen exchanger), 5p15.33 0.0002 6.85467
isoform 3

55 HSU79266 Hs.23642 protein predicted by clone 23627 Mq13.1 0.00037 6.59899

56 MCART? Hs.46791 mitochondrial carrier triple repeat 1 9p13.3 0.00014 6.03726

57 SEMABA Hs.528707 sema domain, seven thrombospondin repeats bp16.31 0.00027 569344

(type 1and type 1-like), transmembrane domain,
and short cytoplasmic domain (semaphorin) 5A

58 ELN Hs.252418 elastin 7q11.23 0.00025 5.53682
59 KIAAD663 Hs.17969 KIAAO0663 gene product 19321 0.0003 5.45804
60 oGT Hs.405410 O-linked N-acetylglucosamine (GlcNAc) transferase Xq13.1 0.00035 529243
61 KIAAO0261 Hs.439188 KIAAD261 10g23.2 0.00041 5.26712
62 UAPT Hs.21293 UDP-N-acteylglucosamine pyrophosphorylase 1 1924.2 0.00049 5.22761
63 INPP5F Hs.25156 inositol polyphosphate-5-phosphatase, 72 kDa 9q34.3 0.00039 5.22321
64 HECA Hs.6679 headcase homologue (Drosophila) 6q24.1 0.00095 516452
65 RPS21 Hs.372960 ribosomal protein S21 20q13.33 0.00071 5.03318
66 PCSK7 Hs.443752 proprotein convertase subtilisin/kexin type 7 Tq23.2 0.0006 4.94516
67 SEC23B Hs173497 Sec23 homologue B 20p11.23 0.00063 4.92033
68 MGEAS Hs.5734 meningioma expressed antigen 5 10g24.32 0.00096 479081
69 Cé6orf93 Hs.33944 chromosome 6 open reading frame 93 6q24.2 0.00095 473743
70 HAGH Hs.155482 hydroxyacylglutathione hydrolase 16p13.3 0.00082 472254
7 LAMPZ2 Hs.232432 lysosomal-associated membrane protein 2 Xag24 0.00086 4.69221
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Fig. 2. Dendrogram of hierarchical clustering. The dendrogram shows that
gemcitabine-sensitive cell lines CFPAC-1, Suit-2, and T3M4 reside on a
separate branch from the gemcitabine-resistant cell lines Hs766T, A818.4, and
RWP-1.

done on the gemcitabine-sensitive CFPAC-1 pancreatic cancer
cell line. The ability of BNIP3 siRNA to suppress BNIP3
expression was confirmed by both quantitative real-time RT-
PCR (Fig. 4A) and Western blot (Fig. 4B). Afier transfection
with BNIP3 siRNA, up to 80% suppression of BNIP3
expression was observed. CFPAC-1 cells treated with BNIP3
siRNA also showed an increase in drug resistance with the
1Cs¢ rising from 0.5 to 1.2 ng/mL. In comparison, CFPAC-1
cells treated with siRNA targeted against lamin and non-
silencing control siRNA showed no change in sensitivity to
gemcitabine (Fig. 4C).

Discussion

In the current study we were able to identify a number of
genes which are potentially involved in intrinsic resistance (o
gemcitabine in pancreatic cancer cell lines. Some of these are
involved in signaling pathways known from other investiga-
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tions to contribute to drug resistance (e.g., FAK), whereas in the
list of 71 differentially expressed genes, more than half were
related to nucleoside metabolism, proliferation, cell cycle
regulation, and apoptosis.

The PI3K signaling cascade plays a crucial role in the
regulation of apoptosis, acting in part via its downstream
target Akt in several cancer cell types including pancreatic
cancer (28-30). Activated Akt plays a role in apoptosis
suppression by regulating critical factors such as Bcl-associated
death promoter, caspase-9, and mammalian larget of rapa-
mycin (31). Several studies have already described the
contribution of the PI3K/Akt pathway to gemcitabine sensi-
livity in pancreatic cancer cells. FAK and c-Src play a role in
adhesion-dependent activation of the PI3K/Akt pathway and
their suppression enhances gemcitabine chemosensitivity in
pancreatic cancer (16-18). Moreover, hypoxic conditions also
activate the PI3K/Akt pathway in pancreatic cancer (19). In
the current study, we identified 71 genes associated with
differential gemcitabine sensitivity and, of these, seven encode
proteins that contribute to the PI3K/Akt pathway. As well as
FAK, of which contribution to drug resistance is well known,
integrin «4 may have the ability to stimulate PI3K through
PXN as substrate (32, 33). TSC1 and p70S6K are downstream
targets of Akt and PIK3C3 is a member of the PI3K family
(34). IGFBP7 can reduce PI3K signaling by binding to IGF and
preventing its inleraction with its membrane receptor. Two
genes thal are relatively underexpressed in gemcitabine-
resistant cell lines are p70S6K and PXN. Interestingly, in a
leukemia cell clone resistant to apoplosis, although p70S6K
activation was increased by signaling through the PI3K/Akt
pathway, its selective inhibition did not restore sensilivity (o
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Fig. 3. A, BNIP3 expression in pancreatic cancer cell lines determined by
quantitative real-time RT-PCR. BNIP3 expression is observed in the
gemcitabine-sensitive cancer cell lines CFPAC-1, Suit-2, and T3M4 and only in
PANC-1 among the intermediate sensitive group. None of the resistant cell lines
express significant levels of this gene product. 8, BNIP3 expression in pancreatic
cancer tissues. Quantitative real-time PCR shows that in 19 of 22 cases BNIP3
expression was down-regulated.
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Fig. 4. A, representative quantitative real-time RT-PCR data for BNIP3
expression in CFPAC-1 pancreatic cancer cells at 96 hours following treatment
with BNIP3 siRNA or famin siRNA. 8, Western blot for BNIP3 96 hours following
treatment with nonsilencing negative control siRNA, lamin siRNA, and BNIP3
siRNA. Protein lysate extracted from BNIP3-transfected 293 cells was used for
positive control. Neither control nor lamin siRNA significantly affected BNIP3
expression, whereas BNIP3 siRNA induced marked (up to 80%) suppression of
BNIP3. C, dose-response curves for gemcitabine in the CFPAC-1 pancreatic
cancer cell line treated with siRNA. ¥, CFPAC-1 treated with control siRNA: @&,
CFPAC-1 treated with lamin siRNA; and a4, CFPAC-1 treated with BNIP3 siRNA.
CFPAC-1 treated with BNIP3 siRNA shows an increase in resistance to
gemcitabine.

drugs (28). PXN is a substrate for FAK and SRC, whereas
negative regulators of these also bind directly to it (35).

Altogether, these results strongly support the importance of

the PI3K/Akt pathway in gemcitabine sensitivity in pancreatic
cancer.

The TGF-{3 pathway has also been reported to be involved in
sensitivity to dsplatin chemotherapy in a leukemia model.
Stimulation of TGF-3 receptors leads 1o activation of Smad
proteins that cause growth inhibition and induce apoptosis in
normal cells. Several pancreatic cancer cell lines are resistant (o
TGF-f-induced growth arrest (36) and that might be another
reason why pancreatic cancer is resistant (o chemotherapeutic
reagents. In our gene list, RALBPI, SMAD2, and LTBP1 are all
members of the TGF-3 signaling pathway expressed in resistant
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cell lines and can also potentially contribute to gemcitabine
sensitivity.

Interestingly, among our selected genes, several are located al
the same chromosomal regions and these loci are also
previously reported as frequent sites for aberrations and
amplification in pancreatic cancer (25-27). This could be a
possible reason for differential abundance of those gene
transcripts in pancreatic cancer cells.

In this study, we identified BNIP3 as a gene strongly
associated with intrinsic resistance 1o gemcitabine and
frequently down-regulated in pancreatic cancer. We also show
that suppression of BNIP3 by siRNA reduced gemcitabine-
induced cylotoxicity in pancreatic cancer cells in vitro.
Previously, BNIP3 expression was shown to be down-
regulated in clones with acquired resistance against 5-
fluorouracil compared with their parental colorectal cancer
cell line (37). Another study showed that BNIP3 expression
was associaled with paclitaxel response in an ovarian cancer
model (38).

BNIP3, a member of the BH3-only subfamily of Bcl-2
family proleins, heterodimerizes and antagonizes the activity
of prosurvival proteins such as Bcl-2 and Belxl, thus
promoting apoptosis. Overexpression of BNIP3 induces cell
death characterized by its localization at the mitochondria, by
opening of the permeability transition pore, and by loss of
membrane potential and production of reactive oxygen species
(39, 40).

BNIP3 expression is normally undetectable in most tissues,
but it has been reported (o be expressed in hypoxic regions
(41, 42) and can be induced in cell lines by hypoxia in vitro
(43). Despite the fact that pancreatic cancer usually grows
under hypoxic conditions (44, 45), our study shows that
BNIP3 expression levels in both cell lines and tissues from
surgically resected specimens are low. Furthermore, we have
determined that hypoxia does not induce expression of BNIP3
in cell lines that are inuinsically resistant to gemcitabine
(supplementary data available at hitp://sci.cancerresearchuk.
org/axp/mphh/ccr04/). Recently, Okami el al. (46) clearly
showed a high prevalence of BNIP3 down-regulation in
pancreatic cancer and showed that it is caused by methylation
of its promoter site.

In our study of a large series of clinical specimens and cell
lines, we were able to show that only a small proportion of
cases continue to express BNIP3 at normal levels (those
observed in normal pancreas which is composed predomi-
nanitly of acinar tissue). It will be interesting to integrate
analysis of BNIP3 status in biomarker studies for clinical trials
of chemotherapeutic agents in pancreatic cancer, where
responses are typically observed in a similarly small proportion
of cases (47).

In conclusion, we have highlighted the potential importance
of the PI3K/Akt pathway in gemcitabine resistance and have
shown the effect of BNIP3 on gemcitabine sensitivity in a
pancreatic cancer cell line model. This is the first report that
largeting BNIP3 could increase tumor cell susceptibility to such
a chemotherapeutic agent. BNIP3 could therefore be a
promising candidate marker for gemcitabine chemosensitivily,
and determining BNIP3 status could potentially aid in decision-
making when treating patients with pancreatic adenocarcino-
ma, as well as representing a potential gene therapeulic target (o
increase gemcitabine sensitivity.
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