New Trends in the
Molecular and

Biological Basis for
Clinical Oncology

T. Tachikawa * K. Nose
T. Ohmori * M. Adachi (Eds.)

@ Springer



T. Tachikawa, K. Nose, T. Ohmori, M. Adachi (Eds.)
New Trends in the Molecular and
Biological Basis for Clinical Oncology



T. Tachikawa, K. Nose,
T. Ohmori, M. Adachi (Eds.)

New Trends in the
Molecular and Biological
Basis for Clinical Oncology

@ Springer



Tetsuhiko Tachikawa, D.D.S., Ph.D.

Professor and Chairman

Department of Oral Pathology and Diagnosis

Showa University School of Dentistry

1-5-8 Hatanodai, Shinagawa-ku, Tokyo 142-8555, Japan

Kiyoshi Nose, Ph.D.

Professor and Chairman

Department of Microbiology

Showa University School of Pharmaceutical Sciences
1-5-8 Hatanodai, Shinagawa-ku, Tokyo 142-8555, Japan

Tohru Ohmori, M.D., Ph.D.

Associate Professor

Institute of Molecular Oncology

Showa University

1-5-8 Hatanodai, Shinagawa-ku, Tokyo 142-8555, Japan

Mitsuru Adachi, M.D., Ph.D.

Professor and Chairman

Division of Allergology and Respiratory Medicine
Department of Internal Medicine

(First Department of Internal Medicine)

Showa University School of Medicine

1-5-8 Hatanodai, Shinagawa-ku, Tokyo 142-8666, Japan

Library of Congress Control Number: 2008937890

ISBN 978-4-431-88662-4 Springer Tokyo Berlin Heidelberg New York

e-ISBN 978-4-431-88663-1

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting,
reproduction on microfilms or in ether ways, and storage in data banks. The use of registered names,
trademarks, etc. in this publication does not imply, even in the absence of a specific statement, that such
names are exempt from the relevant protective laws and regulations and therefore free for general

use.

Product liability: The publisher can give no guarantee for information about drug dosage and application
thereof contained in this book. In cvery individual case the respective user must check its accuracy by

consulting other pharmaceutical literature.

Springer is a part of Springer Science+Business Media
springer.com

© Springer 2009

Printed in Japan

Typesetting: Camera-ready by the editors and authors
Printing and binding: Kato Bunmeisha, Japan

Printed on acid-free paper



Foreword

On behalf of Showa University, | am pleased to publish the proceedings of
The 4™ Annual Meeting of the Showa International Symposium for Life
Sciences, New Trends in the Molecular and Biological Basis for Clinical
Oncology.

This symposium aims for the improvement in the prevention and thera-
peutics for intractable diseases and has been held annually for the past four
years. It always provides us with a great opportunity to share the latest
knowledge in fundamental, translational, and clinical fields about intra-
ctable diseases. In last year’s symposium we focused on medical oncology.
The proceedings is composed of 18 articles presenting the latest data about
new strategies for cancer therapeutics. Six specialists of the contributors are
invited from all over the world.

I hope that this book will furnish valuable information for the develop-
ment of clinical as well as basic cancer research to all who are working in
this field.

Katsuji Oguchi, M.D., Ph.D.

Chairman, Board of Directors of Showa University
Tokyo, Japan

June 2008



Foreword

Recently, many cancer patients have experienced the hope of being treated
with the latest cancer therapy by specialists in oncology. It is obvious,
however, that the number of oncologists is absolutely inadequate to meet
the demand nationwide, because medical oncology has not been authorized
in the ministry’s curriculum guideline and cancer therapeutics has not been
included among the special subjects of medical schools in Japan. Accord-
ingly, the establishment of an education system for oncology to produce
many experts in cancer therapeutics is the prime task of medical schools.
Consequently, many medical schools in Japan have begun to set up depart-
ments of clinical oncology in their hospitals, and we also have decided to
establish such a department in our hospital. I believe that the work of clini-
cal oncology should be further accelerated for the benefit of cancer patients
in this country.

Especially under these circumstance, it is my great pleasure to publish
New Trends in the Molecular and Biological Basis for Clinical Oncology,
the proceedings of The 4th Annual Meeting of the Showa International
Symposium for Life Sciences, which was held at Showa University on
October 6th, 2007. On behalf of the university, I am grateful to all the con-
tributors to this book, who are active leaders in clinical oncology and in
cancer research.

Akiyoshi Hosoyamada, M.D., Ph.D.
President, Showa University

Tokyo, Japan

June 2008
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Foreword

A long time has passed since cancer became the primary cause of death in
Japan. In fact, the number of cancer patients is still growing, and one-third
of clinical deaths are caused by this disease. It is estimated that in tandem
with the rapid transition to an aging society, the increment in the number
of cancer patients will accelerate. It is obvious that the conquest of cancer
is still one of the largest medical problems to be solved.

Recently, remarkable progress in cancer therapy has been made possible
by better understanding of the molecular and cell biology of cancer and by
the technology that has resulted in the discovery of new drugs. The molecu-
lar target cancer drugs are being developed constantly and with astonishing
speed, and at the same time many large-scale clinical studies are being
conducted all over the world. In order to utilize these cancer drugs properly,
the efficacy of each of them must be proved by their own clinical studies.
However, evaluation in clinical studies is not sufficient to select the optimal
drug for each individual patient, because the impact of the molecular target
drugs is dependent on the “individuality” of cancer. For this purpose, we
have to solve the following additional problems:

1) Proof that a molecular target drug can actually inhibit the expected target
in vivo (proof of principle)

2) Detection of a clinical marker from patient materials correlated with
drug efficacy (surrogate marker)

As these challenges can be met only through close cooperation between
basic and clinical cancer research, I think that we should establish an effi-
cient new research system, breaking down the barrier between those two
areas of research. There is only cancer research for the benefit of patients.
We must be united as one body of researchers, wishing to cure cancer.

Hajime Yasuhara, M.D., Ph.D.

Dean, Showa University School of Medicine
Tokyo, Japan

June 2008
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Preface

Several years ago, molecular target anticancer drugs began to be used in
the clinical field, showing outstanding clinical efficacy. These newly devel-
oped drugs have a great effect even on intractable cancers such as hepatoma
and renal cell carcinoma. Fortunately, we are now facing a surge of new
findings in the development of cancer therapy. Cancer research is becoming
a multidisciplinary field that includes nearly all areas of science and tech-
nology. In fact, many anticancer drugs are developed by basic cancer
research that is increasingly influenced by clinical observations. At the same
time, the molecular and genetic observations of epidemiology have great
influence on research protocols in both the laboratory and the clinic. We are
convinced that such cooperation across basic, translational, and clinical
research fields will rapidly advance cancer therapeutics beneficial to cancer
patients.

Under these circumstances, we held The 4th Annual Meeting of Showa
International Symposium for Life Sciences with the theme “New Trends in
the Molecular and Biological Basis for Clinical Oncology” at Showa Uni-
versity, Tokyo, in October 2007. This book contains the materials from that
symposium in which new strategies for the development of cancer thera-
peutics were discussed. In the first chapter, we focus on the cancer therapy
targeting receptor tyrosine kinases aimed at clinical utilization of new sig-
naling regulations. The second chapter explains the interaction between
cancer progression and extracellular environments such as inflammatory
cytokines and the extracellular matrix. The third describes investigation of
the biomarkers for personalized cancer therapy, using microarray analysis
and pharmacogenomics technology. This book also includes several
reports of the latest investigations dealing with cancer cell biology and
therapeutics.

We thank all the authors and others who have contributed to the publi-
cation of this book. We believe that its contents are valuable for investiga-
tors in cancer research and that their achievements will help to provide the
best possible care for individual cancer patients in the near future.

Tetsuhiko Tachikawa, Professor of Oral Pathology

Kiyoshi Nose, Professor of Microbiology

Tohru Ohmori, Associate Professor of Molecular Oncology
Mitsuru Adachi, Professor of Internal Medicine

Showa University, Tokyo, Japan

June 2008
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HER2 Overexpression Attenuates the
Antiproliferative Effect of Aromatase Inhibitor in
MCF-7 Breast Cancer Cells Stably Expressing
Aromatase

Incheol Shin'?, Todd Miller’, E. Shizen Wangl and Carlos L. Arteaga.l‘3 &

' Department of Cancer Biology and *Medicine and *Vanderbilt-Ingram Cancer
Center, Vanderbilt University School of Medicine, Nashville, Tennessee 37232
*Department of Life Science, Hanyang University, Seoul 133-791 Korea

Summary. We investigated the effect of HER2 overexpression on resistance
to aromatase inhibitor letrozole in MCF-7 breast cancer cells stably expressing
cellular aromatase (MCF-7/CA). Forced expression of HER2 in MCF-7/CA
cells by infection with retroviral vector showed increased Akt and MAPK
phosphorylation and phosphorylation of estrogen receptor (ER) o on Ser118
and Serl67. MCF-7/CA cells overexpressing HER2 (MCF-7/CA pBMN-
HER2) showed more than 2 fold higher level of ER-mediated transcription
activity upon androstenedione treatment as compared to vector control MCF-
T/ICA (MCF-7/CA pBMN-vec) cells and letrozole co-treatment did not
effectively block androstenedione-induced transcription. Inhibition of Akt and
MAPK by 1Y294002 and UOI26 in MCF-7/CA pBMN-HER2 cells,
respectively, resulted in the reduction of androstenedione-induced
transcription activities comparable to those of MCF-7/CA pBMN-vec cells.
MCF-7/CA pBMN-HER?2 cells showed increased proliferation in the medium
containing charcoal-stripped serum supplemented with androstenedione as
compared to MCF-7/CA pBMN-vec cells. Moreover, co-treatment of letrozole
could not efficiently abrogate androstenedione-mediated cell proliferation in
MCF-7/CA pBMN-HER?2 cells. MCFE-7/CA pBMN-HER2 cells were also
shown to be resistant to letrozole-induced apoptosis. Aromatase activities of
both MCF-7/CA pBMN-HER2 and MCF-7/CA pBMN-vec cells were reduced
to the similar basal levels by letrozole treatment, suggesting that resistance to
letrozole is not conferred by the resistance of aromatase enzyme itself to
letrozole. Chromatin immunopreciptation assays revealed that MCF-7/CA
pBMN-HER2 cells showed ligand-independent association of estrogen



receptor (ER) a, coactivators AIB1 and CBP to the promoter region of pS2
gene. Upon androstenedione treatment, there were increased associations of
ERa, AIB1 and CBP with pS2 promoter in MCF-7/CA pBMN-HER?2 cells as
compared to MCF-7/CA pBMN-vec cells. These results suggest that
recruitment of coactivator complexes to estrogen-responsive promoter by
HER?2 overexpression may play a role in developing letrozole resistance
through upregulation of estrogen-responsive genes and increased cell survival
and proliferation.

Key words. Aromatase, HER2, Breast Cancer, letrozole, estrogen receptor

Introduction

Aromatase, a cytochrome P-450 hemoprotein, is the product of CYPI9 gene
and expressed in a wide variety of tissues including the placenta, ovary, brain,
bone and breast (Bulun et al. 1997, Means et al. 1991, Naftolin et al. 1975,
Shozu and Simpson 1998, Perel et al. 1982, Silva et al. 1989). Aromatase is a
cytochrome P450 enzyme that catalyzes conversion of testosterone and
androstenedione (AD) to estradiol (E2) and estrone, respectively (Long et al.
1998, Seralini and Moslemi 2001) playing a key role in estrogen biosynthesis.
The expression of aromatase is elevated in breast tumor tissue as compared
with normal breast tissue, suggesting an important role of aromatase in breast
tumorigenesis (Bulun et al. 1993).

Approximately 70 % of breast cancers are estrogen receptor (ER) positive,
so antiestrogen therapy has been an important treatment for breast cancer.
Tamoxifen has been the drug of choice for hormone-dependent breast cancer
patients (Litherland and Jackson 1988), but tamoxifen’s partial estrogenic
activity is believed to mediate resistance to the drug and relapse of patients
(Leonessa et al. 1992). Unlike tamoxifen, the non-steroidal aromatase
inhibitors do not show estrogenic properties and show superior efficacy as
compared to tamoxifen (Mouridsen et al. 2001). Although ovary is no longer
producing estrogens in menopausal women, estrogens are still synthesized
from androgens via aromatizaton catalyzed by aromatase in peripheral tissues
(Hemsell et al. 1974). So it is believed that inhibition of de novo estrogen
synthesis by aromatase inhibitors would be an alternative treatment to post-
menopausal breast cancer patients. The aromatase inhibitors, letrozole,



anastrozole and exemestane were recently used for the second-line therapies
for tamoxifen-relapased breast cancer (Dombemowsky et al. 1998, Buzdar et
al. 1998, Kaufmann et al. 2000, Long et al. 2002).

The HER2 receptor is the product of the HER2 proto-oncogene and a
member of the EGFR (HER1) family of receptor tyrosine kinases, including
HER3 and HER4. These family of receptors consist of cysteine-rich
extracellular domain, a single membrane-spanning domain, and a cytoplasmic
domain including a tyrosine kinase domain (Riese and Stern 1998, Olayioye et
al. 2000). The ligands bind the extracellular domain of these receptors leading
to the formation of both homo- and heterodimers. Subsequently, dimerization
triggers autophosphorylation of the tyrosine residues of the receptors in their
cytoplasmic domains and activates signaling pathways that enhances cell
proliferation and survival (Olayioye et al. 2000). Though no direct ligand for
HER2 has been discovered, HER2 was shown to serve as a preferred
heterodimerization partner for all other HER family members of receptor
tyrosine kinase (Tzahar et al. 1997, Graus-Porta et al. 1997). Elevated levels of
HER2 were found in 20 — 30 % of human breast cancer because of gene
amplification of HER2 proto-oncogene (Slamon et al. 1989). This gene
amplification of HER? significantly correlates with negative clinical prognosis
(Andrulis et al. 1998). Both experimental and clinical evidence suggest a
correlation between overexpression and/or aberrant activity of the HER2/neu
(erbB2) signaling pathway and antiestrogen resistance in breast cancer (Benz
et al. 1992, Liu et al. 1995, Yamauchi et al. 1997, Houston et al. 1999). HER2
overexpression results in activation of Ras/MAPK signaling in breast tumor
cells (Tzahar and Yarden 1998, Janes et al. 1994), which may contribute to
tumor proliferation regardless of estrogen receptor (ER) signaling. Since
efficacy of tamoxifen is compromised in HER2 positive breast cancer, it is
intriguing to check the effect of HER2 on estrogen deprivation by aromatase
inhibitor in breast cancer cells. Therefore, we investigated the effect of HER2
overexpression on resistance to aromatase inhibitor letrozole using MCF-7
breast cancer cells stably transtected with cellular aromatase (MCF-7/CA).
Forced expression of HER2 led to decreased inhibitory effect of letrozole on
ER-mediated transcription and cancer cell proliferation, providing a rationale
for a possible new approach for combined targeting therapy.



Materials and Methods
Generation of MCF-7/CA pBMN-HER2 cells

MCF-7/CA cells with tetracycline-controllable aromatase expression were
obtained from Dr. Yue Wei (Virginia University) and maintained in IMEM
with 10 % FBS, 200 pg/ml G418 and 100 pg/ml hygromycin. Generation of
retroviral vector pPBMN-HER2-IRES-EGFP and production of retrovirus were
performed as described (Ueda et al. 2004). MCF-7/CA cells were transduced
with vector control retrovirus or HER2 retrovirus for 3 hours in the presence
of polybrene (6 ng/ml). After 3 passages, cells stably expressing EGFP were
sorted by flow cytometry.

Immunoprecipitation and immunoblot analyses

The cell lysates were prepared as described elsewhere (Kurokawa et al. 2000).
Fifty ug of protein were resolved by SDS-PAGE and subjected to immunoblot
analysis with antibodies against HER2 (Neomarkers, Freemont, CA), Akt, p-
Ser 473 Akt, MAPK, ERa, p-Ser118 ERa, p-Ser167 ERa (Cell Signaling,
Beverly, MA), p-MAPK (Promega, Madison, WI). Immunoprecipitations for
phosphor-HER?2 analysis were carried out by incubating 0.5 mg of total cell
lysates with 1 pg of HER2 antibody at 4°C ovemnight. Protein A-Sepharose
(Sigma, St Louis, MO; 1:1 slush in PBS) was then added for 2 h at 4°C while
rocking. The precipitates were washed four times with ice-cold PBS,
resuspended in 6x Laemmli sample buffer, and resolved by SDS-PAGE
followed by immunoblot analysis with phosphotyrosine antibody (Sigma).

Luciferase ER reporter assay

The pGLB-MERE plasmids were provided by Dr. El-Ashry (Georgetown
University, Washington D.C.) The plasmid contains double consensus ERE.
MCF-7/CA pBMN-vec or MCF-7/CA pBMN-HER?2 cells in 12-well plates
were transiently transfected with 0.5 pg/well of pGLB-MERE and 0.0025
pg/ml of pCMV-RI (Promega) using FuGENE 6 (Roche, Indianapolis, IN)
transfection reagent. Eighteen h later, the medium was changed with in a
phenol-red free IMEM supplemented with 10 % charcoal stripped serum
(Hyclone, Logan, UT) and incubated for further 24 h. The cells were then
treated with various combinations of 25 nM AD (Sigma), 100 nM letrozole



(Novartis, Basel, Switzerland), 1 uM E2 (Sigma), 20 pM LY294002 (EMB
Biosciences, Darmstadt, Germany), 5 uM U0126 (EMB Biosciences) and 3
uM ZD1839 (Novartis) as indicated for additional 24 h. Firefly luciferase
(Luc) and Renilla reniformis luciferase activities (R1Luc) in cell lysates were
determined using the Dual Luciferase Reporter Assay System (Promega)
according to the manufacturer's protocol in a Monolight 2010 luminometer
(Analytical Luminescence Laboratory, San Diego, CA). Luc activity was
normalized to RlLuc activity and presented as Relative Luciferase Units. All
assays were done in triplicate wells.

Proliferation assay

Both MCF-7/CA pBMN-vec and MCF-7/CA pBMN-HER?2 cells were seeded
at the density of 5 x 10° cells in T25 flasks. After 2 days, the medium was
replaced with phenol-red free IMEM containing 10 % charcoal stripped-serum
and maintained for 3 more days until seeded at the density of 1 x 10* cells per
well in 12 well-plates. After 2 more days, the cells were treated with
hormones and drugs as indicated and treated with fresh medium containing
hormones and drugs for 2 times more on day 4 and day 6 after the cell seeding.
On day 8 after the cell seeding onto 12 well-plates, the cells were harvested
with trypsin and cell numbers were counted using a Coulter counter (Coulter
electronics, Hialeah, 11.).

Apoptosis assays

Cells (5x10 /well) were seeded in 6-well plates in triplicate in serum-
containing medium. The following day, the medium was changed to phenol
red-free medium supplemented with 10 % charcoal-stripped serum containing
25 nM AD with or without 100 nM letrozole and incubated for further 4 days.
After 2 days, the medium was replaced with a fresh medium containing AD or
AD and letrozole. Both floating cells and adherent cells were collected 4
days after the initial treatment. Pooled cells were washed with PBS and
then subjected to TUNEL analysis with the use of an Apo-BrdU assay kit
(Phoenix Flow Systems, San Diego, CA) according to the manufacturer's
protocol. TUNEL+ cells were quantitated in a FACS/Calibur Flow Cytometer
(BD Biosciences, Mansfield, MA). For the caspase-3 cleavage assay, the cells
were treated with 25 nM AD =+ 100 nM letrozole for 4 days in a pheonol red-



free IMEM containing charcoal-stripped serum. After 2 days, the medium
was replaced with fresh medium containing AD or AD and letrozole. The cells
lysates were prepared as described (Kurokawa et al. 2000), resolved on 12 %
SDS-PAGE and followed by immunoblot analysis with caspase-3 antibody
(Cell Signaling).

Aromatase assay

Aromatase assays were performed as described (Yue et al. 2003) with slight
modifications. Briefly, the cells were seeded in 6-well plates at the density of 3
x 10° cells/well and incubated with 1 ml of IMEM supplemented with 10 %
charcoal stripped-serum containing 1 pCiml AD (specific activity 25.3
Ci/mmol) (Perkin Elmer Lifesciences, Boston, MA) for 3 h. After incubation
the medium was transferred to a test tube and 0.3 ml of 20 % tricholoroacetic
acid was added to precipitate proteins. After centrifugation at 2,000 x g for 15
min, 0.5 ml of supernatant was mixed with 1 ml of chloroform , vortex mixed
and centrifuged at 2,000 x g for 15 min. After centrifugation, 0.35 ml of
aqueous phase was treated with 0.35 ml of 2.5 % activated charcoal
suspension for 1 h. After brief centrifugation, aromatization activity was
deterimend by measuring radioactivities in the supernatnant by scintillation
counter (Beckman, Fullerton, CA). The aromatase activities were normalized
with protein mass of the cells in 6-well plates.

ChiP assay

Cells were grown on T125 flask to a 60% confluence (about 107 cells) on a
150 mm dish. The cells were then incubated in a phenol red-free IMEM
supplemented with 10 % charcoal-stripped medium for 3 days and serum
starved for additional 24 h. The cells were pretreated for ZD1839 (3 uM) or
vehicle (DMSO) for 3 h and treated with vehicle (ethanol) or AD (25 nM) with
our without letrozole (100 nM) for 1 h. The cells were then washed with PBS
and cross-linked with 1% formaldehyde in PBS at 37°C for 10 min. The cross-
linking was stopped by adding 1 M Glycine to a final concentration of 125
mM and incubating at room temperature for 5 min. The cell monolayer was
then washed twice with ice-cold PBS and scraped into 1 ml of ice-cold PBS
containing protease inhibitors. After collecting the cells by centrifugation, the
cell pellet was resuspended in 0.3 ml of Lysis Buffer (50 mM Tris-HCl [pH
8.1], 10 mM EDTA, 1% SDS, plus protease inhibitors (Roche) and 20 mM



NaF, I mM Na;V0O,), and incubated on ice for 10 min. Sonication was then
performed on ice at 7 watts, 20 sec each time for 3 times to shear the
chromatins to fragments ranging from 300 to 1000 bp. After centrifugation, 20
ul of the supernatant was set aside as the input chromatin fraction, and the rest
sample was 1:5 diluted in Dilution Buffer (20 mM Tris-HCl [pH 8.1], 150 mM
NaCl, 2 mM EDTA, 0.01% SDS, 1% Triton X-100, plus protease inhibitors
(Roche) and 20 mM NaF, 1 mM Na;VO,). To preclear the sample, 2 pg
sonicated salmon sperm DNA, 2 pg BSA, 5 pg normal mouse IgG and 50 pl
protein A/G-sepharose (a 50% slurry of 1:1 mixed protein A/G-sepharose in
Dilution Buffer) were added and rotated for 2 h at 4°C. Precleared
chromatin was aliquotated in half; 5 pg ERa antibody (Santa Cruz
Biotechnology, Santa Cruz, CA), 5 pg of AIBI antibody (Affinity
bioreagents, Golden, CO) or 5 ug CBP antibody (Neomarkers) were
added into either aliquot, and rotated overnight at 4°C, followed by
addition of 50 pl protein A/G-sepharose, 2 ug of salmon sperm DNA, 2
pug BSA and another hour incubation at 4°C. Sepharose beads were harvested
by centrifugation and washed sequentially in 1 ml of Low Salt Wash Buffer
(20 mM Tris-HCI [pH 8.1], 150 mM NaCl, 2 mM EDTA, 0.1% SDS, 1%
Triton X-100), High Salt Wash Buffer (20 mM Tris-HCI [pH 8.1], 500 mM
NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton X-100), LiCl Wash Buffer (0.25 M
LiCl, 10 mM Tris-HCI [pH 8.1], 1 mM EDTA, 1% NP-40, 1% deoxycholate),
and TE Buffer (10 mM Tris-HC1 [pH 8.0], I mM EDTA) (twice) on a rotating
platform with 10 min intervals. Protein-chromatin complexes were eluted from
the beads in 100 ul Elution Buffer (0.1 M NaHCOs;, 1% SDS) by rotating at
room temperature for 15 min. Then, 10 pug RNase and 6 ul of 5 M NaCl were
added to the samples and incubated at 65°C overnight to reverse the
formaldehyde cross-links. The cross-links in the input chromatin
fraction were reversed as well. Twenty ul 1 M Tris-HCI [pH 6.5], 10 ul
of 0.5 M EDTA and 20 pg Proteinase K were then added to each sample,
followed by an incubation at 45°C for 2 h. DNA were extracted by Qiaquick
PCR purification kit (Qiagen, Valencia, CA), and resuspended in 20 pl TE
Buffer (pH 8.0). PCR were performed using 5 pl ChIP samples as templates
and specific primers for the promoter region of PS2 gene: 5°-GGC CAT CTC
TCA CTA TGA ATC ACT TCT GCA-3" (forward) and 5°-GGC AGG CTC
TGT TTG CTT AAA GAG CGT TAG ATA-3" (reverse). After 30 cycles of
amplification with the following settings for the thermocycler: 30 sec of
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denaturing at 94 °C, annealing for 30 sec at 63 °C and elongation for 1 min at
72 °C. The PCR products were analyzed on a 2% agarose gel.

Inoculation of MCF-7/CA cells to ovaryectomized athymic mice

Female ovaryectomized BALB/c athymic mice were purchased from Harlan
and housed in a pathogen-free environment. Subconfluent cultures of both
MCF-7/CA pBMN-vec and MCF-7/CA pBMN-HER2 cells were scraped into
IMEM supplemented with 10 % FBS, centrifuged and resuspended in IMEM
with 10 % FBS. Cells in suspension was inoculated subcutaneously (sc) in 0.1
ml of the cell suspension (2-5 x 107 cells/ml). The animals were then injected
daily with 0.1 ml of 1 mg/ml in 0.3 % carboxymethylcellulose solution. After
60 days when the tumors reached measurable size, the mice were treated daily
with 0.1 ml of 1 mg/ml in 0.3 % carboxymethylcellulose solution = 0.1 ml of
0.6 mg/ml letrozole in the same solution. After 5 more days the mice were
sacrificed and the tumors were harvested.

Results

Expression of HER2 in MCF-7/CA cells increases Akt and MAPK
signaling

To generate a stable MCF-7/CA overexpressing HER2, a retroviral vector
pBMN-IRES-EGFP was used to deliver HER2 into MCF-7/CA cells
(MATERIALS AND METHODS). The expression of transgene was
confirmed by flow cytometry as shown in Fig. 1A. Both vector control cells
(MCF-7/CA pBMN-vec) and HER2 overexpressing cells (MCF-7/CA pBMN-
HER2) showed around 100 fold higher green fluorescence as compared to
parental cells (MCF-7/CA) suggesting that EGFP is expressed from the
polycistronic transcripts containing both HER2 and EGFP. The expression of
HER2 was also confirmed by western blots in Fig. 1B. As compared to
parental MCF-/CA and MCF-7/CA pBMN-vec cells, MCF-7/CA pBMN-
HER2 cells showed overexpression of HER2 and it is phosphorylated on
tyrosine residues as determined by phosphotyrosine immunoblot. Forced
expression of HER2 could increase the phosphorylation of Akt and MAPK.
The phosphorylation of ER a on Ser118 and Ser167, a MAPK (Kato et al.



1995) and Akt (Campbell et al. 2001) phosphorylation sites, respectively, was
also increased in MCF-7/CA pBMN-HER2 cells.

A _
|
"" e S
s
Y Sna B
P B s
3 PEMNI-GFP
2
]
&
B C
| HER2 =
] e
| IP-HER2| Pp-Ty =
-iL—..——.ﬁ.,——_ AR ———
8 ) p-Serd 73 Akt -
i e MAPK it
-——-—-‘f-{‘-nv&—- p-MAPK -
ERa -
p-Ser118 ERa
<o p-Ser167 ERw
MCF-TICA + = -
MCF-7/CA pBMN-vec - + .
MCF-TICA pBMN-HER2 - - +

Fig. 1. HER2 overexpression in MCF-7/CA cells leads to ERa phosphorylation. A.
MCF-7/CA cells infected with retrovirus generated either by pBMN-IRES-EGFP or
pBMN-HER2-IRES-EGFP were sorted for EGFP expression by using flow cytometry.
After few passages, the cells were analyzed with flow cytometry again to check the
expression of EGFP before the experiments. As compared to parental MCF-7/CA cells,
more than 98 % of both MCF-7/CA pBMN-vec and MCF-7/CA pBMN-HER2 were
EGFP positive.  B. Cells growing in IMEM supplemented with 10 % FBS were
harvested and prepared for immunoblots for each indicated antibodies as described in
MATERALS and METHODS. C. MCF-7/CA pBMN-vec cells showed increase
phosphorylation of ERa on both Akt and MAPK sites.
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HER2 overexpression impairs inhibitory effect of letrozole on ERE-
mediated transcription and cell proliferation

Given that MCF-7/CA pBMN-HER2 cells showing high MAPK and Akt
activities which are known to be associated with aberrant cell proliferation, it
was a logical next step to compare MCF-7/CA pBMN-vec with MCF-7/CA
pBMN-HER?2 cells for ER-mediated transcription and cell proliferation. As
shown in Fig. 2A, AD treatment (25 nM) for 24 h increased ER-mediated
transcription by 5 fold as determined by ERE (estrogen responsive element)-
luciferase reporter assays in MCF-7/CA pBMN-vec cells. The optimal
concentration of AD used was 25 nM because 25 nM AD induced almost the
same level of ERE-reporter activity as to the cells treated with 1 nM E2. This
is in agreement with published results by Thiantanawat et a/.(Thiantanawat et
al. 2003) in which the authors showed 25 nM AD induced comparable level of
response as 1 nM E2 in their MCF-7/CA cells with different origin. While
letrozole could not affect E2-mediated transcription, it could completely
abrogate AD-mediated transcription in MCF-7/CA pBMN-vec cells. However
in MCF-7/CA pBMN-HER?2 cells, we observed higher basal level of ERE-
reporter activity and more than 2 fold induction of transcription over vector
control cells with AD treatment. Moreover, letrozole treatment could not
completely inhibit AD-mediated transcription as in MCF-7/CA pBMN-vec
cells even at the concentration of 1 pM which is ten fold higher than the
concentration sufficient to totally inhibit AD-mediated transcription in MCF-
7/CA pBMN-vec cells. E2-mediated transcriptional activity is still higher in
MCF-7/CA pBMN-HER?2 cells compared with MCF-7/CA pBMN-HER?2 cells,
which is in good agreement with our previous report (Kurokawa et al. 2000).
We next examined whether blocking HER2-induced intracellular signaling
with pharmacological inhibitors would abrogate HER2-mediated increase in
ERE-reporter activity. As shown in Fig.2B, an inhibitor of
phosphatidylinositol-3-kinase (PI3K), LY294002 (Vlahos et al. 1994) and
U0126, an inhibitor of MAP kinase kinase (MEK) (Favata et al. 1998) could
partially inhibit AD-mediated ERE-reporter activity in both MCF-7/CA
pBMN-vec cells and MCF-7/CA pBMN-HER2 cells. ZD1839 at the
concentration of 3 pM, which was known to inhibit HER2 phosphorylation in
breast cancer cells (Moulder et al. 2001), could inhibit AD-induced ERE-
reporter activity to a greater extent than the other inhibitors in both cell lines.
The efficacy of these inhibitors was confirmed by immunoblots shown in Fig.
2C. LY294002 could inhibit phosphorylation of Akt and Serl67



phosphorylation on ERa and U0126 could inhibit phosphorylation of MAPK
and Ser118 on ERa. ZD1839 efticiently blocked tphosphorylation of tyrosine
residues on HER2, Akt, MAPK and both Ser167 and Ser118 residues on ERq.
Taken together the data in Fig. 2 suggest that overexpressed HER2 induced an
increase in ERE-reporter activity through Akt and MAPK signaling and
subsequent phosphorylation of ERa on both Ser167 and Ser118 residues. The
phosphorylation of ERa on both residues was known to induce ligand-
independent receptor activation and activate ERa-mediated transcription (Kato
et al. 1995, Campbell et al. 2001)
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Fig. 2. Effect of HER2 overexpression on letrozole-mediated inhibition of AD-
induced ERE-luciferase activity. A/B. The cells were transfected with pGLB-MERE
and pCMV-R], treated with each indicated hormones and inhibitors and analyzed by
dual luciferasc assay (MATERIALS AND METHODS). Each bar represents
mean+S.D. of triplicate wells repeated at least twice. C. The cells were treated
with each indicated inhibitors for 24 h in IMEM supplemented with 10 % FBS,
harvested and prepared for immunoblots.
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We next examined whether HER2 overexpression would confer resistance to
letrozole effect on cell growth. Both MCF-7/CA pBMN-vec and MCF-7/CA
pBMN-HER?2 cells were hormone-starved for 5 days before stimulation with
25 nM AD =+ 100 nM letrozole. After 6 days of incubation the cell numbers
were counted. As shown in Fig. 3A, AD treatment significantly increased cell
proliferation over the control cells in a hormone-free medium. The co-
treatment of letrozole could completely abrogate the growth of MCF-7/CA
pBMN-vec cells but had no effect on E2-mediated growth. When MCF-7/CA
pBMN-HER?2 cells were treated with AD and E2, around 2-fold increase in
cell proliferation was observed as compared to MCF-7/CA pBMN-vec cells.

Estrogen-deprivation induced apoptosis is inhibited by HER2
overexpression

The effect of HER2 overexpression on estrogen-deprivation induced apoptosis
was next tested. Both MCF-7/CA pBMN-vec and MCF-7/CA pBMN-HER2
cells were plated in a phenol-red free medium containing 10 % of charcoal
stripped serum supplemented with 25 nM AD + 100 nM letrozole. Blockade of
aromatase activity by letrozole led to estrogen deprivation in the medium,
inducing apoptosis of estrogen-dependent MCF-7 cells. In 96 h after co-
treatment of letrozole with AD, 8.50 % of MCF-7/CA pBMN-vec cells were
appeared as apoptotic by Apo-BrdU assay (MATERJALS AND METHODS)
while 3.18 % of cells were apoptotic in the absence of letrozole (Fig. 4A). In
MCF-7/CA pBMN-HER2 cells, there was less basal level apoptosis than
MCF-7/CA pBMN-vec cells when the cells were treated with AD alone
(1.38 % to 3.18 %) and decreased apoptosis was also observed by letrozole co-
treatment (2.65 % to 8.50 %). The induction of apoptosis in MCF-7/CA
pBMN-vec cells was confirmed by caspase-3 cleavage, which is a hallmark of
apoptosis (Nicholson et al. 1995). The cleaved caspase-3 was clearly observed
only in MCF-7/CA pBMN-vec cells co-treated with AD and letrozole. These
data suggest that HER2 overexpression prevented apoptosis of MCF-7/CA
cells induced by estrogen deprivation and that increased survival which is
partially responsible for the enhanced proliferation of MCF-7/CA pBMN-
HER?2 cells.
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Fig. 3. HER2 overexpression abrogates letrozole-induced inhibition of cell
proliferation. A/B. Cells were hormone-deprived for 3 days before seeding in 12-well
plates. After seeding, the fresh hormone-deprived medium containing 25 nM AD +
100 nM letrozole or 1 uM E2 + 100 nM letrozole were replenished every 2 days for
additional 8 days and cell numbers were counted. For the experiments in panel B, 3
uM ZS1839 was co-treated with 25 nM AD.

In contrast to the results with MCF-7/CA pBMN-vec cells, co-treatment of
letrozole with AD could only partially inhibit AD-mediated proliferation of
MCE-7/CA pPBMN-HER2 cells. Inhibition of HER2 receptor kinase activity by
ZD1839 significantly blocked AD-induced cell proliferation in both cells (Fig.
3B), suggesting that HER2 signaling confers resistance to letrozole-mediated
inhibition of cell proliferation.
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Fig. 4. Letrozole-induced apoptosis was abrogated in HER2 overexpressing cells. A.
The cells were incubated in hormone-deprived medium supplemented with 25 nM AD
+ 100 nM letrozol for 4 days and analyzed for TUNEL staining with Apo-BrdU assay
kit. Percentage of TUNEL positive cells were depicted on each panels. B. The cells
were treated as in A and analyzed for caspase-3 cleavage by immunoblot with total
caspase-3 antibody.

Letrozole resistance is not mediated by increased ER-HER2 cross-talk
nor resistance of aromatase activity per se in HER2 overexpressing cells.

Recently, Shou et al. (Shou et al. 2004) reported bidirectional cross-talk
between ER and HER1/2 in HER2 overexpressing MCF-7 cells. In their
experiment, treatment with estrogen and tamoxifen induced phosphorylation
of HER1, HER2, Akt and MAPK. They proposed that growth of MCF-
7/HER2 tumors is dependent on cross-talk between ER and HER2. Hence we
examined whether the same parallel could be drawn in our system with AD as
an agonist. However, we could not detect any modulation of HER2
phosphorylation either by E2 or AD (Fig. 5A). The phosphorylation of
downstream signaling molecules like MAPK and Akt were also not affected
by E2 or AD in MCF-7/CA pBMN-HER2 cells (data not shown).

To rule out the possibility that HER2 overexpression modulates intrinsic
properties of aromatase enzyme to induce increased response toward AD,
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aromatase activities of parental MCF-7/CA, MCF-7/CA pBMN-vec and MCF-
7/CA pBMN-HER?2 cells were examined by tritiated water release assay
(MATERIALS AND METHODS) (Fig. 5B). Although MCF-7/CA pBMN-
HER2 cells showed little higher activity than other two cell lines, the
aromatase activities of all three lines were efiiciently blocked by treatment
with letrozole. These results indicate that resistance to letrozole iexpressed as
ERE-reporter activity and cell proliferation (Figs 2 and 3) was not from the
acquired resistance of aromatase enzyme to letrozole in MCF-7/CA pBMN-
HER2 cells. We cannot rule out the possibility that enhanced response to AD
in MCF-7/CA pBMN-HER2 cells was resulted from post-translational
modification of aromatase by HER2 signaling (DISCUSSION). In accordance
with previous report (Zhou et al. 1993), MCF-7 cells which was not stably
transfected with aromatase (Fig. SB, 7 and 8" bars), show very low aromatase
activity, even though the aromatase gene is amplified in MCF-7 cells. The
suppressive mechanism of aromatase activity is still not explained.

A
p-Tyr R

Fig. 5. Letrozole-resistance is not mediated by non-genomic ER signaling nor
resistance 1o aromatase enzyme activity 1o letrozole in HER2 overexpressing cells. A.
Cells were treated with 1 nM E2 or 25 nM AD for each indicated time points,
harvested and analyzed with phospho-tyrosine immunoblot. B. Cells were labeled
with 1 puCi/ml of [PH]-AD for 3 h in phenol red-free IMEM supplemented with
charcoal stripped serum and cell labeling medium was collected and analyzed for
tritiated water relase assay. The protein mass of the cells were measured and
aromatase activity was normalized with respect to protein mass in each wells. Each bar
represents mean £ S.D. in trplicate wells.
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Fig. 6. HER2 overexpression recruits ERa and co-activators to pS2 promoter region
in a ligand-indpendent manner and abrogates letrozole inhibition of AD-induced
transcription complex recruitment. Cells were prepared for ChIP assay as described in
MATERIALS AND METHODS. Association of ERa and co-activators to pS2 promoter region
was determined by PCR amplification of the cross-linked DNA immunoprecipitated with each
antibodies.

Increased recruitment of co-activators to ER transcription component by
HER2 overexpression

Having convinced that HER2 expression confers resistance to letrozole in
MCF-7/CA pBMN-HER2 cells, we next analyzed the assembly of ER
transcription complex on previously characterized estrogen regulated gene pS2
(Berry et al. 1989) promoter by ChIP (chromatin immunoprecipitation) assay
(Fig. 6). In MCF-7/CA pBMN-vec cells, AD treatment induced occupancy of
the pS2 promoter by EvR and coactivators, amplified in breast cancer 1
(AIB1) and CREB binding protein (CBP) which interact with ER in a ligand-
dependent manner (Iwase 2003). This indicates that AD is converted into
estrogen by aromatase activity in these cells and interacts with ERa. Upon
mnhibition of aromatase by letrozole, the association of ERo and the
coactivators were completely abrogated in MCF-7/CA pBMN-vec cells (Fig. 6
lane 2 vs 3). However, HER2 overexpression not only increased basal level of
ligand-independent association of ERe and coactivators, but also partially
blocked inhibitory effect of letrozole on AD-induced transcription complex



formation in MCF-7/CA pBMN-HER2 cells (Fig. 6 lane 6 vs 7). The
attenuated inhibitory effect of letrozole on transcription complex formation in
MCF-7/CA pBMN-HER?2 cells maybe attributable to HER2 signaling because
ZD1839 treatment could also partially block AD-induced transcription
complex formation in MCF-7/CA pBMN-HER?2 cells (Fig. 6 lane 6 vs 8).

Discussion

We have previously described the role of HER2 overexpression on tamoxifen
resistance In MCF-7 cells and that the inhibition of HER2 and MAPK
restored the inhibitory effect of tamoxifen on ER-mediated transcription and
cell growth (Kurokawa et al. 2000). Because chronic deprivation of estrogen
led to hyperactivation of MAPK in breast cancer cells (Shim et al. 2000,
Coutts and Murphy 1998), we postulated that antiproliferative effect of
estrogen deprivation by aromatase inhibitor could be counteracted by elevated
signaling from HER2 overexpression. To prove that hypothesis, we used
MCEF-7 cells stably transfected with cellular aromatase cultured in a steroid-
free medium containing AD as a substrate for aromatase. Indeed, forced
expression of HER2 in MCF-7/CA cells resulted in a partial resistance to
letrozole treatment. AD-induced ERE-luciferase activity was resistant to
letrozole in MCF-7/CA pBMN-HER?2 cells and cell proliferation driven by
AD in a hormone-free medium was also resistance to letrozole-induced
inhibition (Figs 2 and 3).

Enhanced survival of HER2 overexpressing cells in the presence of
letrozole (Fig. 4) might be responsible for the increased proliferation of these
cells in an estrogen-deprived medium. As previously reported (Thiantanawat
et al. 2003), letrozole induces apoptosis of MCF-7/CA cells in a hormone-free
medium supplemented with AD. Interestingly, letrozole was shown to be most
effective in inducing apoptosis compared with antiestrogens like tamoxifen
and faslodex or estrogen deprivation and it is even more effective than the
other aromatase inhibitor, anastrozole (Thiantanawat et al. 2003). Though it
was reported that MCF-7 cells lack functional caspase-3 (Kurokawa et al.
1999), we could detect both pro-caspase-3 and cleaved caspase-3 by
immunoblot (Fig. 4B) in our MCF-7/CA cells. In MCF-7/CA cells devoid of
functional caspase-3, aromatase inhibitors and antiestrogens could induce
apoptosis by down-regulation of Bcl-2, upregulation of Bax, and caspase-6,7,9
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activation (Thiantanawat et al. 2003). Since both caspase-3 and caspase-7 act
downstream of caspase-9 (Fraser and Evan 1996) and share similar substrate
specificity (i.e. poly-ADP-ribose polymerase) (Thomberry et al. 1997), the
downstream machinery of apoptosis may be shared by both caspase-3 deficient
cells and caspase-3 positive cells.

As briefly mentioned in the RESULTS section, Shou et al. (Shou et al.
2004) reported bidirectional molecular cross-talk between HER2 signaling and
ER signaling in their MCF-7 overexpressing HER2 (MCF-7/HER2-18) clones.
In their experiments, both estrogen and tamoxifen treatment phosphorylated
HER1, HER2, Akt and MAPK to the extent similar to the levels induced by
EGF and heregulin treatment in MCF-7/HER2-18 cells. They also showed that
7ZD1839 minimally affected MCF-7/HER2-18 tumor growth in mice treated
with estrogen while totally blocking tamoxifen-stimulated growth. Their data
strongly support a rationale for combining tamoxifen with ZD1839 for the
treatment of ER-positive HER2-overexpressing breast cancer. Unexpectedly,
we could not observe AD- or E2-induced phosphorylation of HER2 or
downstream signaling molecules in our MCF-7/CA pBMN-HER?2 cells (Fig.
5A and data not shown). This discrepancy might be explained by the
differences in HER2 expression level in both cell lines, although we could not
completely rule out the possibility that stable expression of aromatase might
somehow interfere with cross-talk between ER and HER family receptor
tyrosine kinases.

ER was reported to bind to p8&5 regulatory subunit of PI3K in a ligand
dependent manner, leading to the activation of Akt and endothelial nitric oxide
synthase in human endothelial cells (Simoncini et al. 2000), implicating
another non-nuclear signaling pathway mediated by ER. Non-genomic ERa
signaling was also implicated in Src/Ras/MAPK pathway (Migliaccio et al.
1996, Migliaccio et al. 1998, Improta-Brears et al. 1999)

Regulation of aromatase activity is mainly achieved by transcriptional
regulation in a tissue specific manner (Sasano and Harada 1998).The
promoters in exon 1.3 and Il are the major promoters driving aromatase
expression in breat cancer cells (Zhou et al. 1996, Utsumi et al. 1996).
Expression of aromatase transcripts via those promoters is regulated by
prostaglandin E2 (Zhao et al. 1996) via cAMP (Mahendroo et al. 1993).
Conversely, cAMP inhibits dexamethasone and phorbol -ester-induced
aromatase activity in THP-1 cells (Shozu et al. 1997). Recently, post-
translational regulation of aromatase has been suggested. Shozu et al. (Shozu
et al. 2001) phosphorylation. Though their stady mainly relied on the use of
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pharmacological inhibitors of MEK, their results, together with another report
showing that the aromatase activity is more stable in the presence of the
phosphatase inhibitors (Bellino and Holben 1989), it could be postulated that
aromatase activity might be up-regulated by protein phosphorylation. However,
recent reports by another group suggest an opposite regulatory mechanism by
phosphorylation. Balthazart er a/ (Balthazart et al. 2001, Balthazart et al. 2003)
showed that aromatase activity in quail hypothalamic homogenates is down-
regulated by calcium-dependent phosphorylation and this inhibition is blocked
by kinase inhibitors. Recently, it was reported that E2 induces aromatase
activity both in SK-BR-3 and MCF-7 cells when ERa is ectopially
overexpressed (Kinoshita and Chen 2003). In their report, E2-induced
aromatase activity in HER2-overexpressing MCF-7 cells after transfection
with ERa is several folds higher than that found in normal MCF-7 cells,
supporting a cross-talk mechanism between ERa and HER-2.  Another
supporting data is that the increase in aromatase activity by E2 in ERo-
transfected cells is effectively inhibited by MEK inhibitor, PD98059 and
HER! tyrosine kinase inhibitor, PD153035 in their experiments.

In Fig. 5B, the moderate increase of aromatase activity in MCF-7/CA
pBMN-HER?2 cells over vector cells might be resulted from upregulation of
aromatase activity by HER2 mediated signaling. Indeed, we observed that a
decrease in aromatase activity in MCF-7/CA cells treated with inhibitors of
PI3K and MAPK signaling and co-expression of constitutive active Akt with
aromatase expression vector in Cos-7 cells leading to an increase in aromatase
activity ' . Further experiments are currently undergoing to confirm the
regulation of aromatase by phosphorylation. Though we observed a slight
Increase of aromatase activity in HER2 overexpressing cells, treatment with
100 nM letrozole could still abrogate aromatase activity in these cells. This
suggests that resistance to letrozole was not mediated by the acquired
resistance of aromatase enzyme by increased HER2 signaling.

Upon binding of E2, ER activates transcription through association with
ERE located within the promoter regions of targent genes (Robinson-Rechavi
et al. 2003). ERa undergoes structural rearrangements after association with
ligands to expose binding surfaces to recruit transcription cofactors
(Brzozowski et al. 1997). pS2 has been well characterized as an E2-inducible
gene in MCF-7 cells (Masiakowski et al. 1982) and in MCF-7 cells, E2
treatment recruits ERa and coactivators AIB1 and histone acetylases P300 and

' Shin et al.unpublished data
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CBP to pS2 gene promoter region (Shou et al. 2004). As shown in Fig. 6,
HER?2 overexpressing cells exhibited higher basal level association of ERa
and coactivators AIB1 and CBP to pS2 promoter region and AD-induced
association of transcription complex formation was partially inhibited by
letrozole and ZD1839 treatment, suggesting that the enhanced HER2 signaling
could mediate letrozole resistance at least in part by maintaining constitutive
association of transcription complex. The HER2-mediated increase in
transcription complex association was also observed in MCF-7/HER2-18 cells
(Shou et al. 2004). In their experiment, both E2 and tamoxifen-induced
recruitments of ERa, AIB1 p300 and CBP are enhanced in HER2-
overexpressing cells and ZD1839 treatment decreases the transcription
complex associations to the levels comparable to parental MCF-7 cells, while
inducing recruitment of co-repressors NCoR and HDAC3 by tamoxifen in
MCF-7/HER2-18 cells.

Recently, Ellis ez al. (Ellis et al. 2001, Ellis et al. 2003) suggested that
letrozole inhibited tumor proliferation to a greater extent than tamoxifen in ER
positive, HER2 and/or HER1 positive tumors, implicating that tumors positive
for HER2 or HER1 are highly dependent on ER signaling. However, our data
indicate that significant levels of ERa and coactivators on the pS2 promoter in
the absence of hormones in MCF-7/CA pBMN-HER2 celis (Fig. 6),
suggesting that overexpression of HER2 could partially overcome estrogen
deprivation mediated by letrozole treatment. In summary, our data propose
that the combined treatment of aromatase inhibitors with HER2 signaling
inhibitors might be beneficial to the treatment of ER and HER2 positive breast
tumors.
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Biomarker Research for Development of
Molecular Target Agents
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Summary. Recently, molecular targeting agents occupy a prominent
position in the anti-cancer drug market. Many of the tyrosine kinase
inhibitors have been approved for treatment of several tumor types ranging
from infrequently occurring tumors to the more common lung and colon
cancers. Recently, multi-tyrosine kinase inhibitors such as sorafenib and
sunitunib have shown to be active against renal cell and hapatocellular
carcinoma. Thus, multi-target tyrosine kinase inhibitors are highlighted.
Biomarkers can adequately select a sub-population of patients designated
for the specific molecular targeting agents. A clinical study of the patient
sub-population can improve the efficiency of the clinical development of
the anti-cancer agents. A pharmacodynamic study that monitors the targets
or the surrogate markers during treatments is important and leads to the
POC of the drugs. We hope to discuss following points; 1) Should a
sub-population be selected by clinical factor or biomarkers? 2) How to
select a standard assay system? 3) How to access the clinical samples?
4) Can circulating samples improve feasibility?

Key word. pharmacogenomics, DNA chip, biomarker, prediction

Introduction

Remarkable progress has been made in the field of molecular biology in
the 20" century (Table 1). The entire human genome has been sequenced
by the Human Genome Project. The 21st century is, therefore, called the
“Post Genome™ era and further advances in the clinical application of
biotechnology are expected. Applied biotechnology is also useful for both
diagnostic and therapeutic oncology. Here, we shall discuss the application
of biotechnology to the field of medical oncology.
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Table 1.  Progress in the field of molecular biology during the 20" century

year event

1890 Mendelism

1926 Genes on chromosome (Mogan)

1944 DNA as gene component (Eibree)

1953 Double helix of DNA (Watson & Crick)

1956 Replication enzyme of DNA (Komburg)

1973 Recombination technology (Cohen)

1985 PCR (Mullis)

1990 Start the Human Genome Project

1998 Deciphering the human genome proceed to multicellular
organism

2001 Decoding of the human genome by Celera Genomics Co.

Tissue Banking

Genome biology is expected to be applied to drug development. Drug
development, such as that of cytotoxic anticancer drugs and molecular
target drugs in the field of oncology, is one of the most upcoming fields.
The first and most important step of drug screening is target identification
and the search for seeds. The next step is screening of the compounds,
followed by preclinical and clinical studies. It is considered that genomic
information effectively contributes to the target identification and its
validation. To obtain data about the human genome, analysis of human
materials is essential. This approach is called the “Reverse Translational
Research”. In the clinical setting, it is also called “Molecular Correlative
Study”. These approaches are adopted by government-supported projects
both in Japan and abroad. Pharmaceutical companies also aggressively
conduct a search for seeds. Mega-pharmas, in particular, have already
established the banking system for human materials. Japan has also started
a banking system, but it seems to be still immature and Japan still falls
behind other countries. The process of collecting clinical samples is called
“Tissue Banking” or simply “Banking”.

Pharmacogenomics

The approach mentioned above is also applied in the clinical setting. One
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of the well-recognized approaches is “Personalized Medicine,” that allows
therapy to be customized to individuals by analyzing the individual’s
genome. Analysis of the genome is called “pharmacogenomics” when it
is related to treatment with drugs. “Pharmacogenomics” is a word
combining “genomics~ and “pharmacology”. Broadly, pharamcogenomics
includes the analysis of gene products, such as RNA and proteins. The
pharmacogenomic approach is considered to contribute to health and
welfare. The US and other governments are encouraging this strategy. For
example, the US government provides guidance to the industry on the
process of Investigational New Drug (IND), New Drug Application (NDA),
and Biologic Licence Application (BLA). In our country, the Ministry of
Health, Welfare, and Labour has requested for genomic information
obtained by the genomic testing in clinical studies for pharmaceutical
companies.

Application of pharamcogenomics is expected in three major stages:
discovery, preclinical, and clinical stages (Table 2). Three examples are
provided as follows; 1) research on gene-related diseases; ii) relationship
between gene polymorphism and response to drug treatment; iii) genomic
tests for the prediction of drug responses. Examples 2 and 3 are
considered to be closely associated with cancer treatment and will directly
contribute to the exclusion of patients with severe toxicities or to the
selection of responders and non-responders to a particular treatment. The
markers obtained by pharmacogenomics are called as “biomarkers”.

Table 2. Three broad applications of pharmacogenomics

Discovery
Target identification

Mechanisms of Action

Target differentiation

Biomarker identification
Preclinical Toxicology

Toxicogenomics

In vivo mechanism of action

Biomarker identification

Clinical
In vivo mechanmism of action
Biomarker development and validation
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Biomarkers for Molecule-Targeting Target Drugs

We would like to consider biomarkers for target-based drugs. 1)
Overexpression of the target molecule ; this is often detected by
immunohitochemical analysis. Amplification of target molecules is
detected by FISH, CISH or PCR. Somatic mutations in tumor tissues are
detected by direct sequencing or other PCR- based assays. For the
purification of tumor tissues, the microdissection technique is useful.
There are biomarkers for conventional cytotoxic drugs. ERCCI is an
enzyme involved in DNA repair and its transcript levels have been
reported to be related to the responses to platinum-containing regimens
(e.g., cisplatin plus gemicitabine) in non-small cell lung cancer patients
(Olaussen et al. 2006). Thus, biomarkers could be determinants for
predicting the sensitivity and responses of tumors to cytotoxic drugs.

As mentioned above, the EGFR somatic mutation in lung cancer is a hot
topic. Strong correlation has been observed between EGFR somatic
mutations and clinical responses to an EGFR-specific tyrosine kinase
inhibitor, gefitinib. Thus, the EGFR mutation is a definite biomarker, and
other somatic mutations of oncogenes in tumors have been also reported.
These mutations could be wused as new biomarkers to clarify
subpopulations of patients that would respond to molecule-targeting drugs.
Currently, trials for new molecule-targeting therapeutics are now underway
for solid tumors. Treatment with angiogenesis inhibitors and antibodies are
expected to improve the outcome of patients. New biomarkers need to be
continually sought for this type of therapeutics. Now, these molecular
correlative studies are called as “Critical Path Research” in the field of
drug development. Considering the background of aggressiveness of
biomarker research, the average response to drugs is much lower than that
of other diseases.

The average response rate to anticancer drugs is 20-30%, which is
inadequate. In order to improve the response rate to anticancer drugs,
selection of subpopulations of patients that would potentially show
response is one strategy. At the same time, the labeling of drugs with
pharmacogenomic data has been increasing recently.

Government-related regulatory institutions in the US (Department of
Health and Human Services, Food and Drug Administration, Center for
Drug Evaluation and Research (CDER), Center for Biologic Evaluation
and Research (CBER), Center for Devices and Radiological Health
(CDRH)) developed a “Guideline for Industry,” by which pharmaceutical
companies are required to submit pharmacogenomic data. How should
investigators assess/evaluate the data? Essentially, we should recognize
three categories of pharmacogenomic information while selecting the
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treatment strategy: 1) test required, 2) test recommended, 3) information
only.

Trastuzumab (Herceptin®) for breast cancer is a good example of the
first; testing for anti-Her2 by FISH analysis (Herceptest”) is required for
the administration of Trastuzumab. Although EGFR somatic mutation,
EGFR immunohistochemistry, and FISH for EGFR are considered to be
good biomarkers for predicting the response to EGFR-targeting drugs, they
belong to the “Test only™ category. It is not within the scope of this review
to discuss why these differences exist. Anyway, applied
pharmacogenomics is very important in the selection of appropriate
subpopulations, and an increase in the number of “Test required”
biomarkers is warranted.

Another point for discussion is that the pharmacogenomic approach has
so far focused on the prediction or evaluation of adverse events. Single-
nucleotide polymorphisms of metabolizing enzymes, such as p450 or
UDP-glucuronoyltransferases (UGT) (Innocenti et al. 2004) are closely
related to the toxicity profile of drugs. Therefore, tests for these genes are
also included in the label of the drugs. The available evidence actually
contributes to identify subpopulations of patients likely to show severe
side effects. On the other hand, there is not much evidence, in terms of
biomarkers, to distinguish accurately between responders and
non-responders. It is important to consider the latter approach when
considering personalized medicine.

Drug-diagnostic Co-development

As mentioned before, the importance of pharmacogenomics has been
discussed worldwide. Last year, the FDA proposed the new concept
“drug-diagnostic co-development ™, although it is still in the draft stage and
needs open discussion. What is the “co-development™? “Co-development”
means: 1) Critical Path Research for biomarkers that would distinguish
responders from non-responders in clinical studies; 2) research for
avoiding severe toxicities; 3) clinical studies for POC (proof of concept)
by monitoring pharmacodynamic markers. The endpoints of these
approaches are to set the appropriate doses for each subpopulation or
responders. Investigators should consider the study designs flexibly in
these approaches. For example, randomized phase Il studies and
randomized discontinuation studies may be given more consideration. In
addition, for the selection of biomarkers in Critical Path Research, more
strict validation will be necessary, because the tests using the biomarkers
will directly affect the treatment of each patient.
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Problems in Pharmacogenomics and Future Perspectives

Biomarker researches can be divided into two categories,
“hypothesis-driven” and “hypothesis-free”; the former is to prove the
power of preexisting biomarkers (predictability, reliability, specificity e.g.),
whereas the latter is to select biomarkers without any hypothesis, by DNA
microarray or proteomics. At the same time, validation of the selected
biomarkers is necessary. Currently, the hypothesis-free approach seems to
be the trend.

In general, biomarkers in the hypothesis-driven approach are relatively
easy to understand, and are based on biological evidence. They can be
expected to be more easily applied clinically. However, there is a
limitation: only pre-existing biomarkers can be used. On the other hand, in
the case of biomarkers in the hypothesis-free approach, it is difficult to
understand underlying biological mechanisms and it is difficult to directly
apply these markers clinically. However, novel biomarkers can be
discovered by this approach.

When considering a new prospective study using microarray gene
expression profiling, it is of importance to pay attention to some points, as
follows. The investigators should recognize the role of quality assurance
and perform the study accordingly. Regarding the data of DNA expression
for Cancer Diagnostics, the guidelines proposed by the NCI-EORTC
Working Group are helpful (McShane et al. 2005). For the development of
classifications based on the gene expression profile, the following points
must be taken into constderation. 1) A common therapy is essential for
identical populations. Are the results reasonable enough to establish a
therapeutic policy? Will the new classification be generally used based on
the cost-benefit balance, by comparing the selection of the therapies and
the cost for mis-classified? These points should be discussed preliminarily
during the process of designing of the study. For further evaluation,
internal validation is necessary to prove the accuracy of the new
classification in comparison with the pre-existing prognostic factors. The
validation process includes 1) transfer to other platforms that are
commonly used in clinical situations. (For example, will the classification
identified by DNA chip analysis be valid for transfer to that by RT-PCR or
immunohistochemical (ICH) examination), 2) confirmation of the
reproducibility of the classification by the new platform (RT-PCR or ICH),
and 3) independent validation in a prospective study. In addition, the
investigators should recognize “multiplicity” of the comprehensive data
sets, such as those of gene expression. Many researchers have reported
classifiers to predict the prognosis of patients with cancers. For example, a
17- gene signature associated with metastasis was identified by a DNA
chip analysis by Ramaswamy et al.(Table 3) (Ramaswamy et al. 2003).
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Table 3 The 17 -gene signature associated with metastasis

Gene Gene name Gene ID

Upregulated in metastases:

SNRPI Small nuclear ribonucleoprotein 1 A1032612
EIFAEL3 Elongation inhibition factor 4E-like 3 AF038957
HNRNPAB Heterogeneous nuclear M65028
ribonucleoprotein A/B

DHPS Deoxyhypusine synthase U73262
PTTG Securin AA203476
COLI1Al Type 1 collagen, ol Y15915
COLIA2 Type 1 collagen, a2 103464
LAMBI Lamin, B1 L.37747

Downregulated in metastases:

ACTG2 Actin, v2 D00654
MYLK Myosin light chain kinase U49959
MYH!11 Myosin heavy chain 11 AF001548
CLIN1 Calpon nl D17408
HLA-DPB1 MHL class 11, DPB1 NM 002121
AUNXI Auditory neuropathy, D43969
X-linked recessive |

MT3 Metallothionein 3 S72043
NR4ALl Nuclear hormone receptor TR3 L13740
RBMS5 RNA binding motif protein 5 AF391263

Several researchers have attempted the same approach and obtained
gene sets  that predict prognosis of patients with breast cancer.  Sorile
selected a set of 456 genes (Sorlie et al. 2003) (PNAS 2001). Van’t Veer
selected a set of 231 genes determining the prognosis and validated it
using the independent data of 295 patients (van de Vijver et al. 2002).
However, in relation to their selected genes, a few genes were overlapped.
This discrepancy might be due to the following reasons: 1) validation in
different clinical backgrounds, such as disease, histology, response criteria,
and treatment, 2) difference in the assay methods used for RNA
purification and in the methods used for gene amplification, and/or 3)
difference in the analytical process used, such as standardizations and
algorithms. How should future biomarker studies be considered? Future
biomarker studies should include: 1) a prospective correlative study
between markers and clinical features(survival and response e.g.), 2)

barebones sample size, and 3) validation on another platform (Simon
2005).



36

Another problem is that the selected markers usually contain many
functionally unknown markers. Therefore, it 1s difficult to discuss the
mmplications of biomarkers without the availability of biological
information. At the same time, it is necessary to analyze the functions of
each biomarker, which requires much effort. Therefore, investigators
should start biomarker (pharmacogenomic) studies in the early phase.
Statistically, algorithms and data sets containing the biological information
should be constructed. In addition, standardization of these analytical
methods is essential. For clinical side application?, adequate prospective
clinical studies are required. It is thus of utmost importance to establish
better communication between clinical researchers, basic researchers and
bio-statisticians from the planning stage.
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Summary. Epidermal growth factor receptor (EGFR) plays a key role in the
regulation of normal cellular process and in the hyper-proliferative diseases
such as cancer. Recently it has been demonstrated that TNF-induced apoptosis
is augmented by inhibition of EGFR. In the present study we demonstrated
that EGFR expression and its tyrosine kinase activity is required for TNF-
induced cell survival using EGFR tyrosine kinas inhibitor, AG1478 in stable
transfected colon intestinal epithelial EGFR” cells model transfected with
either wild-type (wt), or kianse inactive (ki) EGFR. Furthermore, for the first
time, we demonstrated that EGFR transactivation leads to other ErbB
receptors through TNF induced transactivation of ErbB family receptors
(EGFR, ErbB2 and ErbB4). Mutational analysis demonstrated that EGFR
autophosphorylation sites of Y1068 and Y1086, a subsequent PI 3-kinase/Akt
activation sites, is required for TNF mediated transactivation of EGFR, ErbB2
and 4 through Src kinase activity and cell survival. Like as Src kinase inhibitor,
PI 3-kinase inhibitor enhanced TNF-induced apoptosis, but not MAP kinase
inhibitor. From the present study we postulate that EGFR and EGFR tyrosine
kinase involving Y1068 and Y1086 is critical in inducing TNF-initiated colon
epithelial cell apoptosis through activation of the PI 3-kinase/AKT pathway.
This novel observation has significant implications for understanding the role
of EGFR regulation in maintaining intestinal epithelial cell homeostasis in an

37
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environment of chronic inflammation, injury and repair, such as inflammatory
bowel disease and tumorigenesis.

Key words. EGFR, TNF, transactivation, apoptosis, Src

Introduction

Epidermal growth factor receptor (EGFR) tyrosine kinase activity is
upregulated in many cancers and inflammations, through cytokines and growth
factor stimulation. Tumor necrosis factor (TNF)-ais a potential cytokine,
produced by many cell types in response to inflammation, injury, infection and
environmental stress. TNF as well as causing necrotic cell death, also causes
apoptotic cell death, cellular proliferation, differentiation, inflammation,
tumorigenesis, and viral replication.

It has become clear that tumorigenesis is not only dependent on increase of
growth, but also on deregulated apoptosis. Apoptosis can be initiated by
variety of stimulation including growth factor deprivation, chemotherapeutic
drugs, irradiation, activation of cell surface receptors of TNFR family and
many more (Vaux & Strasser, 1996). Therefore increased resistance against
apoptosis can be great importance for tumor development. Recent studies have
linked ErbB signaling to protection from TNF-induced apoptosis (Fong,
Sherwood, Mendelsohn, Lee, & Kozlowski, 1992; Zhou et al., 2000).
However, the mechanism of tyrosine phosphorylation of the EGFR by TNF is
unknown. EGFR transactivation has been reported in response to G-protein
coupled receptor (GPCR) activation. Originally, Daub et al reported that the
treatment of rat fibroblasts with lysophosphatidic acid (LPA), endothelin-1
(ET-1) or thrombin leads to rapid transient EGFR phosphorylation and
subsequent activation of downstream signaling such as MAPK (Daub, Weiss,
Wallasch, & Ullrich, 1996). Various studies demonstrated that GPCR-induced
EGFR signal transactivation occurs in a variety of cell types, including
vascular smooth muscle cells, human keratinocytes, primary mouse astrocytes
and PC-12 cells (Daub, Wallasch, Lankenau, Herrlich, & Ullrich, 1997;
Eguchi et al, 1998; Zwick et al., 1997). Possibly, there are two kind of
GPCR-EGEFR cross talk mechanism. One is a ligand-dependent and another is
a ligand-independent intracellular signaling mechanism.

Prenzel et al were the first to demonstrate the ligand-dependent mechanism
in EGFR signal transactivation by metalloprotease-mediated activation of the
EGF-like ligand HB-EGF (Prenzel et al., 1999). Interestingly, Argust et al
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demonstrated that TNF transactivate EGFR via cleavage of TGF-a by TNF
converting enzyme (TACE, ADAMI17) and stimulates cell proliferation
(Argast, Campbell, Brooling, & Fausto, 2004). Src-family tyrosine kinases
have been suggested as both upstream and downstream mediators of the EGFR
in GPCR-induced transactivation. Several studies have suggested that the
presence of Src-family kinases upstream of the receptor in vascular smooth
muscule cells, in immortalized hypothalamic neurons, and in LPA-stimulated
COS-7 cells (Bokemeyer, Schmitz, & Kramer, 2000; Luttrell, Della Rocca,
van Biesen, Luttrell, & Lefkowitz, 1997; Shah, Farshori, Jambusaria, & Catt,
2003). In contrast, other studies showed EGFR phosphorylation to be
independent of Src activity in COS 7 and HEK-293 cells (Adomeit et al,,
1999; Daub et al., 1997; Slack, 2000). Beside Src kinases, the protein kinase C
(PKC) and the intracellular Ca" concentration have been reported to be related
with EGFR signal transactivation (Keely, Calandrella, & Barrett, 2000;
Kodama et al., 2002; Soltoff, 1998). Using the antibodies against EGFR
specific autophosphorylation sites, Y1068 and Y1173 EGFR were detected as
EGFR transactivation site by angiotensin 1I, and Src-dependent
phosphorylation of the EGFR Y845 is required for EGFR transactivation
(Ushio-Fukai et al., 2001; Wu, Graves, Gill, Parsons, & Samet, 2002).

In this study, we determined the requirment of EGFR tyrosine kinase,
especially Y1068 and Y1086 for EGFR transactivation by TNF. This EGFR
transactivation mechanism is ligand-independent Src dependent intracellular
signal, and this EGFR transactivation might regulate TNF-induced apoptosis
via P1 3-kinase/Akt signaling.

Materials and Methods

Cell culture

EGFR-null mouse colon epithelial (EGFR™MCE) cells were isolated from the
colonic epithelium of EGFR-null heterozygous mice crossed with the Immorto
mouse (Threadgill et al., 1995; Whitehead, VanEeden, Noble, Ataliotis, & Jat,
1993). Cells were maintained on collagen (Mediatech, Herndon, VA) coated
plates (5 pg/em’) in RPMI 1640 supplemented with 5% FBS, 5U/ml IFN-y
(Intergen, Norcross, GA), 100U/ml penicillin and streptomycin, 5 pg/mi
insulin, 5 pg/ml transferring, 5 ng/ml selenous acid (BD Biosciences, San Jose,
CA) at 33°C (permissive condition). Prior to all experiments cells were serum
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starved for 16-18 hours in RPMI 1640 containing 0.5% FBS and 100U/ml
penicillin and streptomycin at 37°C (nonpermissive conditions).

Antibodies, growth factors, and inhibitors

Rabbit monoclonal pY1068, and pY1173 EGFR, rabbit polyclonal phospho-
AKT (Ser 473) and AKT antibodies, and horseradish peroxidase (HRP)-
conjugated anti-rabbit secondary antibody were from Cell Signaling
Technology (Beverly, MA). Anti-active ERK1/2 polyclonal antibody was
from Promega Corp. (Madison, WI). Rabbit polyclonal EGFR and phospho-
HER2 (tyr1248) antibodies were from Upstate (Billerica, MA). Rabbit
polyclonal phospho-ErbB4 (tyr1162) was from Orbigen (San Diego, CA).
Recombinant human EGF was a gift from Stanley Cohn (Vanderbilt
University, Nashville, TN). EGFR tyrosin kinase inhibitor AG1478, MEK 1/2
inhibitor UO0126, phosphoinositide 3-kinase inhibitors wortmannin and
LY294002, matrix metalloproteiases (MMPs) inhibitor GM6001, and TACE
(TNF-a converting enzyme/ADAMI17) inhibitor TAPI-1 were from
Calbiochem (San Diego, CA).

Generation of stable cells

EGFR™MCE cells were transfected with pcDNA3.1/Zeo vector control
(Invitrogen, Carlsbad, CA) according to the manufacture’s protocol. Zeocin-
seleced pools of cells were stained with anti-EGFR 528-PE antibody (50 pl
per 5x10° cells). PE (EGFR) positive cells were sorted at the V.A. Medical
Center Flow Cytometry Resource Center (Nashville, TN) using a Becton-
Dickinson FACSAria. Stable pool cells expressing EGFR were maintained in
200 pg/ml Zeocin.

siRNA and transient transfection

Mouse Src, Fyn and Yes SMARTpool siRNA were from Dharmacon RNA
Technologies (Lafayette, CO). YAMC cells were transfected at70%
confluence with either 50nM non-targeting siRNA or 50nM Src, Fyn and Yes
SMARTpool siRNA using Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
according to the manufacture’s recommendations for siRNA transfections. 24
hour after transfection, the cells were starved for 16 -18 hours and western blot
analysis was performed as described below.
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Apoptosis assay

EGFR"MCE cells were cultured on fibronectin-coated chamber glass slides
and prepared as described above. Following treatment, apoptotic cells were
labeled by Apoptag in situ apoptosis detection kits (Intergen, Purchase, NY)
using terminal deoxynucleotidyltransferase for detection of positive cells
according to manufacture’s guidelines. Apoptotic cells were labeled by
fluoresceinisothiocyanate-conjugated  anti-digixigenin ~ and 3,  3’-
diaminobenzidine as substrate and then dehydrated and mounted using
Vectashield mounting medium with DAPIL.

Caspase activity was detected in living cells using the sulforhodamine
multi-caspase activity kit (Biomol, Plymouth Meeting, PA) according to
manufacture’s guidelines. Active caspase enzyme in living cells was labeled
with cell-permeable sulforhodamine-conjugated valylalanylaspartic acid
fluoromethyl ketone, an inhibitor of caspase activity that binds to active
caspase enzyme. Cells with increased caspase activity were detected by
fluorescence microscopy. Positive cells were determined by counting at least
200 cells in randomly chosen fields and expressing them as percentage of the
total number of cells counted.

Apoptosis was also detected by Annexin V-FITC Apoptosis Detection kit 1
(BD Pharmingen, San Jose, CA). Cells were harvested with Accutase
(Innovative Cell Technologies, San Diego, CA), sequentially incubated with
FITC-conjugated annexin-V  and propidium iodide following the
manufacturer's recommendations. Stained cells were analyzed with FACScan
and Cell Quest software.

Cell lysates, SDS-PAGE, and Western blot analysis

Serum-starved cells were treated with murine TNF-a (Pepro Tech, Inc., Rocky
Hill, NJ) or murine EGF (gift from Stanley Cohen, Vanderbilt University,
Nashville, TN) at 37°C. For inhibitor studies, cells were treated with inhibitor
or an equal volume of vehicle for 45 minutes at 37°C prior to TNF or EGF
stimulation. After treatment, cell monolayers were rinsed twice with cold-PBS
and then scraped into cell lysis buffer (50mM Tris-HCl (pH 7.4), 120mM
NaCl, 1% NP-40) with protease and phosphatase 1 and 2 inhibitor cocktails
(Sigma, St. Louis, MO). The scraped suspensions were centrifuged (14,000xg
for 10 min) at 4°C, and the protein concentration was determined with the DC
protein assay (Bio-Rad Laboratories, Hercules, CA). 20 - 30 pg of total lysate
for each sample were separated by SDS-polyacrylamide gel electrophoresis
and transferred to nitrocellulose membranes. The membranes were blocked in
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5% nonfat dry milk in Tris Buffer saline (50mM Tris, 138mM NaCl, 2.7mM
KCl, pH 8.0) with 0.05% Tween 20 (TBST) for 1hour. The membranes were
incubated in primary antibody at 4°C overnight, washed in TBST (3 x 5 min),
incubated in HRP conjugated secondary antibody for 1 hour, and then washed
in TBST (5 x 10min). Bound to HRP was detected using Western Lightning
enhanced chemiluminescence kit (Perkin-Elmer, Boston, MA).

Statistical analysis

Statistical significance in each study was determined using a paired two-
sample student’s t-test with a confidence level of 0.05. All data presented are
representative of at least three repeat experiments.

Results

EGFR tyrosine kinase activity modulates TNF-induced apoptosis in
intestinal epithelial cells

Role of EGFR in TNF mediated apoptosis was investigated using EGFR™
MCE cells. We transfected with the cells with either human EGFR wild-type
(wt), kinase-inactive (ki) K721R mutant, which blocks ATP binding to EGFR
or vector only, and stable clonal lines were established (Coker, Staros, &
Guyer, 1994). As shown in figure 1B, EGFR was found to be equally
expressed in wt and ki EGFR, but not in vector cells. In multicaspase activity
detection assay, TNF induced apoptosis was found to be 10 fold higher in cells
transfected with ki EGFR or vector cells, compared to control transfected with
wt EGFR (Fig. 1A). Similar results were obtained in TUNEL assay (Data was
not shown). However, under the presence of PI 3-kinase/AKT inhibitor, TNF
significantly enhanced apoptosis in wt EGFR cells. These results indicated that
EGFR expression and EGFR tyrosine kinase activity down regulates the
induction of apoptosis by TNF, through P1 3-kinase/AKT signal cascade.

EGFR expression and tyrosine kinase activity are required ErbB2 & 4
transactivation by TNF

EGFR expression and its tyrosine kinase activation escapes TNF-induced
apoptosis, we thought that there should be some interaction between TNF and
EGFR. We looked into EGFR transactivation by TNF in EGFR™ MCE cells
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Fig.1 EGFR tyrosine kinase activity modulates TNF-induced apoptosis in intestinal
epithelial cells. Cells were treated with TNF (100 ng/ml) for 6 hr in the presence or
absence of 1-hr pretreatment with wortmannin. Caspase activity in living cells was
detected using a multi-caspase activity assay kit and counterstained with DAPL
Images were obtained using fluorescence microscopy. The percentage of cells
undergoing apoptosis is shown in the bar graph (A. Refer to color plates) Cellular
lysates were prepared for Western blot analysis with anti-EGFR to determine EGFR
expression levels (B).

by transfecting with wt or ki EGFR. TNF was found to transactivate EGFR in
wt EGFR (Fig.2A). In addition, TNF transactivates ErbB2 and ErbB4 in wt
EGFR cells, but we could not look into ErbB3 transactivation, as this EGFR™
MCE cell does not express ErbB3. However, in ki EGFR cells, EGFR
phosphorylation was not observed and also ErbB2 and ErbB4 receptors were
not activated by TNF, indicating that TNF stimulates EGFR and its
phosphorylation leads to activation of ErbB2 and ErbB4. This was further
demonstrated by using EGFR tyrosine kinase inhibitor, AG1478, which
blocked TNF mediated EGFR and ErbB2 and ErbB4 receptors
phosphorylation (Fig.2B).
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(A) EGFR ki EGFR (B)

Fig. 2 EGFR expression and tyrosine kinase activity are required for ErbB2 and
ErbB4 transactivation by TNF. Cells were treated with TNF (100 ng/ml) and EGF (10
ng/ml) for the indicated times in vector, wt EGFR and ki EGFR cells (A). wt EGFR
cells were treated with TNF and EGF in the presence and absence of 1 hr pretreatment
of AG1478 (150 nM) (B). Cellular lysates were prepared for Western blot analysis
with anti-EGFR (EGFR), anti-phospho-EGFR tyr 1068 and tyr1173 (p-EGFR (Y 1068)
and p-EGFR (Y1173)), anti-phospho-ErbB2 tyr 1248 (p-ErbB2 (Y1248)), anti-
phospho-ErbB4 tyr 1162 (p-ErbB4 (Y1162)), anti-AKT (AKT), anti-phospho-AKT
Serd73 (P-AKT) and anti-phospho-ERK {P-ERK) antibodies.

TNF-induced transactivation of EGFR, Erbb2 and 4 required for EGFR
Y1068 and Y1086

As indicated from above results, EGFR phosphorylation is required for TNF
induced transactivation, we  investigated the role of EGFR
autophosphorylation site(s). Transactivation of EGFR by GPCRs is well
established, but there is few information regarding the site-specific tyrosine
phosphorylation and molecular regulation of the recepor. With the site directed
mutagenesis, we mutated tyrosine (Y) to phenylalanine (F) in EGFR
autophosphorylation site(s) and transfected our established stable clones of
EGFR"MCE.

TNF induced apoptosis was found to be significantly higher in Y1068F and
Y1086F than other mutants. Furthermore, double mutant Y1068/1086F,
demonstrated higher induction of apoptosis than respective single mutants (Fig.
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3B). This indicated that Y1068 and Y1086 is important in TNF induced EGFR
mediated apoptosis.

To investigate the role of these and other tyrosine residues and their
phosphorylation, we investigated activation of receptors. TNF did not
transactivate the phosphorylation of EGFR, ErbB2 and ErbB4 in cells
transfected with Y1068F, Y1086F and Y1068/1086F. In Y992/1173F cells,
TNF clearly activated EGFR and ErbB2, but not ErbB4 (Fig.3A). TNF was
found to transactivate the phosphorylation of ErbB receptors (EGFR, ErbB2
and Erb4) in cells transfected with Y974F or Y1045F, and then did not
enhanced apoptosis (Fig.3A and B). It is reported that the phosphorylation of
EGFR tyrosine residues of 1068 and 1086 creates a binding site for Gab1 that
recruits the p85 subunit of Pl 3-kinase to the EGFR and leads to activation of
AKT. These findings clearly demonstrated that Y1068 and Y1086 are required
for TNF mediated transactivation of EGFR, ErbB2 and Erb4 and cell
proliferation mediated through PI-3 kinase/AKT cascade.

ADAM/MMP inhibition does not block EGFR transactivation by TNF

TNF is known to activate matrixmetalloproteases (MMPs) that cleave
membrane-integrated ErbB ligands (such as HB-EGF) and freeing them to
bind to ErbBs. To clarify the mechanism of TNF induced activation of ErbB
receptors and modulated apoptosis, we investigated the role of ADAM/MMPs.
Inhibition analysis using GM6001, an inhibitor of ADAM/MMPs, in wt EGFR
transfected cells exhibited transactivation of EGFR (Fig. 4). Similar results
were obtained in ADAM17 specific inhibitor, TAPI-1 treatment (data was not
shown) indicating that TNF mediated EGFR induced apoptosis does not
require MMPs for ErbB ligand cleavage but through other signaling cascade.

TNF transactivates EGFR via Src and inhibition of Src enhanced TNF-
induced apoptosis

EGFR is known to be transactivated through GPCRs (G-protein coupled
receptors), which is known to indirectly activate Src and phosphorylates the
intracellular domains of ErbBs on tyrosine residues. In order to clarify the
signaling cascade that modulates TNF mediated EGFR induced apoptosis, we
investigated Src cascade. We observed that treating with Src inhibitors,
CGP77675, PP1 and PP2, enhanced TNF-induced apoptosis dose-dependently
in TUNEL assay (Fig. 5C) indicating that Src cascade is responsible for TNF
mediated EGFR induced apoptosis. It was found that these inhibitors inhibited
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TNF mediated EGFR transactivation and AKT phosphorylation (Fig. 5A). To
clarify that Src is responsible, we transfected with siRNA Src mixture, mixed
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Fig. 3 TNF-induced transactivation of EGFR, ErbB2 and ErbB4 required for EGFR
Y1068 and Y1086. Cellular lysates were prepared for Western blot analysis with anti-
EGFR (EGFR), anti-phospho-EGFR tyr 1068 and tyr1173 (p-EGFR (Y1068) and p-
EGFR (Y1173)), anti-phospho-ErbB2 tyr 1248 (p-ErbB2 (Y1248)), anti-phospho-
ErbB4 tyr 1162 (p-ErbB4 (Y1162)), anti-AKT (AKT), and anti-phospho-AKT Ser473
(P-AKT) antibodies (A). The cells were treated with TNF (100ng/ml) for 6 hr and
stained with Annexin V-FITC and propidium lodide (Erlich et al.), and then analyzed
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with flow cytometry within 1 hr. The percentage of apoptotic subpopulation
Inhibition analysis using GM6001, an inhibitor of ADAM/MMPs, in wt EGFR
with Fyn, Src and Yes, and found partially inhibition of EGFR transactivation
that lead to ErbB2 and ErbB4 inhibition (Fig. 5B).

wt EGFR
DMSO GM6E001
TNF 100ng/ml, 120min
EGF 10ng/ml, Smin [ [ 2]
P-EGFR (Y1068) -
P-EGFR (Y1173) p— ] --\

EGFR o -~y -

>-ErbB2 (Y1248) [ ..--'
-ErbB4 (Y1162
ErbB4 (Y1162 - . -‘

Total AKT S e e G o -l

o

Fig. 4 ADAM/MMPs inhibition does not block EGFR transactivation by TNF. Cells
were treated with TNF (100ng/ml) and EGF (10ng/ml) for indicated times in the
presence and absence of 1 hr-pretreatment of ADAM/MMPs inhibitor, GM600]
(50uM). Cellular lysates were prepared for Western blot analysis with anti-EGFR
(EGFR), anti-phospho-EGFR tyr 1068 and tyr1173 (p-EGFR (Y1068) and p-EGFR
(Y1173)), anti-phospho-ErbB2 tyr 1248 (p-ErbB2 (Y1248)), anti-phospho-ErbB4 tyr
1162 (p-ErbB4 (Y1162)). and anti-AKT (AKT) antibodies.

Discussion

In the present study, we demonstrated the requirement of EGFR tyrosine
kinase activity and the specificity of EGFR autophosphorylation site(s)
regulating TNF-induced cell survivals. Although the mechanism(s) of EGFR
transacttvation by TNF is a poorly understood, we provide the evidence that
TNF mediated EGFR induced cell survival is through Src cascade involving
Y1068 and Y1086 EGFR tyrosine kinase activity.
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EGFR expression and tyrosine kinase are upregulated in colon cancer and
colitis than healthy colons (Malecka-Panas et al., 1997), that suggesting that
the activation of EGFR is a response to these diseases in humans. In the
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Fig. 5 TNF transactivates EGFR via Src and inhibition of Src enhanced TNF-induced
apoptosis. wt EGFR cells were treated with TNF (100ng/ml) for 2 hr in the presence
and absence of 1 hr pretreatment of Src inhibitors, CGP77675 (0.2uM), PP1 (1uM)
and PP2 (1pM). Cellular lysates were prepared for Western blot analysis with anti-
EGFR (EGFR), anti-phospho-EGFR tyr 1068 and tyr1173 (p-EGFR (Y1068) and p-
EGFR (Y1173)), anti-phospho-ErbB2 tyr 1248 (p-ErbB2 (Y1248)), anti-phospho-
ErbB4 tyr 1162 (p-ErbB4 (Y1162)), anti-AKT (AKT) and anti-phospho-AKT serd73
(P-AKT) antibodies. (A) wt EGFR cells were transfected with non-targeting siRNA
as a control and siRNA Src mixture {Fyn, Src and Yes). Cells were treated with TNF
(100 ng/ml) and EGF (10 ng/ml} as indicated times. Cellular lysates were prepared for
Western blot analysis with anti-phospho-EGFR tyr 1068 and tyr1173 (p-EGFR
(Y1068) and p-EGFR (Y1173)), anti-phospho-ErbB2 tyr 1248 (p-ErbB2 (Y1248)),



49

anti-phospho-ErbB4 tyr 1162 (p-ErbB4 (Y1162)), anti-Fyn (Fyn), anti-Src (Src), anti-
Yes (Yes) and anti-AKT (AKT) antibodies. (B) Cells were treated with TNF
(100ng/ml) for 6 hr in the presence and absence of 1 hr pretreatment of Src inhibitors,
CGP77675, PP1 and PP2 as indicated concentrations, and fixed with TUNEL and
DAPI staining. Apoptotic nuclei were labeled with FITC. Images were obtained using
fluorescence microscopy. The percentage of cells undergoing apoptosis is shown in
the bar graph (C).

present study, we hypothesized that EGFR tyrosine kinase regulates TNF-
mediated colon epithelial cell survival. To clarify the mechanism of TNF
mediated EGFR induced colon epithelial cell survival, we explored EGFR
tyrosine kinase. Using EGFR”™ MCE cells model, and add back wild-type (wt),
kinase-inactive (ki) EGFR, we found that EGFR expression and EGFR
tyrosine kinase activity are required for TNF-mediated cell survival (Fig. 1A).
However, Egeblad et al, demonstrated ErbB family receptors (EGFR, ErbB2, 3
and 4) do not require for regulation of TNF-induced cell death in MCF-7
breast cancer cells (Egeblad & Jaattela, 2000). But our data suggests a role for
ErbB receptor activation in the induction of resistance to apoptosis. We found
that ErbB receptor activation downregulates induction of apoptosis by TNF
and conversely, loss of EGFR expression and EGFR tyrosine kinase
inactivation enhanced TNF-induced apoptosis. Our results are in concordance
to other studies have shown a correlation between the over-expression of ErbB
receptors and resistance to TNF-induced cell death (Hoffmann, Schmidt, &
Wels, 1998; Lichtenstein et al., 1990).

We found that Y1068/Y1086 residues are important in down regulating
TNF induced apoptosis since Y1068F and Y1086F mutation enhanced
apoptosis (Fig.3B). These results clearly demonstrates that Y1068 and Y1086
EGFR are required for TNF-mediated EGFR induced cell-survival, and each
of Y1068 and Y1086 EGFR autophosphorylation sites are supportive for
transducing the survival signals. Y1068 and Y1086 EGFR
autophosphorylation sites create binding sites for Grb2, leading to activation
of the MAPK/ERK cascade, and also create binding sites for Gabl, which
recruits the p85 subunit of PI 3-kinase to the EGFR, leading to activation of
Akt (Batzer, Rotin, Urena, Skolnik, & Schlessinger, 1994; Rodrigues, Falasca,
Zhang, Ong, & Schlessinger, 2000; Rojas, Yao, & Lin, 1996). TNF has been
reported to activate both an apoptotic cascade, as well as a cell survival signal
through activation of Pl 3-kinase/Akt pathway that suppresses TNF-induced
apoptosis via NF-«xB activation (Burow et al., 2000). Our site-specific inactive
EGFR mutants, Y1068F and Y1086F are intrinsically suppressed PI 3-
kinase/Akt activation, then TNF did not show clear stimulation of Akt,
indicating that it subsequently did not activate NF-kB. As shown in Fig. 3B,
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the double inactive mutant EGFR, Y 1068/1086F showed cumulative effect of
single mutants in TNF-induced apoptosis. Furthermore, the blockade of PI 3-
kinase/Akt signals with wortmannin in wt EGFR cells greatly enhanced TNF-
mediated apoptosis. These results suggested that Y1068 and Y1086 of EGFR
could be co-operatively stimulate Pl 3-kinase/Akt signals and increase cell
survival. These data support Pl 3-kinase/AKT pathway should be mainly
regulated TNF-induced apoptosis.

Erlich S et al showed that ErbB4 activation by neuregulin in PC-12 cells
inhibits TNF-induced apoptosis and this effect of neuregulin is probably
mediated by the Pl 3-kinase/Akt activation (Erlich, Goldshmit, Lupowitz, &
Pinkas-Kramarski, 2001). As results in Fig 3B, Y992/1173F EGFR cells are
significantly increased TNF-induced apoptosis and ErbB4 (Y1162) was not
transactivated by TNF and the lack of ErbB4 activation should be mediated
TNF-induced apoptosis. These results indicate Y992/1173 EGFR is a
transactivation site of ErbB4.

EGFR transactivation has been reported in response to G-protein couple
receptor (GPCR) activation in several systems including intestinal epithelial
cells (Keely, Uribe, & Barrett, 1998; Prenzel et al., 1999). Cross-talk between
the EGFR and TNFRs has been suggested in a previous study (Izumi et al.,
1994), however the mechanisms of tyrosine phosphorylation of the EGFR by
TNF is unknown. There are two possible mechanisms of TNF mediated EGFR
transactivation: ligand-dependent and independent mechanisms. The ligand-
dependent mechanism, though poorly defined, is postulated to be ADAM (a
integrated and matrixmetalloprotease)/MMPs  (matrixmetalloproteases)
activation by TNFR(s), and cleavage of membrane-tethered ErbB ligands
(such as HB-EGF or TGF-a), thereby freeing them to bind to ErbB(s) (Argast
et al., 2004; Chen et al., 2004). In the other ligand-independent mechanisms,
GCPRs indirectly activate Src or other signal factors, which subsquently
activates the intracellular domains of ErbB(s) on tyrosine residues (Luttrell et
al., 1997). ADAM/MMPs inhibitor, GM6001 do not block EGFR
transactivation (Fig. 4), however Src inhibitors, CGP77675, PP1 and PP2
clearly block the TNF mediated EGFR transactivation. Furthermore these Src
inhibitors enhance TNF-induced apoptosis dose-dependently (Fig. 5C). These
results clearly suggested ligand-independent mechanism and we have
confirmed these effects by using siRNA Src, Fyn and Yes mixture. As shown
in Fig. 5B, transfected with Src mixture (Src+Fyn+Yes) partially blocked TNF
mediated EGFR transactivation by partially inhibiting each Src family
members. Since EGFR transactivation is not found to be blocked when
transfecting with individually individual siRNA for each Src family members,



51

suggeating that Src family kinase members work in tandem to induce such
effects.

In summary, we propose a novel mechanism of ErbB receptors interaction
regulated through TNF-stimulated Src activation. These data provide an
explanation for the requirement of EGFR activity for TNF-induced epithelial
cell survival and suggesting potential further avenues of investigation into
relationship between EGFR tyrosine residues and intracellular signaling.
Furthermore, we provide the evidence that the tyrosine residues of 1068 and
1086 on EGFR serves as a molecular target regulating cell survival via PI 3-
kinase/Akt pathway.
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Summary. Gefitinib sensitivity in non-small-cell lung cancer (NSCLC)
is associated with activating mutations in epidermal growth factor receptor
(EGFR). It has been reported that autophosphorylation of the mutant
EGFR is prolonged as compared with wild type EGFR (Lynch et al NEJM
2004). Previously, we reported that the mutant EGFR underwent less
protein degradation due to diminished binding to c-Cbl ubiquitin ligase as
compared to wild type EGFR. To clarify the mechanism, we examined
EGFR-induced site specific phosphorylation of c-Cbl. ¢-Cbl residues
Y700, Y731, and Y774 were all phosphorylated by wild type EGFR, but
the mutant EGFR could phosphorylate Y774 but Y700 and Y731. We
speculated the alteration of phosphorylation status of c-Cbl might reduce
its binding to EGFR. To confirm this hypothesis, we constructed mutant
c-Cbl plasmids and established stable transfectants using wild type and the
mutant EGFR transfectants. As the results, 1) the mutations of Y700F
and Y731F but Y774F reduced binding of wild type EGFR and ¢-Cbl. 2)
all the three mutant c-Cbls showed less binding activity to the mutant
EGFR. From these observations, it was suggested that the alteration of
substrate specificity for c-Cbl and conformation change of the mutant
EGER might reduce its binding to c-Cbl.

Key words. EGFR, acquired resistance, gefitinib, non-small-cell lung
cancer, c-Cbl

Introduction

A possible new paradigm for determining response to gefitinib has been

reported, following the discovery that in-frame mutations of EGFR are
well-correlated to the hyper-responsiveness to gefitinib in patients with
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NSCLC (Lynch et al. 2004, Paez et al. 2004). These mutations were
small, in-frame deletions or substitutions clustered around the ATP-binding
site in exons 18, 19 and 21 of the EGFR (Lynch et al. 2004). We
previously identified a 15-bp in-frame deletion in exon 19 of EGFR (2411
to 2425) in a gefitinib-hypersensitive NSCLC cell line, PC-9. Lynch et al.
reported that ligand-induced autophosphorylation of mutant EGFR is
significantly prolonged as compared with wild-type EGFR (Lynch et al.
2004), and the same observation was seen in PC-9 cells. Recent studies
revealed that ligand binding to EGFR triggers the internalization and
subsequent degradation of the activated receptor by lysosomal proteases
and 26S proteasome (Yarden and Sliwkowski 2001). Ligand-induced
polyubiquitinylation of EGFR is known as an essential factor in the
down-regulation of activated EGFR. Ligand-activated EGFR 1is strongly
coupled to the Cbl adaptor proteins Cbl-b and c-Cbl, E3 ubiquitin ligases.
These proteins recruit ubiquitin-loaded E2 enzymes. In general, the
polyubiquitinylation serves as a signaling for degradation of activated
EGFR by 26S proteasome (Fig. 1) (de Melker et al. 2001, Levkowitz et al.
1998, Joazeiro et al. 1999, Waterman et al. 1999).  These processes lead

to a clearing of activated receptors from the cell surface, thereby
attenuating the mitogenic signals (Wells et al. 1990). Previously, we
reported that the mutant EGFR underwent less protein degradation due to
diminished binding to c-Cbl ubiquitin ligase as compared to wild type
EGFR and may cause the prolongation of its autophosphorylation (Ando et
al. 2005).

Fig. 1 Mechanism of EGFR-internalization & -degradation by ¢-Cbl
Ligand-activated EGFR 1is strongly coupled to adaptor protein ¢c-Cbl, E3 ubiquitin
ligases. This protein recruits ubiquitin-loaded E2 enzymes. In general, the
polyubiquitinylation serves as a signaling for degradation of activated EGFR by
268 proteasome.
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c-Cbl is a substrate of protein tyrosine kinases (PTKs) and also
undergoes tyrosine phosphorylation in response to EGFR activation (Take
et al. 2000). It has bcen reported that the phosphorylation of c-Cbl
Tyr-731 residue enhances its binding activity to EGFR and mediates
following EGFR polyubiquitinylation and degradation (Soubeyran et al.
2002). To elucidate the mechanism of the diminished binding between
¢-Cbl and the mutant EGFR, we examined the alteration of
c-Cbl-phosphorylation status in the mutant EGFR expressed cells and its
influence to the binding activity.

Materials and Methods
Chemicals and antibodies

Gefitinib (Iressa) was donated by AstraZeneca (Wilmington, DE, USA).
Anti-phospho-¢c-Cbl  Tyr700 was purchased from BD Bioscience
Pharmingen (San Jose, CA, USA), Tyr-731 and Tyr-774 antibodies and
anti-phospho-EGFR  (Tyr-845. Tyr-992, Tyr-1045, and Tyr-1068)
antibodies were purchased from Cell Signaling Technology Inc. (Beverly,
MA, USA). Anti-ubiquitin antibody and anti-B-actin antibody were
purchased from Millipore (Billerica, MA, USA) and Ambion, Inc. (Austin,
TX, USA), respectively. Other antibodies were purchased from Santa
Cruz Biotech (SantaCruz, CA, USA). Chemicals were purchased from
Sigma (St. Louis, MS, USA), unless otherwise mentioned.

Plasmid construction and cell lines

The construction of a mock vector (empty vector), wild-type EGFR
expression vector, and the 15-bp deletion EGFR expression vector
(delE746-A750 type deletion (Arao et al. 2004)), was described in detail in
a previous paper (Koizumi et al. 2005). The stable transfectant HEK293
cell lines were kindly donated by Dr. Fukumoto (National Cancer Center,
Shien Laboratory). The transfectant HEK293 cell lines, named
293 mock, 293 pEGFR and 293 pAlS, contained the empty vector,
wild-type EGFR and the 15-bp in-frame deletion mutant EGFR,
respectively.  Human c-Cbl expression vector was constructed using
pcDNA3.1 and Y700F, Y731F, Y774F mutant c¢-Cbl expression vectors
were constructed by QuickChange Stite-Directed Mutagenesis kit (Fig. 2).
293 _mock, 293 pEGFR and 293 pAlS cells were transfected c-Cbl
plasmids by Nucleofector kit (Amaxa biosystems) and stable transfectants
were established.
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Mutant plasmid was constructed by QuikChange Site-Directed Mutagenesis Kit
(Stratagene)

Mutant primer sels:

¥ T00F: forward,;

reverse;

YTO0E: forward,

reverse;

B . Cy Y731F: forward;
-1 pc DNA3.1 (+-) B2 reverse;
5428/5427bp Y73E  forward;

y reverse;

{ YTT4F: forward;

reverse;
" YTT4E: forward;

reverse

Transfection: Nucleofector™ Kit V' {Amaxa biosystems)
Cell selection: 1 mg/ml Neomycin

Stable transfectants of 203_pEGFR and 293_pA15 cells were cloned and the established cell lines were named as follows:

293_pEGFR/Y700F, 293_pEGFR/YT31F 293_pEGFR/YTT4F
293_pA15/YTO0F, 283_pA15/YT31F, 293_pAl5/YTT4F

Fig. 2 Construction of mutant c-Cbl expression vectors

Immunoblot analysis

Cells were exposed to 100 ng/ml of TGF-a for indicated time periods and
washed twice with ice-cold PBS. Immunoblotting  and

immunoprecipitation analysis was performed as described previously
(Ando et al. 2005).

Ligand internalization assay and degradation assay

The EGFR internalization assay and the degradation assay were basically
performed as described elsewhere, with minor modifications (Levkowitz et
al. 1998, Sorkin et al. 1993, Kornilova et al. 1996).

Results and Discussion

Somatic mutations such as 15 bp deletion in exon 19 and point mutation in
exon 21 are frequently found in gefitinib-hypersensitive patients. It has
been reported these mutant EGFRs showed significantly prolonged
autophosphorylation after ligand exposure as compared with wild type
EGF receptor (Lynch et al. 2004). To elucidate the mechanism of this
prolongation, we have examined the difference of EGFR-degradation
activity between wild type EGFR and 15 bp deletion mutant EGFR(Akca
et al. 2006).  Previously, we established wild type EGFR and 15 bp
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Fig. 3 c-Cbl binding and EGFR-degradation activities in the in-frame 15-bp
deletion mutant EGFR transfectant cell line. (a) Cells were exposed to 100 ng/ml
of TGF-o at 37°C. Samples were immunoprecipitated (IP) with anti EGFR
antibody. (b) Cells were exposed to 2 ng/ml of "*I-EGF for 1 h at 4Cand
maintained at 37°C.  means + SD (bar) *P=0.094, **P<0.0001 (c) Sample was
[P with antt EGFR antibody and IB by anti ubiquitin antibody. The graph
indicates the degree of ubiquitinylation measured with a densitometer. Open
column: 293 pEGFR. Closed column: 293 pAl5

deletion mutant EGFR stable transfectant cell lines usign HEK293 cells,
and named 293 pEGFR and 293 pAlS5, respectively. The prolongation
of mutant EGFR autophosphorylation after TGF-o exposure was
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confirmed in 293 pALlS cells, as compared with 293 pEGFR (Fig. 3a).

It has been reported that ligand binding to EGFR enhances endocytosis
of the ligand-receptor complex (Yarden and Sliwkowski 2001) and that the
degradation of this complex attenuates EGFR-mediated signal transduction
(Wells et al. 1990, Jackson et al. 2000). Considering these observations,
we speculated that the difference in the EGFR-turnover after the ligand
exposure could contribute to the expansion of EGFR autophosphorylation.
For the purpose oflgneasurlng EGFR-turnover, several kinetic assays were
performed using ~I-EGF. Fig. 3b shows EGFR mg:rnahzalon and
degradation activities in these 2 cell lines, measured by ~1-EGF. After
60 min incubation with 100 ng/ml TGF-a, the internalization activity in
293 pAlS cells decreased to about 70% of that in 293 pEGFR cells.
The degraded EGFR rates in 293 pEGFR cells and 293 pAl5 cells were
63.9 £ 6.6% and 21.4 + 3.0%, respectively. The degradation activity of
the mutant EGFR was significantly decreased to about 30% of that of wild
type EGFR. Moreover, significant ubiquitinylation of EGFR was
observed in 293 pEGFR cells, but was rarely observed in 293 pAlS cells
(Fig. 3c¢). In 293 pEGFR cells, EGFR-bound c-Cbl protein was
significantly increased after 15 min exposure of TGF-a(Fig. 3a).
Because this binding was correlated with the time course of phosphoryated
EGFR downregulation, the degradation of wild type EGFR was thought to
be triggered by ¢-Cbl binding in this cell line. In case of the mutant
EGFR transfectant, the autophosphorylation of EGFR was observed after
TGF-a exposure, and this activation was prolonged until 3 hours after the
ligand exposure. In contrast with wild type EGFR, although clear
autophosphorylation of mutant EGFR was detected, no enhancement of the
¢-Cbl binding was observed in 293 pAlS cells.

It has been reported that activated EGFR lead to ¢c-Cbl binding directly
through phosphorylation of Tyr-1045 residue in EGFR and indirectly
through Grb2 binding. The mutations in EGFR that were thought to
contribute to the gefitinib sensitivity, were located around ATP-binding site,
and this site was distinct from the c-Cbl binding sites Tyr-1045 (Levkowitz
et al. 1999), and Grb2 binding sites, Tyr-1068 and Tyr-1086 (Batzer et al.
1994, Jiang and Sorkin 2003). The phosphorylation status of the
Tyr-1045 residue in EGFR is important for the c-Cbl binding to EGFR,
and the replacement of the Tyr-1045 with a phenylalanine reduces
ligand-induced downregulation and receptor ubiquitinylation (Levkowitz
et al. 1999). We examined an immunoblotting using site specific
phosphor-EGFR antibodies to determine if the phosphorylation status of
EGFR was different between wild type EGFR and the mutant EGFR. In
terms of the results, there was no difference in the phosphorylation status
of Tyr-1045 in 293 pEGFR cells and 293 pAl5 cells, moreover,
phosphorylation of Tyr-1068 residue was more enhanced in 293 pA1S5 (Fig.
4b). Therefore, the conformation change in this mutant EGFR does not
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influence the phosphorylation status of these residues, and this
phosphorylation does not contribute to the difference in c-Cbl binding
between wild type EGFR and the mutant EGFR.
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Fig. 4 Duration of EGFR autophosphorylation and EGFR expression in the
in-frame 15-bp deletion mutant EGFR transfectant. (a)Cells were exposed to 100
ng/ml of TGF-o.. After the treatment, cells were lysed and resolved by 10%
SDS-PAGE.  B-actin was detected as an internal control. (b)Cells were exposed to100
ng/ml TGF-a with/without 100 nM gefitinib.  [-actin was detected as an internal control,
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The other causative possibility for the alteration of c-Cbl binding is the
phosphorylation status of c-Cbl by EGFR. ¢-Cbl is a substrate of EGFR
tyrosine kinase and the E3 activity of c-Cbl is regulated by its tyrosine
phosphorylation (Levkowitz et al. 1999). It was reported that the Tyr-731
residue in c-Cbl is a key site for the activation of its ubiquitin ligase
activity (Levkowitz et al. 1999, Kassenbrock and Anderson 2004). Since
the stable transfectants expressing the mutant EGFRs alter downstream
substrate specificity (Sordella et al. 2004), we expected that a
conformational change in the mutant EGFR possibly modulated the
phosphorylation status of c¢-Cbl. To evaluate the effect of c-Cbl
phosphorylation status on the diminished binding between mutant EGFR
and c-Cbl, we examined site specific c-Cbl phosphorylation by respective
phospho tyrosine specific antibodies. Y774 residue of c-Cbl was
phosphorylated in both 293 pEGFR and 293 pAlS cell lines (Fig. 4a).
In contrast, Y700 and Y731 residues of this protein were phosphorylated in
293 pEGFR cells, however, these residues were non or rarely
phosphorylated in 293 pAlS cells. The phosphorylation of these residues
were well correlated with the autophosphorylation of EGFR and were
inhibited by 100 nM of gefitinib in 293 pEGFR, the phosphorylation of
these residues was thought to be mediated by EGFR (Fig. 4b). From
these observations, we speculated that mutant EGFR altered substrates
specificity and the modification of c-Cbl phosphorylation status may
decrease its binding activity to EGFR.

To confirm this hypothesis, we constructed mutant c-Cbl expression
vectors, that were replaced the tyrosine residues of c-Cbl, Y700, Y731, and
Y774, by phenylalanine (indicated F, dominant negative). 293 pEGFR
and 293 pAlS5 cells were transfected with the mutant c-Cbl plasmids by an
electroporation. The stable transfectants were cloned and designated,
293 pEGFR/Y700F, 293 pEGFR/Y731F, 293 pEGFR/Y774F,
293 pA15/Y700F, 293 pA15/Y731F, and 293 pA15/Y774F, respectively.
The stable transfectant clones overexpressed mutant c-Cbl protein as
compared with respective control cells and expression of c-Cbl levels were
the mostly same in these transfectants (Fig. 5a). The expressed ¢-Cbl
protein did not have any influence on the expression of EGFR protein at
the non-stimulate condition. Using of these transfectants, we examined
the binding activity between EGFR and mutant c-Cbl after TGF-a
stimulation. In 293 pEGFR/c-Cbl cells, EGFR-bound wild type c-Cbl
protein was significantly increased after 15 min exposure of TGF-a (Fig.
5b). In case of mutant c-Cbl protein, the replacement of Y700 and Y731
residues by phenylalanine decreased c-Cbl binding to wild type EGFR.
Whereas the replacement of Y774 did not have any influence on the
binding. From these observations, the phosphorylation of Y700 and
Y731 residues by EGFR thought to have an important role for the binding
between EGFR and c-Cbl. In 293 pAl15/c-Cbl cells, this is somewhat
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discrepant data, but the overexpressed wild type c-Cbl was able to bind to
the mutant EGFR, moderately. In contrast, all the mutant c-Cbl proteins
included Y774F significantly decreased binding activity to EGFR. From
these observations, it is thought that the reduced phosphorylation of ¢c-Cbl
Y700 and Y731 residues due to the alteration of substrate specificity as
well as conformation change in the mutant EGFR might reduce the binding
activity between the mutant EGFR and c-Cbl (Fig. 6).

a

293 _pEGFR ¢§v§' $ &
@
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Fig. 5 Effect of phosphorylation status of c-Cbl on its binding activity to EGFR
(a) 293 pEGFR cells and 293 pAl1S cells were transfected c-Cbl plasmids. The
expression of c-Cbl protein in the stable transfectants was demonstrated by an
immunoblotting. (b) To examine the mutant ¢-Cbl binding to EGFR, the stable
transfectants were exposed to 100 ng/ml of TGF-o for the indicated time periods
at37°C.  Samples were IP with anti EGFR antibody.
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Wild type EGFR

Mutant EGFR

Fig. 6  Working hypothesis of the reduced binding between the mutant EGFR
and ¢-Cbl From our observations, it is thought that both of the modulation of
phosphorylation status in c-Cbl and the conformation change in the mutant EGFR
may reduce the binding activity between the mutant EGFR and c¢-Cbl. Refer to
color plates.
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Summary. In human skin and head and neck cancers, cancer cells
frequently overexpress TGFP but decrease expression of TGFf
signaling components. We generated several genetically engineered
mouse models to investigate how these changes affect cancer
progression. Overexpression of TGFB1 in the skin or head and neck
epithelia rapidly induced inflammation, suggesting that inflammation is
a direct effect of TGFB1 overexpression. Given the importance of
inflammation in cancer development, our data suggest that in certain
tissue types, TGFB1-induced inflammation may override its tumor
suppressive effect, even at early stages of carcinogenesis. This notion is
further supported by our finding that deletion of TGFf type II receptor
(TGFBRII) in head and neck epithelia resulted in an elevated
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endogenous TGFpB1, which was correlated with severe inflammation
and angiogenesis in head and neck tissue. In combination with an
activated Ras oncogene in TGFBRII null epithelial cells, these mice
developed head and neck squamous cell carcinoma (HNSCC).
Considering that most late-stage HNSCC cells are resistant to TGFP1-
mediated growth inhibition via loss of TGFBRII or other molecular alterations,
our study suggests that inhibition of the effect of TGFB1 on tumor stroma in
combination with therapy targeting cancer epithelia may provide an effective
therapeutic stragegy for HNSCC. Our study also revealed that dominant
negative TGFPRII blocks TGFB1-mediated EMT but not metastasis.
Consistent with this finding, deletion of a common TGFp signaling mediator,
Smad4, in keratinocytes resulted in SCC formation but not EMT-type tumors.
This result suggests that Smad4 loss abrogates TGFf-mediated EMT, but not
TGFB-mediated invasion, the latter of which may be mediated by Smad3.
This notion is further supported by our findings that Smad3 knockout mice are
resistant to experimental skin carcinogenesis, and that Smad3 is rarely lost in
SCCs. Taken together, our study suggests that SCCs that have both increased
TGFB1, and reduced TGFPRII or Smad4 in tumor epithelia will have a poorer
prognosis than those with TGFP1 overexpression alone or loss of
TGFBRII/Smad4 alone.

Key words. transforming growth factor beta, skin carcinogenesis, epidermis,
Smads, inflammation

Introduction

Transforming growth factor beta (TGFP) represents a family of
multifunctional cytokines that play a pivotal role in the maintenance of tissue
homeostasis through regulation of biological processes including cell growth,
differentiation, apoptosis, extracellular matrix formation, inflammation, and
angiogenesis (Feng and Derynck, 2005). The TGFp superfamily consists of
three major subfamilies: TGFB, activins/inhibins, and bone morphogenetic
proteins (BMPs). These family members signal through type 1l and type 1
transmembrane serine/threonine kinase receptors. Three TGFP isoforms,
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TGFB1, -2, and -3, have been identified in mammals with TGFB1 being the
most widely studied (Li et al, 2003; Wang, 2001). The Smad transcription
factors were initially identified as TGFP intracellular signaling mediators.
Smads are divided into three groups: R-(receptor-activated) Smads, co-
(common) Smad, and I-(inhibitory) Smads (Massague and Gomis, 2006). R-
Smads include Smadl, -5, and -8, which are for BMP signaling, and Smad2
and -3, which are for TGFp/activin signaling. When a TGFP superfamily
ligand binds its specific type 11 and type [ receptor complex, the kinase domain
of the type I receptor binds and phosphorylates R-Smads. Phosphorylated R-
Smads then form heteromeric complexes with the co-Smad, Smad4 and
translocate to the nucleus to regulate TGFP responsive genes. Following
nuclear translocation, heteromeric Smad complexes regulate TGFp-responsive
genes via interaction with specific promoter sequences, termed Smad binding
elements (SBEs). Increased TGFpP signaling, also upregulates I-Smads,
Smad6 and Smad7, which inhibit phosphorylation of R-Smads and target
TGEFP receptors for degradation, thus forming a negative feedback loop for the
TGFP signaling pathway (lzzi and Attisano, 2004; Massague et al., 2005).
Moreover, several phosphatases that dephosphorylate R-Smads to regulate
TGFp signaling were recently identified (Chen et al., 2006; Lin et al., 2006).

While only one TGFBRII has been identified in mammals, there are at
least two difterent type one receptors (TGFBRIs). The classical TGFBRI, also
known as activin receptor-like kinase (ALK)-5, is expressed on almost all cell
types (Goumans et al., 2003; Wrana et al, 1994). In contrast, the other
TGFBRI, ALK, is preferentially expressed by endothelial cells. Activation of
each TGFPBRI utilizes different R-Smads and regulates expression of distinct
sets of genes, leading to different cellular effects. When ALKS is activated, it
phosphorylates Smad2 and Smad3 and turns on the expression of genes
including collagen 1 and plasminogen activator inhibitor 1 (PAI-1). In contrast,
ALKT activation phosphorylates Smadl, -5, and -8 to regulate expression of
genes such as Id inhibitors of differentiation (Id1, -2, -3) (Goumans et al.,
2002). Although Smads are critical for TGF signal transduction, compelling
evidence has suggested that Smad-independent pathways may also mediate
TGFP signaling. For instance, TGFP has been found to activate mitogen-
activated protein kinases (MAPKs), phosphoinositide 3-kinase (PI3K), and
Rho family guanosine triphosphatases (GTPases) to regulate cell growth and
apoptosis (Massague ct al., 2005).
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TGFp has dual effects on cell proliferation, differentiation, angiogenesis,
and inflammation. For instance, TGFP promotes proliferation of mesenchymal
cells such as dermal fibroblasts, but it acts as a potent growth inhibitor of
epithelial cells (e.g., keratinocytes), hematopoietic cells (e.g., lymphocytes),
and neural cells by inducing anti-proliferative gene responses during cell
division (Massague, 2000; Massague et al, 2000). In endothelia, ALKI-
mediated TGFp signaling leads to endothelial cell proliferation and migration
that are essential for angiogenesis, whereas ALKS5 activation opposes this
effect, thereby preventing angiogenesis (Goumans et al., 2003). TGFB is a
strong chemoattractant for all leukocytes including granulocytes, lymphocytes,
monocytes/macrophages, and mast cells, and is thus able to initiate
inflammatory responses. However, TGFp later deactivates leukocytes and
contributes to the resolution of inflammation (Wahl, 1992; Wahl, 1994). Due
to the cell type- and stage-specific roles of TGFp, the role of TGFp signaling
in the maintenance of tissue homeostasis and in disease development is
complex.

Alterations of TGF3 Pathway Components in Skin and Head-
and-Neck Cancer

The TGFp signaling pathway plays an important role in tumor suppression,
primarily via growth inhibition, apoptosis, and maintenance of differentiation.
Paradoxically, TGFB signaling also promotes tumor progression and
metastasis through increased angiogenesis, inflammation, and epithelial-
mesenchymal transition (EMT) (Bierie and Moses, 2006). We have shown that
human skin SCCs exhibit increased levels of TGFf1, but reduced levels of
TGFBRII protein (Li et al, 2005). Moreover, carcinoma in situ samples
already exhibited these changes compared to normal epidermis (Li et al.,
2005). Similarly, we have determined that TGFp1 protein is overexpressed in
HNSCC samples as well as mucosa adjacent to the tumor, whereas TGFBRII
was lost at the mRNA and protein level in HNSCC only (Lu et al., 2004).
Therefore, while TGFp signaling through TGFBRII is preserved during cancer
formation, aggressive HNSCC cells lose TGFp1-mediated growth inhibition
via loss of TGFBRII or other molecular alterations.
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Spatial and Temporal Effects of TGF Overexpression on
Carcinogenesis

TGEFPB has been thought to inhibit proliferation and promote differentiation of
keratinocytes. We have shown that in human skin cancers, TGFB1 is
overexpressed either suprabasally or throughout the tumor epithelia including
basal proliferative cells (Li et al., 2005). Whether or not the spatial patterns of
TGFB1 expression in tumor epithelia affects tumor prognosis is currently
unknown. However, our studies using various transgenic mouse models have
revealed functional differences, particularly in keratinocyte proliferation and
inflammation, which may differentially affect tumor outcome. TGFp was
initially documented as a potent growth inhibitory cytokine of keratinocytes in
vitro (Pittelkow et al., 1988). Similarly, transgenic mice overexpressing a
constitutively active form of TGFBl (TGFP1*™) in the differentiated
keratinocytes of the epidermis driven by a human K1 promoter
(HK1.TGFB1*") showed significant growth arrest in the epidermis (Sellheyer
et al, 1993). Using a gene-switch transgenic mouse model we have also
shown that acute induction of TGFB1* overexpression primarily in suprabasal
layers of the epidermis reduces epidermal proliferation in quiescent skin or
causes a resistance to phorbol 12-myristate 13-acetate (TPA)-induced
epidermal hyperproliferation (Wang et al, 1999). Sustained induction of
suprabasal TGFB!1™" overexpression achieved by application of the transgene
expression inducer to these mice daily for 7 days revealed no overt changes in
the epidermis but significantly increased angiogenesis in the dermis (Wang et
al., 1999). In contrast, constitutive overexpression of latent TGFB1 (TGFp1™")
(Li et al., 2004b) or chronically induced overexpression of TGFB1*" in the
basal layer (Liu et al., 2001) under the control of a K5 promoter led to
epidermal hyperproliferation accompanied with inflammation. Lastly, studies
from R. Akhust laboratory have demonstrated that when TGFB1* transgene is
constitutively overexpressed in the suprabasal layers of the epidermis driven
by a truncated human K10 promoter (Cui et al, 1995) or inducibly
overexpressed by TPA under the control of a truncated K6 promoter (Fowlis et
al., 1996), transgenic mice show an increased epidermal proliferative rate
without histological changes. No obvious phenotypes in the dermis have been
reported from these mice. These contradictory data have suggested that the
effects of TGFB1 overexpression on both the epidermis and the dermis may
vary depending on expression level and spatial pattern (suprabasal or basal).
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When subjected to skin chemical carcinogenesis protocol, transgenic mice
overexpressing TGFB1* in the suprabasal layers of the epidermis show
reduced papilloma formation, yet enhanced malignant conversion (Cui et al.,
1996). This has led to a well-accepted concept that TGFP inhibits benign
tumor formation at early stages of skin carcinogenesis, but enhances malignant
progression at later stages (Cut et al., 1996). In agreement with the tumor
promotion role of TGFp at later stages during skin carcinogenesis, we have
demonstrated that directly inducing TGFB1 overexpression in suprabasal
layers of papilloma epithelia of gene-switch-TGFB1 transgenic mice causes
accelerated malignant transformation and rapid metastasis (Li et al., 2005;
Weeks et al., 2001). This is associated with an upregulation of MMP genes
and an increased angiogenesis, indicative of a paracrine effects of TGFB1 on
stromal cells such as fibroblasts and inflammatory cells (Li et al., 2005; Weeks
etal, 2001).

Role of TGFp in Inflammation and Carcinogenesis

Inflammation has been associated with cancer development, and many
inflammatory cytokines and chemokines stimulate cell proliferation and
angiogenesis, which facilitate tumor growth (Coussens and Werb, 2002; Vicari
and Caux, 2002). With respect to skin cancer, paradoxical effects of
inflammation on cancer development have also been reported. Psoriatic
patients with chronic skin inflammation do not show an increased risk of
developing skin cancer on psoriatic plaques (Nickoloft, 2004). However, in a
human papillomavirus oncogene-induced skin carcinogenesis model, mice
devoid of pro-inflammatory CD4+ T cells exhibited a lower incidence of
tumors and delayed neoplastic progression, providing an unexpected role of
CD4+ T cells in immune enhancement of skin carcinogenesis (Daniel et al.,
2003). In order to assess the role of TGFB1 in skin inflammation and
carcinogenesis, we generated transgenic mice expressing wild-type TGFf1 in
basal keratinocytes and hair follicles (K5.TGFB1™). Transgenic mice
developed a severe inflammatory skin disorder (Li et al., 2004b). Interestingly,
histological examination of KS5.TGFB1™ transgenic skin demonstrated
inflammatory cell infiltration and angiogenesis as early as day 17 after birth,
when the K5. TGFB1*" mice were macroscopically indistinguishable from non-
transgenic littermates (Li et al., 2005; Li et al, 2004b), suggesting that
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gpidermal hyperplasia may be a secondary effect of inflammation and
angiogenesis. Molecular analysis revealed that the skin inflammatory
phenotype was associated with an upregulation in a variety of genes encoding
inflammatory cytokines [e.g., IL-1, IL-2, TNFa, and interferon (IFN)-y],
chemokines [e.g., MIP-2 (murine counterpart of IL-8), monocyte-chemotactic
protein (MCP)-1, and interferon-induced protein-10 (IP-10)], growth
regulators [e.g., insulin-like growth factor (IGF)-1, amphiregulin, and KGF],
matrix metalloproteinases (MMPs) (e.g., MMP-2, -3, and -9), and angiogenic
factors (e.g., VEGF) and their receptors (e.g., Flt-1 and Flk-1) (Li et al,
2004b). These molecules participate in epidermal proliferation, inflammatory
cell infiltration, angiogenesis, and basement membrane degradation, all of
which play a part in skin carcinogenesis.

To further assess the role of TGFBl-associated mnflammation in
carcinogenesis, we turned our attention to HNSCCs. In comparison with skin
SCCs, HNSCCs more frequently develop from sites of chronic inflammation
(e.g., oral lichen planus) and have a much worse prognosis (Coussens and
Werb, 2002; Philpott and Ferguson, 2004). To further determine whether early
stage TGFB1 overexpression directly induces inflammation, we induced
TGFB1 transgene expression in the basal layer of head and neck epithelia in
our keratinocyte-specific gene-switch transgenic mice. Similar to the effect of
TGFB1 overexpression in the epidermis (Li et al., 2004b), we found that
TGFP1 transgene induction in the oral mucosa also resulted in inflammation,
increased angiogenesis, and subsequent epithelial hyperproliferation (Lu et al.,
2004). Given the importance of inflammation in cancer development, our data
suggest that in certain tissue types, TGFPBl-induced inflammation may
override its tumor suppressive effect even at early stages of carcinogenesis.

This notion is further supported by our recent finding that deletion
TGFBRII in head and neck epithelia resulted in an elevated endogenous
TGFB1, which was associated with severe inflammation and angiogenesis in
head and neck tissue (Lu et al., 2006). In combination with an activated Ras
oncogene in TGFBRII null epithelial cells, these mice developed HNSCCs that
mimicked invasive human HNSCCs at the pathological and molecular levels.

Role of TGFp Signaling in EMT and Metastasis

To assess the effect of combined TGFB1 overexpression and loss of TGFBRII
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in skin cancer, we generated transgenic mice that allowed inducible expression
of TGFPI1 in keratinocytes expressing a dominant negative TGFBRII (ABRII)
in the epidermis (Han et al., 2005; Li et al, 2005). Induction of TGFf1
transgene expression alone in late stage chemically-induced papillomas failed
to inhibit tumor growth but increased metastasis and epithelial-to-
mesenchymal transition (EMT), i.e., formation of spindle cell carcinomas.
Although APRII expression in tumor epithelia was able to abrogate TGFfB1-
mediated EMT, a well known metastasis-associated oncogenic event, it
promoted tumor metastasis in cooperation with TGFBl. TGFB1/ABRII-
transgenic tumors progressed to metastasis without losing membrane-
associated E-cadherin/catenin complexes, and at a rate higher than those
observed in non-transgenic, TGFP1 transgenic, or APRIl transgenic mice.
Abrogation of Smad activation by ABRII correlated with the blockade of EMT.
However, APRII did not alter TGFP1-mediated expression of RhoA/Rac, Erk
or JNK, which contributed to increased metastasis (Li et al., 2005). Our study
provides evidence that TGFB1 induces EMT and invasion via distinct
mechanisms. TGFP1-mediated EMT requires functional TGFBRII, whereas
TGFp1-mediated tumor invasion cooperates with reduced TGFBRII signaling
in tumor epithelia. The present study has raised a very interesting conclusion
that TGFP1-mediated EMT in tumor epithelia is dispensable for tumor
invasion and metastasis, which can be largely contributed to by the effects of
TGFpB1 on the stroma, where TGFP responsiveness remains intact. Thus,
TGFP1-mediated tumor invasion and EMT can be uncoupled.

To determine whether downstream TGFP signaling components are
important for SCC formation and EMT, we deleted individual Smads in
murine keratinocytes. Deletion of Smad4 in the epidermis resulted in
spontaneous SCC formation (Qiao et al., 2006). However, no spindle cell
carcinomas resulting from EMT were observed. Interestingly, increased
nuclear Smad3 levels were observed in Smad4 knockout SCCs (unpublished
data). This result suggests that Smad4 loss abrogates TGFp-mediated EMT but
not TGFB—mediated invasion, the latter of which may be mediated by Smad3.

While there are numerous reports of Smad4 loss and/or mutation in various
cancer types (Bierie and Moses, 2006), Smad3 loss or inactivation is very rare
(Sjoblom et al., 2006). We have found that Smad3-/~- and Smad3+/- mice are
resistant to two-stage skin chemical carcinogenesis (Li et al., 2004a).
Moreover, we found a dramatic reduction in inflammation in Smad3 knockout
tumors compared to wild-type tumors, with particular loss of tumor-associated



77

macrophages (TAMs) (Li et al., 2004a). It is well known that TPA treatment
induces skin inflammation, and this stromal effect is critical for cancer
development. TGFB1 is a major cytokine induced by TPA. We have shown
that TGFB1 overexpression in keratinocytes has a profound effect on inducing
skin inflammation (Li et al., 2004b). Therefore, our study suggests that Smad3
is required for TGFP1-mediated inflammation. Additionally, Smad3 knockout
skin demonstrated reduced epidermal hyperplasia, reduced proliferation in
papillomas, and increased apoptosis in skin and papillomas compared to wild-
type mice. TPA-induction increases TGF-B1 levels in keratinocytes, which
normally leads to the up-regulation of tumor promoting factors, including
TGF-p and AP-1 family members such as c-fos, c-jun, junB, and junD.
However, Smad3 knockout TPA-treated skin, papillomas, and tumors
demonstrated decreased induction of these molecules (Li et al., 2004a),
indicating that Smad3 is required for this aspect of TPA-related tumor
promotion.

Conclusions

Our studies suggest that TGFf1-mediated inflammation plays an important
role i tumor promotion. SCCs with TGFf1 overexpression can still
metastasize without EMT through increased inflammation, protease activity,
and angiogenesis. Thus, SCCs that have both increased TGFB1 and reduced
TGFBRII or Smad4 in tumor epithelia will have a poorer prognosis than those
with TGFB1 overexpression alone or loss of TGFBRII or Smad4 alone. Taken
together, inhibition of the remaining TGFB1 effect on tumor stroma in
combination with targeting oncogenic changes in cancer epithelia may provide
an eftective therapy for SCC.
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TGF-B and Tumor Progression Mediated by
Reactive Oxygen Species
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Summary. TGF-B1 is a multi-functional cytokine. It suppresses growth of
normal epithelial cells, whereas it promotes malignant progression in pre-
neoplastic cells. As signaling molecules of TGF-3, Smads are well known
regulators, but we previously showed that TGF-§ stimulated cells to in-
crease intracellular ROS levels that participate in the expressions of sev-
eral genes. ROS have recently been recognized as second messengers for
physiological signaling. and we confirmed that reactive oxygen species
(ROS) levels were elevated in TGF-B-treated cells. The mitochondria
were the major source of ROS, and ROS participated in the induction of
several TGF-B-inducible genes such as MMP-9, Nox4 and MMP-10.
These molecules could be involved in the malignant progression of prema-
lignant cells, and the activation of the mitochondria is an important step for
this process.

Key words. TGF-, reactive oxygen species, mitochondria, MMP-9

Results and Discussion

1 Production of reactive oxygen species

The intracellular (cytosolic) hydrogen peroxide level was monitored in a
single cell with a fluorescent reporter (Hyper)-C (cytosol) and found to in-
crease in TGF-B1-treated mouse mammary epithelial cells (NMuMG) dur-
ing the first several hours after treatment (Fig. 1). The expression of a do-
minant negative form of ALKS (type I receptor for TGF-f3) attenuated the
increase, indicating that the change in hydrogen peroxide level was down-
stream of the TGF-B receptor. Intriguingly, this increase was abolished in
mitochondria-depleted (p0) cells. These observations suggest that TGF-B1
modify respiratory activity of mitochondria, thereby causing redistribution
of hydrogen peroxide within cells. Consistent with this, the membrane po-
tential of mitochondria was found to decrease by TGF-B1.
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The smad-signal pathways seemed to be intact in rho-0 cells since phos-
phorylation of Smad3 and p38 protein was increased by TGF-1 even in
rho-0 cells.

HyPer-C ( normal cell )‘

Cell:NMuMG

TGF-B (2 ng/mL)

~—TGF-B+|
[[e—TGF-8- |

Fluorescence intensity (Ratio)

: : N X
0 2 4 6 8 10 12 14 16 18 20 22 24 ™

Fig. 1 Levels of hydrogen peroxide in control and TGF-f —treated cells.
NMuMG cells were transfected with an expression vector for Hyper-C, and 16 -
18 hrs later cells were either untreated or treated with TGF-B. Fluorescent intensi-
ties of Hyper-C were measured under fluorescent microscope.

2 Mitochondria-dependent expression of genes

To address the significance of the above observation, we examined gene
expression profiles regulated by TGF-B1 and their dependence on mito-
chondria. With gene tip analysis, several genes were identified that were
induced by TGF-B1 in a mitochondria-dependent manner. Among them,
cell adhesion- as well as mesenchymal phenotype-related genes were pre-
dominantly included (Table 1). It is, thus, speculated that TGF-B1 modu-
lates mitochondrial respiratory activity to redistribute reactive oxygen spe-
cies in cells, and ROS in turn function as mediators regulating the gene
expressions that are critical for malignant phenotypes such as invasion, cell
movement and adhesion.

Some examples of candidate genes such as MMP-9, integrin «ll,
smooth muscle actin, adam12 and surpin f1 were selected, and inducibility
was confirmed by RT-PCR. The induction of these genes by TGF-B1 was
decreased in p0 cells, whereas that of fibronectin, integrin a5, and PAI-1
genes were not significantly affected.
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TGF- B -inducible and mitochondria-dependent genes
~ DNA microarray analysis ~

0GS T(+-) Ti+-)p description
Itgail 44.81 3.03 integrin, alpha 11 (Itga11) ® & &
Itgas 26.94 4.03 integrin alpha 5 (fibronectin receptor alpha) (ltga5) ® +*
Ctsw 25.03 11.33 cathepsin W (Ctsw)
Ltbp2 237 10.61 procollagen, type V, alpha 3 {Col5a3) o
ColSa3 232 5.5 latent transforming growth factor beta binding protein 2 (Ltbp2) ® A

serine (or cysteine) protei inhibitor, clade F, ber 1 \
Serpinft 225 4 (Serpinfl) A *
Acta2 21.57 2.04 actin, alpha 2, smooth muscle, aorta (Acta2) ® A x
Col7al 17.54 6.24 procollagen, type VII, alpha 1 (ColTa1) @
Acta2 14.34 1.87 actin, alpha 2, smooth muscle, aorta (Acta2) ® 5
Eno2 13.72 -2.79 enolase 2, gamma neuronal (Eno2)
Myl7 13 4.52  myosin, light polypeptide 7, regulatory (Myl7) @
Plkd 11.44 -1.18 polo-like kinase 4 (Drosophila) (Plk4)
Hek 10.5 449 hemopoletic cell kinase (Hek)
Tne 9.59 4.5 tenascin C(Tnc) o
Actal 6.73 3.27  actin, alpha 1, skeletal muscle (Actat) @
Adam12 5.54 228 adisi in and il i domain 12 (meltrin alpha) (Adam12) O o %
© cCell adhesion, cytoskeleton ,» Mesenchyme (bone, muscle, cartilage, tendon etc.) -related
* Analyzed in detail

Table 1. DNA microarray analysis of gene expression pattern. mRNA from
control, TGF- -treated or mitochondria-depleted NMuMG cells were analyzed by
microarray. Genes whose expressions were modulated commonly by TGF-f-
treatment or mitochondria-depletion were summarized

3 induction of MMP-9

The induction of MMP-9 was significantly decreased in the mitochondria-
depleted cells; this, however, required the TGF-B-receptor since the ki-
nase-dead (KD) form of ALKS5 decreased the induction. On the other
hand, the induction was independent on the Smad pathway because the ex-
pression of the dominant negative form of Smad3 or inhibitory Smad
(Smad 7) did not affect the induction. On the other hand, induction of fi-
bronectin, integrin a5 and PAI-I was not affected by the mitochondrial
depletion but was decreased by the expression of Smad7. These results in-
dicate that signaling pathways for MMP-9 are partly different from those
of FN, integrin a5 and PAI-I (Fig. 2).

MMP-9 induction was significantly decreased in the presence of radical
scavengers such as tiron or PDTC, but induction of integrin a5 was not af-
fected. As for the mechanism of MMP-9 induction, the induction seems to
be transcriptional because levels of RNA containing introns, as well as ex-
ons, were increased by TGF-f.
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The induction of MMP-9 was attenuated by mitochondria-
depletion.

controd)

mANA induction

FN ) Integrin o5 ) PAI-1

0o 2 4 € 6-(4)6-(10) (day) 2 4 6 (day) 0 2 & 6 (day

Days cultured with ethidium bromide

Fig. 2. Effect of mitochondria-depletion on gene expressions induced by TGF-p.
NMuMG cells were either untreated or treated with ethidium bromide for indi-
cated times to deplete mitochondria, and were treated with TGF-B. Levels of
mRNA for MMP-9, fibronectin (FN), integrin o5, or plasminogen activator inhibi-
tor (PAI)}1 were measured by quantitative RT-PCR.

4 Induction of Nox4

The next question was concerned with the involvement of NADPH oxi-
dase in hydrogen peroxide production in TGF-B-treated cells. NADPH
oxidase is known to form a family that contains 5 or more members, and
each member is comprised of catalytic and regulatory subunits. NMuMG
cells express Nox4, and the mRNA levels of this protein were examined.

Nox4 and its regulatory subunit increased dramatically in TGF-B1-
treated cells both in terms of mRNA and protein, but Nox2 or gp91 mRNA
levels decreased 24 hr following TGF-B1-addition. The cells exposed to
EtBr for 2, 4, 6 days and those further cultured for 4 days without EtBr
were treated with TGF-B1. Nox4 induction was decreased in mitochon-
dria-depleted cells.

The effect of inhibitors for ROS production and ROS scavengers on the
induction of Nox4 by TGF-3 was examined. DPI, that is a nonspecific in-
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hibitor of ROS production, and rotenone significantly inhibited Nox4 in-
duction; scavengers for ROS or superoxide also inhibited Nox4 induction.

The involvement of Nox-4 in TGF-f3-signaling was examined by knock-

down using SIRNA. When SiRNA for Nox4 was introduced to the cells,
induction of MMP-10 was inhibited, whereas that of other genes was not
atfected significantly. These results indicate that Nox4 is important for the
induction of MMP-10 possibly through the production of ROS.

In summary, H202 produced from the TGF-B-treated cells participates in
the regulation of the expressions of several genes that work as tumor pro-
gressors.

Summary .

Time and Space-dependent
regulation of two ROS-
generation systems

cytoplasm

2 mitochondria

- ‘q" R—
Nox4
Smad LIUAD,
f o
m —— (ROS
f N N 4
nucleus ; \‘(
£ g adis B Noxd.
Jdntegring5, ,adami2,  MMPS, MMPA0.
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Regulation of malignant phenotypes induced by TGF-5 ?

Fig. 3 Summary Refer to color plates.
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Summary. MMP-2 is a stroma-derived matrix metalloproteinase and
also known as a type IV collagenase. It is believed to mediate tumor cell
behavior by degrading deposits of type IV collagen, a major component of
the basement membrane. The membrane-type matrix metalloproteinase
MT1-MMP is a highly potent activator of MMP-2, and is expressed in
many tumor and stromal cells. However, the roles played by stromal
MMP-2 and tumor-derived MT1-MMP in tumor progression in vivo
remain poorly understood. Thus, we analyzed importance of
MT1-MMP/MMP-2 axis in vivo by using a colon epithelial cell line from
an Mtl-mmp” mouse strain and Mmp-2" mice. Tumor formation of the
cells was mostly dependent on expression of MT1-MMP in the cells and it
additionally required MMP-2 supplied by the host tissue. On the other
hand, overexpression of MMP-2 is frequent in tumor stroma and we
identified EMMPRIN, a multifunctional glycoprotein, as a tumor-derived
mediator to induce MMP-2 expression in fibroblasts after cleaved by
MTI1-MMP. MT1-MMP cleaves EMMPRIN and released a 22 kDa
fragment which has activity to augment expression of MMP-2 in
fibropbrasts. Thus, there is a positive feedback loop between the
MT1-MMP/MMP-2-dependent tumor growth and stimulation of MMP-2
production in tumor stroma by MT1-MMP and EMMPRIN.

Key words. metalloproteinases, MMP-2, MT1-MMP, EMMPRIN,
tumorigenicity

1. Introduction

Malignant tumors express multiple matrix metalloproteinases (MMPs),
most of which are produced by stroma cells such as fibroblasts and
infiltrating macrophages (Egeblad and Werb, 2002). MMPs are believed to
play roles in tumor growth, invasion, and metastasis by degrading
extracellular matrix (ECM) and by proteolytic conversion of bioactive
molecules in tumor tissue (Egeblad and Werb, 2002). Based on this idea,
many MMP inhibitors (MMPIs) have been developed for therapeutic use,
although most clinical trials have ended in failure (Overall and Kleifeld,
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2006). However, it should be noted that broad-spectrum MMPIs were used
in these clinical studies, without precise knowledge about each MMP that
should have been targeted. Thus, it is important to understand the functions
of individual MMPs in tumor progression and we have been interested in
roles of tumor-derived MT1-MMP and stroma-derived MMP-2 in tumor
growth and invasion.

MMP-2 (matrix metalloproteinase 2; also known as gelatinase A and
72 kDa type IV collagenase) has the ability to degrade type IV collagen in
the basement membrane (BM); it is one of the major stroma-derived
MMPs (Sato et al., 1992). In spite of the many in vitro studies that have
indicated that MMP-2 plays an important role in tumor invasion of the BM
(Stetler-Stevenson, 1990), little is known about the specific functions of
MMP-2 in vivo. MMP-2 is produced as an inactive zymogen (proMMP-2),
which is then activated in a tumor-dependent manner (Stetler-Stevenson,
1990). The activation is mostly mediated by MT1-MMP (membrane-type 1
matrix metalloproteinase; also known as MMP-14) which is expressed in
many tumor tissues (Seiki, 2003). In these tissues, MT1-MMP expression
levels correlate well with MMP-2 activation, as well as a poor prognosis
for the patient (Itoh and Seiki, 2006). Thus, MT1-MMP is believed to be a
major activator of stroma-derived MMP-2 i tumors.

MTI-MMP is an integral membrane metalloproteinase that is
expressed frequently both in tumor and stroma cells (Sato et al., 1994;
Seiki, 2003). It cleaves a variety of ECM proteins (collagen I, II, III;
fibronectin; laminin-5), cell adhesion molecules (CD44, integrin av and
tissue transglutaminase), cytokines and proMMPs (proMMP-2 and
proMMP-13) (Itoh and Seiki, 2006). Among these substrates, typel
collagen is a particularly important physiological target for MT1-MMP.
Specifically, MTI1-MMP-null mice are defective in type [ collagen
turnover and display severe fibrosis in their joints, delayed bone formation,
multiple tissue defects and ecarly death (Holmbeck et al, 1999).
MT1-MMP is required in vitro for the invasion of type 1 collagen matrix
by tumor and endothelial cells (Hotary et al., 2000). In addition, Hotary et
al. (2003) reported that MTI-MMP is a critical requirement for tumor
formation in vivo, and that in vitro its activity 1s sufficient for growth
promotion of some tumor cell lines in type I collagen matrix (Hotary et al.,
2003). Thus, it seems clear that, at least in cells surrounded by type I
collagen, MTI-MMP type | collagenase activity is essential for tumor
growth.

2. MT1-MMP is the major activator of MMP-2 in cancer

As proMMP-2 activation is believed to be an important step for cancer
cells to invade into basal lamina, the mechanism of activation has been
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extensively studied. This process is not a simple interaction of proMMP-2
and MTI1-MMP, but mvolves its endogenous inhibitor TIMP-2 (Seiki,
2003). MT1-MMP expressed on the cell surface forms a complex with
TIMP-2 through the catalytic domain of the enzyme and the N-terminal
inhibitory domain of TIMP-2 as an enzyme-inhibitor complex. The
exposed C-terminal domain of TIMP-2 has an affinity for the
hemopexine-like (Hpx) domain of proMMP-2, and this results in the
formation of an MT1-MMP-TIMP-2-proMMP-2 ternary complex. Since
MT1-MMP in this complex is inhibited by TIMP-2, another MT1-MMP
free from TIMP-2, is required to carry out the activation of proMMP-2. To
arrange another molecule of MT1-MMP next to the ternary complex of
MT1-MMP-TIMP-2-proMMP-2, MT1-MMP forms a homo-oligomer
complex through its Hpx domains and/or transmembrane/cytoplasmic
domains (Itoh and Seiki, 2006). In this complex one of the MT1-MMP
molecules acts as a receptor and the other acts as an activator, forming a
proMMP-2 activation complex. This homo-oligomer complex formation is
important in the activation process on the cell surface, because separating
two MT1-MMPs by over expressing a catalytic domain deletion mutant of
MTI1-MMP effectively inhibits proMMP-2 activation (Itoh and Seiki,
2006).

3. EMMPRIN cleaved by MT1-MMP acts as an inducer of
MMP-2 in stroma cells

EMMPRIN (extracellular matrix metalloproteinase inducer) is a
multifunctional glycoprotein that belongs to the immunoglobulin
superfamily (Biswas et al., 1995). EMMPRIN-null mice are sterile, and
have defects in spermatogenesis, fertilization, sensory and memory
functions, and mixed lymphocyte responses (Igakura et al, 1998).
However, the exact mechanisms underlying the observed defects are still
largely unknown.

EMMPRIN has been characterized to induce MMP-2, -3, -9,
MTI1-MMP, and MT2-MMP in addition to MMP-1; only glycosylated
EMMPRIN is able to induce these MMPs, and the N-terminal Ig-like
domain is also indispensable for the MMP-inducing activity, as well as for
the homophilic interactions of the protein. EMMPRIN therefore potentially
mediates the excessive production of MMPs in tumor tissue and is
expected to act as a modulator of ECM in tumor tissues through the
activity of the MMPs that it induces.

MTI1-MMP (MMP-14) is an interesting candidate for the EMMPRIN
shedding as an integral membrane protease responsible for pericellular
proteolysis (Itoh and Seiki, 2006; Seiki, 2003). EMMPRIN shedding is
enhanced by treatment of cells with phorbol-12-myristate 13-acetate
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(PMA) and inhibited by tissue inhibitor of metalloproteinase (TIMP)-2 but
not by TIMP-1, indicating the possible involvement of MT-MMPs. Indeed,
expression, knockdown, and in vitro cleavage studies supported the
involvement of MT1-MMP in EMMPRIN proteolysis (Egawa et al., 2006).
The external portion of EMMPRIN is released from the cells by
MT1-MMP cleavage and it retained the activity to induce expression of
MMP-2 in fibroblasts. Thus, MT1-MMP expressed in tumor cells can
increase MMP-2 1n the tissue by releasing EMMPRIN fragment from the
cells (Egawa et al., 2006).

4. Role of stroma-derived MMP-2 in MT1-MMP-dependent
tumor growth

We established a colon epithelial cell line from an Mz/-mmp” mouse strain,
and transfected these cells with an inducible expression system for
MTI-MMP (MTlrev cells) (Taniwaki et al, 2007). Following
subcutaneous implantation into Mmp-2"" mice and induction of
MTI-MMP expression, MT1rev cells grew rapidly, whereas they grew
very slowly in Mmp-2" mice, even in the presence of MT1-MMP. This
MT1-MMP-dependent tumor growth of MTlrev cells was enhanced in
Mmp-2" mice as long as MMP-2 was supplied via transfection or
co-implantation of MMP-2-positive fibroblasts. MTIrev cells cultured in
vitro in a 3D collagen gel matrix also required the MT1-MMP/MMP-2
axis for rapid proliferation. MTlrev cells deposit type IV collagen
primarily at the cell-collagen interface and these deposits appear scarce at
sites of invasion and proliferation (Taniwaki et al., 2007). These data
suggest that co-operation between stroma-derived MMP-2 and
tumor-derived MTI-MMP may play a role in tumor invasion and
proliferation via remodeling of the tumor-associated basement membrane.

5. Discussion

What clinical implications does the present study hold? Our findings
suggest that MMP-2 plays a particularly important role in the early stages
of tumors, when the BM remains adjacent to the tumor cells. At the same
time, tumor cells in the early stages may retain the ability to express
components of BM, including typelIV collagen and laminin, as
demonstrated here with MTlrev cells. On the other hand, the MMP-2
requirement may not be as critical for more advanced tumors, such as
those that have completed the epithelial-mesenchymal transition (EMT).
Even for advanced tumors, MT1-MMP may still be important since tumor
cells are surrounded by typel collagen. Thus, MMP-2-targeted therapy
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may work effectively only in the early stages of tumors. However, it is
noteworthy that the phenotypic characteristics of Mmp-2" mice are not
severe (Itoh et al., 1997). Thus, specific inhibition of MMP-2 might
provide effective prevention of the early stages of tumor progression,
without causing serious side effects. However, as described earlier, the
phenotypic characteristics of MtI-mmp”™ mice are severe. Thus, only
MT1-MMP expressed by tumor cells or in tumor tissue should be targeted
if these severe side effects are to be avoided.
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Summary. Cyclooxygenase-2 (COX-2), a rate-limiting enzyme in proin-
flammatory prostaglandin E, (PGE,) biosynthesis, is up-regulated in a va-
riety of human cancers, and multiple lines of evidence have suggested that
COX-2 and COX-2-derived PGE, are important in carcinogenesis. Here,
we found that COX-2 was markedly up-regulated in human bladder transi-
tional cell carcinoma as well as in other malignancies. In normal bladder
tissues, COX-2 protein was detected only in lympholid follicles. Expres-
sion of COX-2 in lymphoid follicles may be induced by proinflammatory
stimuli and associated with bladder carcinogenesis. Furthermore, we found
that among four types of PGE receptors, only EP1 was overexpressed in
human bladder tumors and showed that EP1 may be involved in bladder
tumor progression. Our results indicated that COX-2-derived PGE, pro-
motes bladder carcinogenesis through the activation of EP1 receptor.

Keywords. prostaglandin E,, cyclooxygenase-2, prostaglandin E receptor,
bladder tumor

Introduction

Bladder cancer is the most common malignancy of the urinary tract, and
the fourth or fifth leading cause of cancer-related death of men in Western
industrialized countries (Jemal et al. 2007). The prognosis of patients with
advanced bladder cancer is still extremely poor despite recent therapeutic
advances, such as improved surgical techniques and perioperative combi-
nation chemotherapy. Therefore, future improvement in the survival rate of
patients with bladder cancer might be possible through the development of
novel indicator or therapeutic strategies.

Prostaglandin (PG) E,, a proinflammatory lipid mediator, is involved in
the carcinogenic process and malignant aggressiveness. Cyclooxygenase
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(COX) is a crucial rate-limiting enzyme in PGE, biosynthesis, which con-
verts arachidonic acid into PGG; and then PGH,. Among two COX iso-
zymes, COX-1 is constitutively expressed in nearly all tissues and func-
tions in maintaining tissue homeostasis, whereas COX-2 is inducible by a
large number of factors such as proinflammatory cytokines, growth fac-
tors, carcinogens, and tumor-promoting phorbol esters (Turini and DuBois
2002). Overexpression of COX-2 has been associated with the develop-
ment of several types of cancer, including lung, colon, mammary and skin.
Evidence from a variety of experimental approaches suggests that COX-2
and PGE, have procarcinogenic effects in these cancers by increasing cell
proliferation, enhancing angiogenesis, promoting invasion, and inhibiting
apoptosis (Wang et al. 2007). COX-2-derived PGE, exerts its biological
actions through its binding to four specific receptor subtypes known as
EP1, EP2, EP2 and EP4 (Sugimoto and Narumiya 2007). It has been re-
ported that all of four EPs are involved in carcinogenesis.

Here, we revealed that COX-2 was markedly up-regulated in human
bladder transitional cell carcinoma (TCC) as well as in other malignancies
by RT-PCR and immunohistochemical analysis (Matsuzawa et al. 2002). It
was also found that COX-2 immunostaining signals were observed in lym-
phoid follicles in human bladder tissues. Furthermore, we found that
among four EPs, only EP1 was overexpressed in human bladder tumors
and showed that EP1 may be involved in bladder tumor progression using
mouse models.

Overexpression of COX-2 in human bladder cancer

A large body of evidence exists to suggest that COX-2 is important in
gastroinstestinal cancer (Gupta and DuBois 2001). In order to determine
whether COX-2 is overexpressed in TCC of the human bladder as well as
in gastroinstestinal cancer, we investigated COX-2 expression in human
TCC by RT-PCR and immunohistochemical analysis, and we found that
normal bladder epithelium did not express COX-2 and that COX-2 was
markedly up-regulated in human bladder TCC. Furthermore, the intensity
and extent of COX-2 immunostaining in the bladder cancer tissues were
scored and the relationship to tumor grade and stage was investigated. The
levels of COX-2 expression were correlated with the tumor grade; from
grade 1 to 3, there was stepwise increase in the COX-2 immunostaining
score. These findings suggested that an increase in COX-2 expression may
be associated with bladder carcinogenesis as well as gastrointestinal carci-
nogenesis, and that it may be useful as a biomarker in bladder cancer.
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In normal tissues, COX-2 protein was detected only in lympholid fol-
licles as well as in TCC. This observation is consistent with the previous
reports that the expression of COX-2 is induced by proinflammatory sti-
muli and that inflammatory leukocytes express high levels of COX-2 pro-
tein (Nanayama et al. 1995, Niiro et al. 1997). It has also been reported
that eosinophilic or irritant-induced cystitis is a risk factor for bladder can-
cer (Burin et al. 1995). Expression of COX-2 in lymphoid follicles may be
induced by proinflammatory stimuli and associated with bladder carcino-
genesis.

Involvement of EP1 in bladder tumor progression

We next investigated the expression of EP mRNAs in bladder tumor tis-
sues by RT-PCR analysis and found that among four EPs, only EP1 was
expressed. EP1 immunoreactive signals were also observed in human
bladder TCC. Furthermore, our quantitative real-time RT-PCR analysis re-
vealed that EP1 expression levels in bladder tumors were significantly in-
creased in comparison to those in normal bladder tissues from the same pa-
tients.

Bladder carcinogenesis is associated with chemical exposure. BBN (V-
n-butyl-N-butan-4-ol-nitrosoamine) is often used for promoting bladder
carcinogenesis in mice. In order to reveal the involvement of EP1 in blad-
der carcinogenesis, we next investigated the effects of EP1 gene knockout
and EP1 antagonist on BBN-induced bladder carcinogenesis in mouse
models. As the results, the incidence of bladder tumors was significantly
reduced by EP1 gene deficiency or administration of EP1 antagonist. The
malignant potential of bladder tumors was also suppressed. These results
indicated that COX-2-derived PGE, promotes bladder carcinogenesis
through its binding to EP1 receptor.

Conclusion

We here revealed that both COX-2 and EP1 were overexpressed in human
bladder tumors, and suggested that both of them may be useful as bio-
markers in bladder cancer. Furthermore, our results indicated that COX-2-
derived PGE; is involved in bladder tumor progression through the activa-
tion of EP1 receptor. Selective EP1 antagonists might be promising candi-
dates for bladder cancer chemopreventive agents.
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Molecular Biomarker for Lung Cancer
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Summary. Among lung cancer genres, Non-small cell lung cancer
(NSCLC) 1s the predominant type and the most common cause of cancer
deaths worldwide (Jemal et al. 2006, Pepe et al. 2004). A report from
Taiwan Cancer Registry in 2002 demonstrated that the mortality of lung
cancer 18 less than liver cancer in male, but it ranked number 1 in cancer
mortality in female. Delayed diagnosis and poor treatment outcome are the
unsolved obstacles for most physicians in treating the lung cancer patients.
The overall treatment outcome of lung is still poor. About 30% of
patients with NSCLC present early stage disease and receive potentially
curative treatment, but up to 40% of these patients relapse within 5 years
(Hoffman et al. 2000, Mountain 1997, Naruke et al. 1988). Recent genetic
epidemiology and pharmacogenomic studies revealed that lung cancer in
different ethnic group, particularly in East Asia, female non-smoker lung
adenocarcinoma, is a distinct disease and may be different from patients
from western country (Yang et al. 2008). The current clinicopathological
staging system for NSCLC is inadequate for predicting whether these
patients, with the same clinical and pathological features, will develop
metastasis or would be cured. To improve the management of NSCLC,
molecular methods for identifying patients at high risk of recurrence of
metastasis after resection are needed.

Key words. Non-small cell lung cancer, biomarker, predictive,
prognostic, microRNA

The biomarker can be classified into three types. The prognostic
markers are biomarkers that can be used to estimate patients’ outcome
independent of therapeutic decision. The predictive markers are
biomarkers that can assist therapeutic decision for the patients. The
diagnostic biomarkers are biomarkers that can assist disease diagnosis,
disease subclassification and monitoring of the therapeutic response for the
patients.
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Biomarkers regarded as diagnostic and prognostic factors for cancer has
been presented in many studies (Ludwig and Weinstein 2005, Sidransky
2002). Unfortunately, there is no mature biomarker used in clinical
practice. For example, the concentration of prostate-specific antigen (PSA)
1s higher in patient with prostate cancer than in normal one. However, the
false positive rate is high when using PSA as a diagnostic factor for
prostate cancer. This phenomenon may be due to benign prostate
hyperplasia and inflammation efc. Until today, it is still a controversial
issue of using PSA in prostate cancer screening (Etzioni et al. 2002, Vastag
2002).

The processes of normal cell transforming into cancer cell are complex.
There are three major levels in these phenomena: genomic DNA, DNA
transcribes to RNA, and RNA translates to protein (Ludwig and Weinstein
2005, Sidransky 2002, Vastag 2002, Esquela-Kerscher and Slack 2006).
We measure the changes of elements in the above three levels as
biomarkers. For examples, tumorigenesis may due to the increase of the
oncogene copy number and the deletion of the tumor suppress gene in
DNA level, differential gene expressions of RNA can be found between
normal and cancer cells; and abnormal expressions or structures of
proteins could be detected in cancer cells.

Recently, the definitions of classical oncogenes and tumor suppressors
have been expanded to include a new species of RNAs, known as
microRNAs, due to the epochal findings on regulatory functions of
non-protein-coding RNAs. The microRNAs are a new class of small
non-protein-coding RNAs that can act as endogenous RNA interference
(Hammond 2006). The microRNAs can post-transcriptionally regulate
hundreds of their target genes expressions and control a wide range of
biological functions such as cellular proliferation, differentiation and
apoptosis (Esquela-Kerscher and Slack 2006). Recent evidence indicates
that microRNAs may function as tumor suppressors or oncogenes; and
alterations in microRNA expression may play a critical role in the cancer
initiation and progression (Calin and Croce 2006).

The microRNAs are single-stranded RNAs consist of 18-25 nucleotides,
and could be found in both plant and animal cells. They regulate their
targets by direct-cleavage of the mRNA or by inhibition of protein
synthesis, according to the degree of complementarities with their targets’
3’-untranslated regions (3°-UTR)’. Perfect or nearly perfect base pairings
between microRNA and its target 3’-UTR induce RNA-induced silencing
complex RISC to cleave the target mRNA, whereas imperfect base pairing
induces mainly translational silencing of the target but can also reduce the
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amount of the transcript of target (He and Hannon 2004).

Microarray technology (Hoheisel 2006, Schena et al. 1995, Schena et al.
1996) is commonly used to measure the mRNA expressions in large-scale.
Recently, microarray gene expression profiles were shown to be correlated
with cancer behavior or clinical outcome and to provide a better prediction
of patient survival than traditional methods (I.udwig and Weinstein 2005,
Golub et al. 1999, Ramaswamy et al. 2003), including lung cancer (Beer et
al. 2002, Bhattacharjee et al. 2001, Garber et al. 2001, Gordon et al. 2002,
Wigle et al. 2002). However, the use of microarrays in clinical practice is
limited by technical matters: the large number of genes employed in gene
profiling (Ramaswamy 2004), complicated methods, and the lack of
reproducibility and independent validation. The genes selected for
profiling in different studies of lung cancer have varied considerably, and
only a few genes have been consistently included in the analyses (Beer et
al. 2002, Bhattacharjee et al. 2001, Garber et al. 2001, Wigle et al. 2002) .
Gene expression profiles can vary according to the microarray platform
and analytical strategy used in the analysis (Lossos et al. 2004) .

The microRNA expression profiles may be useful for the classification,
diagnosis or prognosis of some human malignancies (Esquela-Kerscher
and Slack 2006, Calin and Croce 2006). Furthermore, the recent reports
revealed that the expression profiling of microRNAs may be a more
accurate method of classifying cancer subtype than using the expression
profiles of protein coding genes (Esquela-Kerscher and Slack 2006,
Volinia et al. 2006) . So far, our understanding of microRNA expression
patterns in cancer patients is just starting to emerge. However, several
microRNAs have been reported to be associated with the clinical outcome,
including chronic lymphocytic leukemia (Calin et al. 2005), breast (lorio et
al. 2005), pancreas (Roldo et al. 2006) and lung (Takamizawa et al. 2004,
Yanaihara et al. 2006, Yu et al. 2008) cancers.

After microarray analysis, the gene expression profiles usually require
further validation, preferably by reverse-transcription polymerase chain
reaction (RT-PCR). The RT-PCR method using paraffin-embedded
pathology specimen is reproducible and is applicable in clinical practice.
However, RT-PCR can only be used to screen for a small number of genes
(Ramaswamy 2004) . A recent study demonstrated good prediction of
prognosis by real-time RT-PCR lung cancer (Chen et al. 2007, Endoh et al.
2004); still, whether real-time RT-PCR gene signatures can predict survival
of all NSCLC patients is uncertain.

The current studies showed similar results with the previous reports in
mRNA expression (Beer et al. 2002, Bhattacharjee et al. 2001, Garber et al.



102

2001, Wigle et al. 2002, Lossos et al. 2004, Endoh et al. 2004), or in
microRNA expression (Calin and Croce 2006, Calin et al. 2005, Yanaihara
et al. 2006) . Nevertheless, the limitations of current studies exist,
including too many genes (more than 10 genes), lack of RT-PCR
confirmation, lack of external validation, and single gene use only.

In the studies of biomarker development, too many genes used in a
predictive model may cause difficulty in clinical application; an example is
Microarray technology: the expression profiles consist of many genes. In
addition, the results obtained from microarray experiments are not
completely reliable and further confirmations by other approaches are
required, such as RT-PCR or Northern blot. The internal validation
approach such as cross-validation or training-testing approach for model
validation is not enough. The external validation which contains the
sample not overlapping the population of which the model derived from is
necessary (Simon et al. 2003). If external validation approach is not
performed, the predictive model may not be applied to new samples. Using
single gene to predict the risk of patients i1s a conventional and yet
controversial method. The current studies reported that using single gene
to classify patients must collocate with strong association with outcome,
for example, odds ratio more than 200. The sum of weighted contribution
of genes, such as risk score method, can resolve this problem (Wang et al.
2006, Ware 2006) . The predictive models by five genes (Chen et al. 2007)
or five microRNAs (Yu et al. 2008) are based on the sum of weighted
contribution of each gene or microRNA, and explained complex disease by
different pathways. In addition, the models are further verified in the
external cohorts. The findings of this dissertation showed potential
biomarkers of prognosis of lung cancer. If patients are predicted as high
risk, they will need more clinical treatments even they are in early stage of
the disease. These biomarkers can also be used to drug development.
Inhibited expression of risk genes or enhanced expression of protective
genes may lead the patients from high risk to low risk. However, more
evidences are needed for these biomarkers obtained from current studies to
ensure that they are useful. The large prospective trial, including multiple
medical centers, is needed.
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Screening of Biomarker for Oral Squamous Cell
Carcinoma Correlating with Clinicopathological
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Tarou Irié, Gou Yamamoto, Tomohide Isobe, Taku Matsunaga and
Tetsuhtko Tachikawa

Department of Oral Pathology, Showa University School of Dentistry
1-5-8 Hatanodai, Shinagawa-ku, Tokyo, 142-8555 Japan.

Summary. Infiltrating pattern is one of important histopathological
prognostic factor in head and neck squamous carcinomas. In this study we
have assessed differentially expressed genes in each infiltrating patterns by
laser microdissection and cDNA microarray. We classified infiltrating
patterns of oral squamous cell carcinoma into major three groups; INFa,
INFB, and INFy, based on Japanese General Rule for Clinical and
Pathological Studies on Cancer, and collected cancer cells of each
infiltrating pattern by laser microdissection. Total RNA was extracted
from collected cells and was reverse-transcribed. PCR-based amplification
of cDNA, ¢cDNA probe labeling and array hybridization were conducted.
We compared expression profiles of cancer cells of each infiltrating
pattern to that of normal mucosal epithelium using cDNA microarray
consisting of 8327 human genes. We identified several genes that were
commonly up- or downregulated in each infiltrating pattern. The
differentially expressed genes were growth-related proteins, oncogenes,
enzymes and nuclear proteins. The list of genes identified in these analyses
provides potentially valuable information for preoperative assessment of
evaluation of malignancy and represents a source of novel targets for
cancer therapy.

Key words. laser microdissection, cDNA microarray, oral squamous cell
carcinoma, gene expression profile, metastasis

Introduction

Many clinical and histopathological factors have prognostic significance in
patients with oral squamous cell carcinoma. In 1986 the Departments of
Pathology at the Karolinska Institute and the M. D. Anderson Hospital
proposed the system which assessed six histomorphologic tumor features.
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These variables were degree of keratinization, nuclear pleomorphism,
number of mitoses, pattern of invasion, stage of invasion, and leukocyte
infiltration. Recently, invasive front arcas of squamous cell carcinoma arc
more important for its invasive and metastatic capacity and thus include
more prognostic information than central and superficial parts of the same
tumor (Bryne 1998). Many other authors have reported that a significant
correlation between pattern of invasion and distant metastasis, as well as
overall survival (Brandwein-Gensler et al. 2005, Spiro et al. 1999) and also
local recurrence (Brandwein-Gensler et al. 2005). It 1s still unclear what
molecules participate in the formation of various pattern of invasion of oral
squamous cell carcinoma. In Japan, Japanese General Rule for Clinical and
Pathological Studies on Cancer are routinely used by pathologists on
making pathological diagnostic reports for various cancers. Based on this
rule, we classified into three major groups of infiltrating pattern at invasive
front area of oral squamous cell carcinoma; INFa, INFf, and INFy and
examined genes correlating with infiltrating patterns by means of laser
microdissection and cDNA microarray.

Materials and methods
Tissue samples and specimen selection

Specimens of primary oral squamous cell carcinoma (OSCC) were used
for the present analysis. Histological examination of infiltrating pattern
was performed according to Japanese General Rule for Clinical and
Pathological Studies on Cancer (for esophagus, stomach and colon, etc).
Histological criteria are as follows: INFa; cancer shows expansive growth
with clear boundary between surrounding tissue. INF; infiltration pattern
shows the condition between o and . INFy; cancer shows infiltrative
growth with unclear boundary between surrounding tissue.

Preparation of frozen fixed samples and laser microdissection

Tissue sampled from resected materials were embedded in OCT compound
and frozen in isopentane cooled in liquid nitrogen. The frozen blocks were
sliced by a cryomicrotome at a thickness of 8 um, and each tissue section
was affixed to a slide to which an original thin film (provided by Meiwa
Shoji Co, LTD, Tokyo, Japan) had been attached by silicone adhesive (GE
Toshiba Silicone, Tokyo, Japan).

Slice samples were stored at —40°C until use. The sliced sample was
quickly fixed in 100% methanol! for 3 minutes, and then returned to room
temperature and stained with 1% toluidine blue solution (Irié et al. 2004).
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Laser Microbeam System (P.A.L.M, Bernried, Germany) using 337 nm
nitrogen laser was used for laser microdissection. We procured a few
hundred cells from cancer tissues of each infiltrating pattern and normal
mucosal epithelia in each case. We examined three samples of gene
expression in each of infiltrating pattern.

RNA extraction from microdissected samples

Total RNA was independently extracted from each population of
laser-microdissected cells. Briefly, the microdissected cells within the cap
were covered with 200 pl buffer solution, 4 M guanidine thiocyanate, 25
mM sodium citrate, and 0.5% sarcosyl, and the cap was placed on the tube
and vortexed. After the addition of 20 pl of 2 M sodium acetate, 220 pl of
water-saturated phenol and 60 pl of chloroform-isoamyl alcohol, the tube
was centrifuged at 10000 g at 4°C for 30 minutes to separate the aqueous
and organic phases. The aqueous layer was transferred to a new tube. Two
ul of glycogen and 200 pl of isopropanol were added and centrifuged at
10000 g at 4°C for 30 minutes. After removing the majority of the
supernatant, the pellet was washed with 70% ethanol. After the pellet was
centrifuged and air-dried, the mRNA was resuspended in RNase-free
water.

cDNA synthesis and ampilification

Total RNA was reverse-transcribed using the SMART PCR cDNA
Synthesis Kit (Clontech, CA, USA). Four pl of total RNA, 1l of cDNA
Synthesis (CDS) Primer, and 1 pl of SMART 1T oligonucleotide were
mixed and incubated at 70°C for 8 minutes. After short spinning, 2
minutes on ice and 2 minutes at 42°C, a master mix containing 2 p of 5x
buffer, 1 pl dithiothreitol (20 mmol/L), I pul ANTP (10 mmol/L) and 0.5 pl
RNase H Moloney murine leukemia virus reverse transcriptase
(PowerScript, Clontech, CA, USA) were added and incubated at 42°C for
1 hour. Afterward, cDNA was mixed with 38.5 pl of TE buffer and
purified by the Atlas NucleoSpin Extraction Kits (Clontech, CA, USA).
Therefore, 400 pl of buffer NT2 were added to the cDNA to load a
column. According to the manufacture’s protocol, the column was washed
three times. For elution, 50 pl of elution buffer were applied, incubated for
2 minutes, and centrifuged.

From the eluted cDNA, 2 pl were separated for further determination of
260 nm absorbance. For the PCR-based amplification, the remaining 42 ul
of cDNA were mixed with 5 pl of 10x buffer, 1 pl PCR primer (10
umol/L), 1 ul NTP (10 mmol/L), and 1 pl Advantage 2 polymerase mix.
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PCR conditions were 95°C for 1 minute, followed by 22 cycles with 95°C
for 15 seconds, 65°C for 30 seconds, and 68°C for 3 minutes. The resulting
PCR product was purified using the Atlas NucleoSpin Extraction Kits as
described above. All incubations were performed with GeneAmp 2400
PCR cycler (PE Applied Biosystems, CA, USA).

Probe labeling and Array hybridization

For array hybridization, we used nylon filters with 1176 spotted cDNA
(Human cancer 1.2 Atlas ¢cDNA array, Clontech, CA, USA). The purified
PCR product was labeled with a~""P dATP using the Atlas SMART Probe
Amplification Kit (Clontech, CA, USA). Thirty-two pl of PCR product
and 1 pl of CDS primer were heated at 95°C for 8§ minutes. After 2
minutes at 50°C, a master mix containing 5 pl of 10x labeling buffer, 5 pl
of dANTP (without dATP), 5 u! of a-*"P dATP (Amersham Pharmacia
Biotech, Tokyo, Japan), and 1 pl of Klenow enzyme were mixed, and
incubated for 30 minutes at 50°C. Reaction was stopped by applying 2 pl
of 0.5-mol/L ethylenediaminetetraacetic acid. Labeled DNA was purified
by Atlas NucleoSpin Extraction Kits as described above, eluted with 100
ul of elution buffer, and resulted in ~5 to 8 > 10° cpm. Afterward, array
hybridization was performed according to the protocol. Filters with *’P
labeled PCR product were incubated at 68°C overnight. They were washed
three times in 200 ml of 2~ standard saline citrate and 1% sodium dodecyl
sulfate at 68°C for 30 minutes. Finally, they were wrapped in plastic and
exposed to an imaging plate (Fuji Photo Film, Tokyo, Japan) in lead
sheathing. Imaging plate was read with a phosphorimaging system
(STORM 830, Molecular Dynamic Inc, Tokyo, Japan).

Array analysis

Analysis was performed using the AtlasImage 2.01 software (Clontech,
CA, USA). Global normalization was calculated by the sum method. For
both arrays, differences of signal intensity minus background were added
for all values over background. Afterward, normalization coefficient was
determined by calculating the ratio of array 1 sum and array 2 sum. After
normalization, background was subtracted, ratio threshold was set at 4 (Iri¢
ct al. 2004).

Results

We collected cancer cells by laser microdissection and analyzed three
samples each about each infiltrating pattern. Genes that were commonly up
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or down-regulated (more than 4-fold up regulated or less than 0.25-fold) in
all samples of each infiltrating pattern compared to normal mucosal
epithelium were examined. Three genes were commonly up-regulated and
3 were commonly down-regulated in INFa (Table 1).

Table 1 Commonly up or downregulated genes in INFo

Gene name Classification

Up-regulated genes

activator 1 37-kDa subunit; DNA replication

replication factor C 37-kDa subunit (RFC37)

interferon gamma-induced protein precursor growth factor

(gamma-1P10)

CXC chemokine precursor (CXCL13) growth factor

Down-regulated genes

CDC-like kinase 3 (C1L.K3) cell cycle-
regulating kinase

mterleukin-1 receptor antagonist protein (IL-1Ra) growth factor

neutrophil gelatinase-associated lipocalin (NGAL) oncogene

In INFB, commonly up-regulated genes were five and commonly
down-regulated genes were 3 (Table 2).

Table 2 Commonly up or downregulated genes in INFf3

Gene name Classification
Up-regulated genes

vascular endothelial growth factor receptor 1 growth factor

(VEGFR1)

c-jun N-terminal kinase 2 (JNK2) intercellular
kinase

fuse-binding protein 3 (FBP3) transcription
factor

replication factor C 38-kDa subunit (RFC38) DNA polymerase

interferon gamma-induced protein precursor growth factor

(gamma-IP10)

Down-regulated genes

neutrophil elastase inhibitor protease inhibitor
cytokeratin 10 cytoskeltal
protein

neutrophil gelatinase-associated lipocalin (NGAL) oncogene
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Three were commonly up-regulated and 2 were commonly down-regulated
in INFy (Table 3). Interferon gamma-induced protein precursor
(gamma-IP10) was detected as commonly up-regulated gene in both INFa
and INFB. Vascular endothelial growth factor receptor 1 (VEGFR1) was
detected as commonly up-regulated gene in both INFP and INFy.
Neutrophil gelatinase-associated lipocalin precursor (NGAL) was detected
as commonly down-regulated gene in all infiltrating patterns.

Table 3 Commonly up or downregulated genes in INFy

Gene name Classification

Up-regulated genes
vascular endothelial growth factor receptor 1 (VEGFR1)  growth factor
rhoC (H9); small GTPase (rhoC) oncogene
centromere protein F (CENP-F) chromatin protein

Down-regulated genes
cyclin-dependent kinase inhibitor 1 (CDKN1A, p21, Cipl) CDK inhibitor
neutrophil gelatinase-associated lipocalin (NGAL) oncogene

Discussion

The array identified a total of 19 genes that included growth-related
proteins, oncogenes, enzymes and nuclear proteins. Replication factor C is
a multi-protein complex consisting of five different polypeptides. It
recognizes a primer on a template DNA, binds to a primer terminus, and
helps load proliferating cell nuclear antigen onto the DNA template.
Replication factor C 37-kDa subunit (RFC37, RFC2) is third-largest
subunit of the RF-C complex and is required not only for chromosomal
DNA replication but also for a cell cycle checkpoint (Noskov et al. 1998).
The gains of RFC2 (7ql11) that were detected by comparative genomic
hybridization in glioblastomas (Nakahara et al. 2004) and renal cell
carcinoma cell lines (Speicher et al. 1994). Interferon gamma-induced
protein precursor (gamma-IP10, INP10, CXCL10) may be an important
mediator of the inflammatory response to interferons. Angiolillo et al.
reported that IP10 may participate in the regulation of angiogenesis during
inflammation and tumorigenesis (Angiolillo et al. 1995). Zhang et al.
demonstrated that gamma-IP10 is a RAS target gene and is overexpressed
in the majority of colorectal cancers (Zhang et al. 1997). Over-expression
of INP10 was revealed in malignant pleural mesotheliomas (Kettunen et al.
2005). Moreover, gamma-IP10 has the inhibitory effects on the
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experimental tumor metastases of a mammary carcinoma cell line 4T1 in
vivo (Yang et al. 2006). It may be responsible for better prognosis of INFa
than other infiltrating pattern. CXC chemokine precursor is identified a
protein, termed B cell-attracting chemokine 1 (BCA-1, CXCL13), that is
chemotactic for human B lymphocytes (Legler et al. 1998). This mature
protein shares 23-34% identical amino acids with known CXC
chemokines and is constitutively expressed in secondary lymphoid organs.
It 1s demonstrated that CXCLI13 i1s correlated with Iymphoproliferative
disorders (Mori et al. 2003) and malignant lymphoma (Dupuis et al. 2006).
Hofman et al. (2006) reported that up-regulation of CXCL13 gene in
gastric cancer tissue associated with Helicobacter pylori infection. IL-1
receptor antagonist (IL-1Ra) is the naturally occurring inhibitor of IL-1.
Dionne S et al. (1998) examined that the balance between IL-1 and IL.-1Ra
in inflammatory bowel disease (IBD) by measuring their secretion by
cultured explants of colonic biopsies and demonstrated a decreased
IL-1Ra/IL-1 ratio in involved IBD tissue. Down-regulation of IL-1Ra in
INFa causes inflammatory response to cancer cells and may participate in
better prognosis of INFa. Neutrophil gelatinase-associated lipocalin
(NGAL), also known as lipocalin 2, is a 25-kDa lipocalin initially purified
from neutrophil granules. It is thought to play a role in regulating cellular
growth since its expression is highly upregulated in a variety of human
cancers, and lipocalin ligands have been shown to regulate proliferation,
differentiation, and protease activities (Bratt 2000). However, in striking
contrast, a recent study by Hanai et al. (2005) showed that introduction of
NGAL into Ras-transformed 4T1 mouse mammary tumor cells enhanced
the epithelial phenotype, reduced tumor growth, and suppressed
metastasis. It is thought that the actions of NGAL may be heterogeneous
and specific to the cancer cell type (Devarajan 2007). In oral mucosal
epithelium, NGAL may serve as protective role.

As to INFp, vascular endothehal growth factor (VEGF) and its
receptors fms-like tyrosine kinase-1 (Flt-1, VEGFR1) play critical roles in
angiogenesis and tumor progression. VEGF and VEGFRI1 are widely
expressed in nasopharyngeal carcinoma (NPC) tissues, and are positively
related to clinical features and prognosis of NPC patients (Sha et al. 2006).
Lalla et al. (2003) demonstrated that VEGFR-1 was significantly higher in
tumor cells and macrophages than in vascular endothelial cells and
speculated that VEGF may be an autocrine regulator of tumor cell activity
in addition to its known angiogenic effects on vascular endothelial cells.
c-Jun NH2-terminal kinases (JNK) are members of the mitogen-activated
protein kinase family that, when stimulated, regulate a variety of cellular
activities, including proliferation, differentiation, and tumorigenesis. There
are three JNK genes, JNK1 and JNK2 gene expression is ubiquitous and
JNK3 is restricted to the heart, testis, and brain. Gross et al. (2007)
clarified that JNK activity was increased in human HNSCC compared with
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normal-appearing epithelium. Replication factor C 38-kDa subunit
(RFC38) is synonym for RFCS. RFCS is up-regulated in HPV-positive
squamous cell carcinoma of the head and neck. Neutrophil elastase
mhibitor suppresses the proliferation, motility and chemotaxis of a
pancreatic carcinoma cell line (Kamohara et al. 1997) and have ability to
inhibit spontaneous pulmonary metastasis of human lung carcinoma cell
line (Inada et al. 1998). Robinson et al. (1996) demonstrated that
expression of neutrophil elastase inhibitor was increased in keratinizing
epithelia of normal oral mucosa, suprabasal layers of dysplastic oral
epithelia and in well-differentiated squamous cell carcinoma but not in
non-keratinizing normal mucosa and basal cell carcinoma. These reports
may reflect our results that indicated down-regulation of neutrophil
elastase inhibitor, because carcinoma cells of INFP show decreasing of
keratinization compared to that of INFo. Hansson at al. (2001) examine
keratin expression in organotypic epithelia with normal, immortalized and
malignant human buccal cells. They showed K4/K13, K1/K10, K6/K16
were variably expressed in normal and immortalized buccal cells but were
not detected in malignant one. Carritho et al. (2004) observed that
expression of keratins 8 and 17 and loss of keratins 10 and 13 are good
markers of malignant transformation in human cervical mucosa.

As for INFy, Rho family members are known to regulate malignant
transformation and motility of cancer cells. Liu et al. (2007) showed that
RhoC was positively expressed in metastatic cancer tissues even higher
than that in primary gastric cancer tissues, and overexpression of RhoC
GTPase in GES-1 cells could produce the motile and invasive phenotype.
OBrien et al. (2007) found that CENP-F up-regulation was
significantly associated with worse overall survival and reduced
metastasis-free survival of breast cancer patients. Cyclin-dependent
kinase inhibitor 1 (CDKNIA, p2l1, Cipl) is a recently identified gene
involved in cell cycle regulation through cyclin-CDK-complex inhibition.
CDKNIA expression was strongly associated with squamous cell
differentiation of carcinomas, because undifferentiated carcinomas showed
very low levels of CDKNIA expression, whereas carcinomas with
squamous cell differentiation had normal or high levels of CDKNI1A
expression (Nadal et al. 1997). This would be compatible with our results,
because cancer cells of INFy show always poorly differentiation.

This is the first report that examined gene expression correlating
infiltrating pattern of oral squamous cell carcinoma by means of laser
microdissection and cDNA microarray. The list of genes identified in these
analyses provides potentially valuable information for preoperative
assessment of evaluation of malignancy and represents a source of novel
targets for cancer therapy.
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Summary. The concept of biomarker to predict not only drug induced
toxicities but also clinical response and prognosis of the patients is
extremely important in medical oncology. Among many kinds of
biomarkers or candidates of biomarker, both pharmacokinetic dose
adjustment by analyzing polymorphism of drug metabolizing enzyme and
responder enrichment based on pharmacodynamic biomarkers are essential
approach for individualized dosing of anticancer agents. Dose
modification strategy based on pharmacogenetic- pharmacokinetic
information to minimize life-threatening toxicities is extremely important
approach for conventional cytotoxic agents. Recent studies reported
polymorphism of drug-metabolizing enzymes in anticancer agents such as
tegafur (FT), letrozole, tamoxifen, 6-merucaptopurine, 5-fluorouracil
(5-FU) and irinotecan. Especially both irinotecan and SI
(tegafur/CDHP/oxonic acid) are key drugs and widely prescribed in Japan
in the treatment of gastrointestinal cancers. Genetic polymorphisms of
UGTIALI, a crucial drug-metabolizing enzyme of irinotecan, are essential
determinants of individual variation in susceptibility to irinotecan induced
toxicities. In addition to UGTIA1*28, both UGTI1A1*6 and
UGT1A1*27 polymorphism increase the risk of toxicities. Establishment
of optimal dose of irinotecan for the patients with these polymorphisms is
warranted. On the other hand, to analyze contributions of CYP2A6
genotype, plasma 5-chloro-2.4-dihydroxipyridine (CDHP) levels to the
pharmacokinetics of FT and 5 -FU is also important issue not only to
optimize S1 administration but also to understand possible ethnic
difference of this drug. Our prospective clinical trial concludes that
clearance of FT is associated only with CYP2A6 genotype. The clearance
of FT seen in patients with one- and two-variant alleles is significantly
lower than that seen in wild type, respectively. The AUCO0-8 for 5-FU
correlated with exposure of CDHP and creatinine clearance. These basic
information can apply to clinical practice at bedsides.
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Genome-Wide cDNA Microarray Screening of
Gene Expression Profiles Correlated with
Resistance to Anti-Cancer Drug Treatment and
Radiation in Oral Squamous Cell Carcinoma

Satoru Shintani
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of Dentistry

Summary. Chemotherapy and radiation therapy are an acceptable
treatment modality for patients with oral squamous cell carcinomas
(OSCC). However, the response of carcinoma to radiation and/or
chemotherapy varies in each patient. To choose the proper therapy as well
as to avoid untoward side effects, a useful method to predicting the
effectiveness of radiation and/or chemotherapy for individual patient must
be established. To identify genes correlating with sensitivity to
anti-cancer drug and radiation in oral cancer treatment, we performed
cDNA microarray analysis of OSCC cell lines. In OSCC cell lines, we
compared the gene expression profiles with the sensitivities, that were
measured by CD-DST method, to five anti-cancer drugs and with the
radiation sensitivity assessed by a standard colony formation assay. In
this study, we found significant associations between dozens of gene
expression levels and resistance to anti-cancer drugs and radiation.

Key word. gene expression profiles, cDNA microarray, anti-cancer drug,
radiation, oral squamous cell carcinoma

Introduction

Chemotherapy and radiation therapy play an important role in OSCC
treatment. They allow to improve the overall survival rates and to
maintain oral morphology and its important function. However, the
response of carcinoma to these therapies varies in each patient, and no
survival benefit has been observed in non-responders (Andreadis 2003).
Difference among patients with respect to the effectiveness of anti-cancer
drugs and/or radiation has been associated with variation in gene
expression profiles in cancer cells (Golub 1999, Goliub 2001).

Using a cDNA microarray analysis, we obtained comprehensive
gene-expression profiles of OSCC cell lines. In present study, we
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identified the candidates of molecular markers for the potential of
predicting sensitivity to anti-cancer drugs and radiation therapy.

Materials and Methods
Evaluation of sensitivity to anti-cancer drugs using CD-DST

The prepared tumor cell suspension was added to a collagen solution
(Collagen Gel Culture Kit, Nitta Gelatin) and allowed to gel at 37°C in a
CO2 incubator. We introduced each of five anti-cancer drugs into the wells.
After the incubation for 7 days, Neutral red was added and the cells were
fixed by 10% neutral formalin buffer and then quantified by an image
analysis.

Clonogenic survival assay for radiation sensitivity

OSCC cells were plated and, 48 hr later, they were irradiated with various
single radiation doses by a linear accelerator (MBR.1520R, Hitachi
Medico, Tokyo), and then incubated for approximately 10 days to allow
form to colonies. The survival fractions were calculated as a ratio of
plating efficiencies in treated and untreated cells.

cDNA Microarrays

Applied Biosystems Human Genome Survey Arrays were used to analyze
the transcriptional profiles of RNA samples of OSCC cell lines. Array
hybridization (two arrays per sample), Chemiluminescence detection,
image acquisition and analysis were performed using Applied Biosystems
Chemiluminescence Detection Kit and Applied Biosystems 1700
Chemiluminescent Microarray  Analyzer following manufacturer's
protocol.

Identification of the genes associated with resistance to anti-cancer
drug and radiation

Gene spring 7 software (Silicon Genetics) was used to extract assay signal
and noise ratio values from the microarray images. To estimate
correlation between the expression ratio and sensitivity to each drug, we

calculated a Pearson correlation coefi icient bv __the following

formula: ¥ = Yl T up Ymvan )/ \/ (T - Emean)® (’Ja Uniie s -
and we selected genes showing significant correlation (P < 0.01).
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Results

Genes associated with sensitivity to anti-cancer drug

Results of CD-DST experiments for five anti-cancer drugs were obtained
and Pearson's correlation coefficients between gene-expression levels and
chemosensitivity of 9 OSCCs to each of the five drugs were calculated
(representative diagrams shown in Figure 1). We found the dozens of
genes were associated with chemosensitivity (P<0.01).
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Fig. 1 Chemosensitivities are plotted on the X-axes, and expression levels of the
genes are plotted on the Y-axes. Expression levels of PRKCH in the 9 OSCC
cell lines show positive association with sensitivity to SFU (r2=0.701, P<0.01),
expression levels of ADAMI12 show positive association with sensitivity to CDDP
(r2=0.855, p<0.01), expression levels of CXCL1 show negative association with
sensitivity to TXT (12=0.756, p<0.01), and expression levels of PRKCD show
negative association with sensitivity to MMC (r2=0.677, p<0.01).

Clonogenic survival of seven OSCC cell lines after radiation

To determine the radiation sensitivity, a clonogenic survival assay was
performed on the seven human OSCC cell lines. Ca9-22 and SCC25
were more radiosensitive than the other cells. SCC111 and HSC2 did not
respond to radiation.
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Genes associated with sensitivity to radiation

To discover genes that might be associated with radiation resistance, we
then compared expression levels with radiation sensitivity measured by
clonogenic survival assay. Pearson's correlation coefficients between
gene-expression levels and radiation sensitivity of 7 OSCCs were
calculated. We found the dozens of genes to be associated with radiation
resistance (P<0.01).

The relationship between gene expression levels of FGF2, Fli-1, and
G1P3 and radiation sensitivity

The correlation between the D10 of these SCC cells and the FGF2, Fli-1,
and G1P3 genes expression levels was determined.  As shown in Figure 2,
there was a significant correlation between the magnitude of those gene
expressions and SCC cells radiosensitivity (FGF2: R2 = 0.809, GI1P3:
R2=0.716, Fli-1:R2=0.750).
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Fig. 2 Relationship between FGF2, G1P2, and Flil expression and radiation sensitivity
(D10) of oral squamous cell carcinoma cell lines.

The relationship between FGF2, Fli-1, G1P3 expression and response
to radiation

The correlation between FGF2, Fli-1 and G1P3 expression and the
pathologic response to radiation are shown in Fig. 3 and Table 1. A
statistically significant association was found between those proteins
expression and the pathologic responses when they were categorized into
the low and high groups (FGF2: P = 0.0011, GIP3: P=0.0487, Flil:
P=0.0492).
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Fig. 3 FGF2, Fli-1, G1P3 proteins were localized to the cytoplasm in tumor
specimens from oral SCC patients before preoperative radiation therapy. Refer to
color plates.
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Table 1 Correlation between pathologic response and FGF2, Fli-1, and G1P3
expressions in OSCC specimens

Discussion

Our study investigated the molecular patterns of genes expression that
contribute to resistance to anti-cancer drug and radiation using a
microarray system. To identify the molecular markers that might predict

resistance to anti-cancer drugs and radiation of individual tumors, we
analyzed gene expression profiles of OSCC cell lines. The cDNA
microarray method is now widely used to analyze expression of thousands
of genes simultaneously in cancer cells. cDNA microarray analysis for
the purpose of screening for biomarkers may be useful to predict the
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outcome of therapy for OSCC. Through a computational analysis, we
selected some candidate genes that are likely to be associated with
resistance to anti-cancer drug. The expressions of protein kinase C
(PKC) 1soforms, delta and eta, are associated with the resistance to SFU
and MMC in our experiments. According to a recent report (Carter 2004),
some natural compounds and pharmacologic analogues that modulate PKC
activity can be used effectively to prevent or treat cancer. The other
candidates, such as ADAMI12 and CXCLI, are also associated with
resistance to CDDP and TXT. A recent paper (Kveiborg 2005) suggested
that the ADAMI12 is able to have influence on apoptosis and it may
contribute to tumor progression. On the other hand, fibroblast growth
factor 2 (FGF2), friend leukemia inserton -1 (Fli-1) and an interferon
inducible gene 6-16 (G1P3) are associated with the resistance to radiation.
According to a recent report (Griffin 2002), pharmacologic analogues that
inhibit FGF receptor tyrosine kinase activity can enhance the tumor
radiation response. These data should give wuseful information
contributing to identifying predictive markers for therapeutic sensitivity.
It may eventually provide "personalized chemotherapy" for individual
patient, and may lead to the development of alternative treatment
modalities for chemotherapy and/or radiation therapy.
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Summary. Gefitinib is one of tyrosine kinase inhibitors and often has
dramatic effect on non-small-cell lung cancer (NSCLC) expressed mutant
EGFR. However, most of the patients who respond to gefitinib
eventually experience tumor recurrence. To clarify the mechanism of this
acquired resistance, we examined cellular accuomulation and efflux of
gefitinib using gefitinib sensitive and resistant NSCLC cells. We used four
NSCLC cell lines; PC-9: hypersensitive to gefitinib, expressed a 15 bp
deletion mutant EGFR, PC-9/ZD2001 and PC-9/ZD1k1: acquired-resistant
to gefitinib, PC-9/ZD2001R: a revertant reacquired sensitivity to gefitinib.
To measure the cellular accumulation, cells were exposed to 1 pM of
['*Clgefitinib for 3 to 30 min at 37 °C For the measuring of drug efflux,
cells were exposed gefitinib for 30 min, and then cells were washed and
further incubated in drug free medium. After the incubation, cells were
lysed and the radioactivities were counted. There was no significant
difference of gefitinib accumulation in those cell lines (range
642-731umol/g protein at 30 min). The efficiencies of gefitinib-efflux
were almost the same in those cell lines (about 80% of gefitinb was
discharged at 15 min). According these findings, we demonstrated that
acquired resistance to gefitinib did not depend on cellular accumulation or
efflux of this drug.

Key words. accumulation, efflux, gefitinib, resistance
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Introduction

Geftinib was developed as an Epidermal Growth Factor Receptor (EGFR)
tyrosine kinase inhibitor (TKI) and has been approved for treatment to
advanced non small cell lung cancer (NSCLC). This agent frequently
shows dramatic response to NSCLCs expressed mutant EGFR. However,
most of the patients who respond to gefitinib eventually experience tumor
progression.  To evaluate this acquired resistance we previously
established a gefitinib resistant NSCLC cell line, and have been exploring
the mechanisms. This time we hypothesized that cellular pharmacokinetics
contributed to the drug resistance, then examined drug accumulation and
efflux on gefitinib-sensitive and resistant NSCLC cell lines.

Materials and Methods

Chemicals and cell lines

Radio-labeled[ “C]gefitinib was generously provided by AstraZeneca
Pharmaceuticals. We used four human NSCLC cell lines; PC-9 expressed a
15 bp deletion mutant EGFR, is hypersensitive to gefitinib. PC-9/ZD2001
and PC-9/ZD1kl are acquired-resistant to gefitinib, were derived from
PC-9 through continuous exposure of this drug PC-9/2D2001 cells and
PC-9/ZD1kl cells could survive on 200nM, 1uM of gefitinib respectively.
PC-9/ZD2001R: a revertant reacquired sensitivity to gefitinib. These cells
were cultured on RPMI 1640 medium added 10% fetal bovine serum, and
were kept viable in 52 CO2 incubator at 37 °C.

Growth inhibition assay

As MTT assay, we evaluated the cytotoxic effects of gefitinib to NSCLC
cell lines.

Accumulation and efflux assay

Cells were adjusted to 2.0-3.0x10°/well. To measure the cellular drug
accumulation, we added ['*C]gefitinib to each well, adjusting final
concentration to 1uM. After exposing the cells to 1 pM of ["*C]gefitinib
for 3 to 30 min at 37 °C, we rapidly washed the cells with ice cold PBS,
then lysed them and the radioactivities of lysate were counted by liquid
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scintillation counter. For the measuring of drug efflux, cells were exposed
to 1 uM of ["*C]gefitinib for 30 min, and then cells were washed with ice
cold PBS and further incubated in drug free medium for 3 to !Smin at
37 °C. Subsequently washing the cells again, we lysed them and counted
their radioactivities. Measuring absorbances at 570nm with microplate
reader, we counted protein concentrations of each well. After collecting
these data, we calculated accumulation and efflux of gefitinib per protein

(umol/g).

Results

We measured cytotoxic effect of gefitinib in gefitinib-sensitive, resistant
and revertant NSCLC cells by MTT assay. (Tablel) Gefitinib-resistant
PC-9/72D2001, PC-9/ZD1k1 cells showed approximately 4.0-fold, 5.5-fold
higher resistance to gefitinib than their parental cells. In PC-9/ZD2001R
cells, the sensitivity was completely restored.

We hypothesized that cellular pharmacokinetics was responsible to
sensitivities of gefitinib, and then measured drug accumulation and efflux
on these NSCLC cells using radio-labeled ['*C]gefitinib. However, there
was no significant difference of drug accumulation in those cell lines
(range 642-731pumol/g protein at 30 min). The efficiencies of
gefitinib-efflux were almost the same in those cell lines (about 80% of
gefitinb was discharged at 15 min) (Fig.1) Our results demonstrated
that acquired resistance to gefitinib did not depend on cellular
accumulation and efflux of this drug.

NSCLC celi lines 1C40 values

PC-9 53.0 £ 8.1 nmol/L
PC-9/ZD2001 211.1 £32.4 nmol/L
PC-9/ZD1k1 291.5 £ 15.5 nmol/L
PC-9/ZD2001R 46.3 £10.2 nmol/L

Table 1. Cytotoxic effects of gefitinib in NSCLC cell lines
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Fig.1. There was no significant difference of drug accumulation in four NSCLC
cell lines (range 642-731pmol/g protein at 30 min). The efficiencies of
gefitinib-efflux were almost the same in those cell lines (about 80% of gefitinb
was discharged at 15 min)

Discussion

To elucidate gefitinib resistance, we focused on cellular accumulation and
efflux, because drug resistant cancer cells occasionally expressed ATP
binding cassette (ABC) transporters that worked as pump to extrude
drugs( Gottesman et al. 2002). Breast cancer resistance protein (BCRP) /
ABCG?2 is an ABC transporter, and several reports indicated that BCRP
should be related to gefitinib resistance(Ozvegy-Laczka, Hegedus, Varady,
et al. 2004) (Yanase 2004) (Usuda 2007). Their speculations about the
mechanism of geifitnib resistance were also that BCRP might be active as
efflux pump of this drug. Gefitinib-resistant PC-9/7D2001 cells expressed
mRNA of BCRP approximately 3-fold higher than gefitinib-sensitive PC-9.
(data not shown) However, our results did not show any significant
difference in these cells upon drug accumulation and efflux. In addition,
other investigators also reported that expression of BCRP did not alter
uptake or efflux of geifitinib (Stewart et al. 2004). Therefore, we
demonstrate that BCRP should not be efflux pump of gefitinib.

Although we examined only cellular accumulation and efflux of
gefitinib, the intracellular movement of this drug has been unknown. We
think that further examinations of the movement should be demanded as
the next stage.
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Summary. Non-small cell lung cancer cells expressed mutant EGFR are
more sensitive to gefitinib (Iressa) than that expressed wild type EGFR.
To elucidate the mechanism of the hypersensitivity to gefitinib in the
mutant EGFR, we explored the difference of EGFR-binding proteins
between wild type and a 15 bp deletion mutant EGFR using respective
stable transfectant cells. EGFR-binding proteins in respective
transfectant cells were collected by co-precipitation with polyclonal anti-.
EGFR and the co-precipitate proteins were separated by two-dimensional
polyacrylamide gel electrophoresis (2D-PAGE). Both co-precipitate
proteins showed a similar 2D-PAGE pattern, however, several proteins
differed between both transfectant cells. Among these proteins, one
protein, detected to high concentration in mutant EGFR tranfectant cells,
was identified as heat shock protein 70 (HSP 70) by peptide mass finger
printing. Much binding of HSP 70 to mutant EGFR was also confirmed
by Western blotting. There was no significant difference of HSP 70
protein expression between both transfectant cells. These results suggest
that the difference of HSP70 binding to EGFR may modify the
EGFR-downstream signaling and influence the sensitivity to gefitinib.

Key words. Gefitinib, non-small cell lung cancer cells, EGFR-binding
proteins, heat shock protein 70, two-dimensional polyacrylamide gel
electrophoresis, LC-MS/MS

1 Introduction

Epidermal growth factor receptor (EGFR), a 170-kDa membrane
glycoprotein with tyrosine kinase activity, plays central roles in cell
proliferation, survival, migration, differentiation, and angiogenesis.
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EGFR-mediated signaling is thought to play an important role in the
progression of epithelial neoplasm. Increased EGFR expression has been
reported in a wide variety of human tumors. Gefitinib (Iressa) is an
orally active EGFR-tyrosine kinase inhibitor that block signal transduction
pathways in cancer cell proliferation, survival and other host-dependent
process that promote cancer growth. Gefitinib has demonstrated antitumor
efficacy in patients with relapsed or recurrent non-small cell lung cancer
(NSCLC) and has received approval for the treatment of advanced NSCLC
(Herbst 2003, Fukuoka et al. 2003, Kris et al. 2003). A possible
paradigm for determining response to gefitinib has been reported that
in-frame mutation of EGFR are well-corrected to the hyper-responsiveness
to gefitinib in patients with NSCLC (Lynch et al. 2004, Paez et al. 2004).
These mutations were small, in-frame deletion or substitutions clustered
around the ATP-binding site in exons 18, 19, and 21 of EGFR.

We previously identified a 15-bp in-frame deletion in exon 19 of EGFR
(2411-2425) in a gefitinib-hypersensitive NSCLC cell line, PC-9. The
PC-9 cell line was hypersensitive to gefitinib (IC4 =53.0+8.1 nM) as
compared with another NSCLC cell line, PC-14, which expresses wild
type EGFR (IC4 =47.049.1 uM). These observations suggest that this
deletion mutant might be an active mutant EGFR that may correlate with
tumor responsiveness to gefitinib. In the present study, to elucidate the
mechanism of the hypersensitivity to gefitinib in the mutant EGFR, we
explored the difference of EGFR-binding proteins between wild type
EGFR and a 15 bp deletion mutant EGFR using respective stable
transfectant cells.

2 Materials and methods
2.1 Transfectant cells

Wild type EGFR stable transfectant cells (293 pEGFR) and a 15 bp
deletion mutant EGFR stable transfectant cells (293 p A 15) were kindly
provided by Dr. Fukumoto (Shien Laboratory, National Cancer Center) and
maintained in RPMI 1640 medium containing 10% fetal calf serum (FCS)
at 5% CO,. 293 pAlS cell is about 1000-fold sensitive to gefitinib as
compared to 293 pEGFR cell.

2.2 EGFR-stimulation and sample preparation
To ehminate the effect of FCS, cells were starved by 0.1% FCS contained

medium for overnight, then exposed to 10 ng/ml of TGFa for 1 h.  After
the exposure, cells were washed 3 times in 50 ml of cold PBS, lysed with
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KLB buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.1% Triton X-100,
0.1% NP-40, and 4 mM EDTA-2Na) containing protease and phosphatase
inhibitors (20 mM NaF, 1 mM H3;VO,, 10 pg/ml leupeptin, 10 pg/ml
aprotinin, and 10 pg/ml PMSF), and centrifuged at 15,000 rpm for 15 min.
The supernatant was mixed with an EGFR antibody (EGFR1005 rabbit
polyclonal antibody, Santa Cruz Biotechnology) for 1 hr and the
EGFR-bound proteins were co-precipitated by Protein A-Sepharose beads.
After adequate washing, the EGFR-bound proteins were eluted by 10 mM
sodium citrate (pH3.0) and collected by acetone precipitation (3 vol. of
cold acetone).

2.3 Two-dimensional polyacrylamide gel electrophoresis

Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) was
performed as follows. First dimension of 2D-PAGE was done on
non-linear pH 3-10 Immobiline™ DryStrip (7 cm long) using Ettan
IPGphor (GE healthcare, Uppsala, Sweden). Protein samples were
dissolved in 125 ul of a sample buffer (8M urea, 4% CHAPS, 40 mM
dithiothreitol (DTT), and 0.5% IPG buffer). After rehydration for 12 hrs
at 20°C, electrophoresis was run at 300V for 3 hrs (linear), 1000V for 30
min (linear), 5000V for 1.5 hrs (linear), finally 5000V for 30 min (one
step) at 20°C. Second dimension was performed on 10% SDS-PAGE (14
cm width, 7 cm height, 0.1 cm thickness). Before the second dimension,
Immobiline strips were equilibrated in 50 mM Tris-HCl (pH 8.8)
containing 6M urea, 30% glycerol, 2% SDS, and 1% DTT for 20 min, and
sealed with a melted 0.5% agarose solution (50 mM Tris-192 mM glycine
and 0.1% SDS) on top of the second dimension gel. Electrophoresis was
run at 20 mA constant current for 2 hrs at 20°C. Proteins were visualized
by a Silver Staining Kit (PlusOne™, GE healthcare). Proteins for mass
analysis were stained without ghitardialdehyde.

2.4 Mass analysis and peptide mass finger printing

In-gel digestion was performed according to the method of Shevchenko et
al. (Shevchenko et al. 1996) with some modifications. Gel pieces
containing silver-stained spots (stained without glutardialdehyde) were
excised and washed with 15 mM potassium ferricyanide-50 mM sodium
thiosulfate. After washing in distilled water, the gel pieces were shrank
by dehydration in 100% acetonitrile, which was then removed, they were
dried in a vacuum centrifuge. A volume of 10 mM DTT in 100 mM
NH,HCO; sufficient to cover the gel pieces was added, and the proteins
were reduced for 1 h at 60°C. The DTT solution was replaced with the
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same volume of 50 mM iodoacetamide in 100mM NHHCO;  After 30
min incubation in the dark at room temperature, the gel pieces were
washed with 100mM NH;HCO;, dehydrated by addition of 100%
acetonitrile and dried in a vacuum centrifuge. To the gel pieces were
swollen in 20 ul of 50 mM NHHCO; containing 50 ng of trypsin and
kept at 37°C for overnight. Peptides were extracted by one change of 50
mM NH4HCO; and three changes of 5% formic acid in 50% acetonitrile
and dried in a vacuum centrifuge. The peptides were dissolved in 10 pl
of 0.1% trifluoroacetic acid (TFA) and desalted using ZipTip (Millipore
Corp.). The desalted-concentrated peptides were eluted 3 times with 2 ul
of 50% acetonitrile containing 0.1% TFA and analyzed on a LC-MS/MS
(Q-Tof micro™). Peptide mass finger printing data were searched using
Mascot search algorithm (Matrix Science).

2.5 Western blotting

After 10% SDS-PAGE, proteins were transferred to a nitrocellulose
membrane (Hybond-C, GE healthcare) at 2 mA/cm’ for 2 hrs.
Anti-EGFR (1005) rabbit polyclonal IgG and anti-HSP 70 (W27) mouse
monoclonal IgG,, (both Santa Cruz Biotechnology) were used as primary
antibodies. Proteins were detected using Western Lighting™
Chemiluminescence Reagent Plus (Perkinelmer corp.).
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Fig. 1 2D-PAGE of EGFR-bound proteins. Polyclonal anti-EGFR (40 pg) was
mixed with respective cell lysate and co-precipitate proteins were separated by
2D-PAGE. Proteins were visualized with silver staining. Bold arrows show
identified protein in this study. IgG;: immunoglobulin G heavy chain, IgG:
immunoglobulin G light chain.  Refer to color plates.
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3 Results and discussion

To find the difference of EGFR-binding proteins between wild type and
mutant EGFR, we mixed respective cell lysate and polyclonal anti-EGFR,
and co-precipitate proteins were analyzed by 2D-PAGE. In Fig2,
2D-PAGE patterns of respective co-precipitate proteins are shown.
Co-precipitate proteins showed a similar 2D-PAGE pattern, however,
several proteins differed between 293 pEGFR and 293 pA1lS cells (Fig. 1).
We tried identification of these different proteins by peptide mass
fingerprinting (PMF).  Silver-stained proteins in 2D-PAGE gel were
excised and digested with trypsin as described in Section 2.4. Peptide
masses were analyzed by LC-MS/MS and the peptide mass data were
searched using a Mascot search algorithm. As a result, one protein
(indicated by arrow in Fig. 1, detected to high concentration in 293 pAlS5
cells) was identified as heat shock protein 70 (HSP 70) (Mowse score 494,
peptides matched 15 and sequence coverage 32%).
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Fig. 2 Western blot analysis of EGFR-bound proteins and expression of HSP 70
protein in transfectant cells. A and B; each cell lysate was mixed with or without
(control) polyclonal anti-EGFR (1 pg). Co-precipitate proteins were separated
by 10% SDS-PAGE, transferred to a nitrocellulose membrane, and detected with
anti-EGFR (A) and anti-HSP 70 (B), respectively. C; an equivalent volume of
cell lysate (1 pg proteins) was separated by 10% SDS-PAGE and detected with
anti-HSP 70.
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To examine the difference of HSP 70 binding activity between wild
type and mutant EGFR, an equal amount of polyclonal anti-EGFR (1 pg)
was mixed with respective cell lysates and co-precipitate proteins were
analyzed by Western blotting. Figs. 2A and 2B are Western blots of
co-precipitate proteins, detected with anti-EGFR (Fig. 2A) and with
anti-HSP 70 (Fig. 2B), respectively. As shown in Fig.1A, EGFR was
detected with almost the same intensity, but the intensity of HSP 70 was
obviously high in 293 pA1S transfectant cells (Fig. 2B). This difference
may depend on HSP 70 expression level in transfectant cells. Therefore,
we compared HSP 70 level between 293 _pEGFR and 293_pAlS
transfectant cells. However, no significant differences were observed
between both transtectant cells (Fig. 2C). These observations clearly
show that mutant EGFR has high HSP 70 binding activity in comparison
with wild type EGFR.  In 293 pAlS transfectant cell, EGFR was observed
as double bands on Western blot (Fig. 2A). The reason why mutant
EGFR was detected as double bands is unclear. Judging from their
molecular weights, lower band may be degradation products occurred
during experiments.

In the present study, we examined the difference between wild type
EGFR and a 15 bp deletion mutant EGFR and detected HSP 70 as a
candidate protein to influence gefitinib sensitivity. HSP70 is known as
not only a chaperone but also a transactivator of EGFR under the
heat-stress (Evdonin et al. 2006). With these reports, our results suggest
that there is possibility that the hyper HSP70 binding activity to mutant
EGFR modulate the EGFR activity and EGFR-downstream signaling and
may influence the sensitivity to gefitinib.
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Summary. Cyclin D1 is a proto-oncogene whose amplification and
overexpression are frequently associated with human cancers (Diehl, 2002).
Because its subcellular localization is of critical importance for its
oncogenicity, the regulatory mechanisms have been under intense
investigation. Here we discovered that the nuclear localization of cyclin
D1 was  anchorage-dependent, and its  disruption  caused
anchorage-independent growth and survival of cells, a hallmark of cellular
transformation. In adherent cells, cyclin D1 was localized in the nucleus
by a focal adhesion protein, Hic-5, shuttling in and out of the nucleus
through the CRM1 export system (Shibanuma et al. 2003) and thereby
counteracting the nuclear export of cyclin D1. In non-adherent cells, cyclin
D1 was actively exported from the nucleus because the shuttling of Hic-5,
which is redox-sensitive (Shibanuma et al. 2003), was interrupted by an
elevated level of reactive oxygen species (ROS). However, when a
mutant with the shuttling ability resistant to ROS was introduced into cells,
cyclin D1 was detained in the nucleus, and importantly, a significant
population of cells survived under non-adherent conditions. Of interest, the
discovered phenomenon interconnected the oncogenic potential of two
oncogenes, as activated ras circumvented the above regulation and
achieved the predominant nuclear localization of cyclin D1 and thus,
growth in non-adherent cells.

Key words. cyclin DI, anchorage-dependent growth, Hic-5, ROS
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Introduction

The long-standing interpretation of the oncogenecity of cyclin DI has
recently been challenged. Researchers have encountered several cases
suggesting that the oncogenic function of cyclin D1 is not simply to
promote cell-cycle progression in a cdk-dependent manner (Ewen and
Lamb, 2004; Sherr and Roberts, 2004), and imntensive study of the cycin
D-null mouse failed to support the essential role of cyclin D1 in cell-cycle
progression (Kozar et al., 2004). It has been also pointed out that it is the
nuclear localization, not mere overexpression, that contributes to
tumorigenesis (Gladden and Diehl, 2005).

Results

This study started with the initial observation that cyclin D1 displayed
clear nuclear localization only in fully adherent cells among a mixed
population of cells with different adhesive states as shown in Figure la. In
this experiment, the cells were detached and replated one population after
another on a coverslip, and after a given period, distinguished according to
the criteria based on the formation of focal adhesions, which was
monitored according to the incorporation of a focal adhesion protein, Hic-5
(Matsuya et al., 1998), into the structures. In fully adhesive cells (FA+;
arrow), immunostaining with an antibody to cyclin D1 observed by
confocal fluorescence microscopy revealed a distinct nuclear signal, but in
sharp contrast to this, only a vague signal was detected in the nucleus of
incompletely adhesive cells (FA-; arrowheads). At 120 min after replating,
the clear nuclear signal was restored (data not shown). Of note, when cells
were pretreated with an inhibitor of CRMI1-dependent nuclear export,
leptomycin B (LMB), cyclin D1 stayed in the nucleus even in the FA- cells
(data not shown). These optical observations were quantified in Figure 1b
and ¢ with two parameters, frequency of the nuclear localization and a
ratio of the fluorescence intensity of the nuclear signal to that of the entire
cell. The nuclear localization of a transcription factor, Spl, was evaluated
in parallel to validate the whole process. Essentially the same results were
obtained with other immortalized and primary cells including human
normal diploid fibroblasts (data not shown), and also with tagged cyclin
D1 exogenously expressed in cells (Fig. 1d; WT). Another G1 cyclin,
cyclin E, showed only marginal anchorage-dependency of its nuclear
localization (Fig. 1d). Treatment with cytochalasin D interfering with the
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formation of actin stress fibers and causing eventual detachment of the
cells from the substratum also decreased the nuclear localization of cyclin
D1 in 60 min (data not shown), excluding any unintended effect of
trypsinization in the above experimental procedure. Biochemical
fractionation of cells further supported the above results as when compared
with the counterpart in monolayers, 3 h incubation of cells in suspension
resulted in a decrease in cyclin D1 in the nuclear fraction with a
concomitant increase in cytoplasm (Fig. le).

Previously, the nuclear export of cyclin D1 at the onset of the S phase
was shown to be dependent on phosphorylation at a threonine, Thr-286, by
glycogen synthase kinase 3 beta (GSK-3f8), and on CRM1 (Alt et al., 2000,
Dieh] et al., 1998). The decrease in the nuclear localization of cyclin D1
observed above upon loss of adhesion, which was examined with cell
populations at random phases of the cell-cycle, was also dependent on
CRMI1 (Fig. 1b, c). However, unlike S phase-dependent regulation, the
export was dependent on neither the phosphorylation at Thr-286 (Fig. 1d,
T286A) nor GSK-3p (data not shown). In line with this, we found that
non-phosphorylative T286A mutant was also exported from the nucleus by
CRML1 as well as wild-type cyclin D1, albeit with slightly lower efficiency
(Fig. 11).

Western blotting showed that the total amount of cyclin D1 decreased
in 4 h incubation in suspension and that the decrease was prevented by
inhibition of the proteasome activity by MG132 (data not shown). Given
that cyclin D1 was reportedly subjected to proteolysis by the
ubiquitin-proteasome pathway in the cytoplasm (Diehl et al., 1997), this
observation supported the export of cyclin DI into the cytoplasm in
suspension. On the other hand, this result raised the possibility that the
observed decrease in the nuclear localization of cyclin D1 upon loss of
adhesion was an artifact of the net decrease in the amount of protein or
somehow dependent on proteolysis in the cytoplasm. However, essentially
the same decrease in the nuclear localization of cyclin D1 was observed in
FA- cells in culture supplemented with MG132 (data not shown).

Based on the above results, we concluded that the nuclear localization
of cyclin DI was anchorage-dependent, and upon loss of adequate
adhesion to the substratum, cyclin D1 was transported out of the nucleus
by the CRM1 nuclear export system.

Hic-5 is a multidomain LIM protein providing a molecular scaffold for
a variety of cellular activities, including integrin signaling at focal
adhesions and transcriptional activities in the nucleus (Guerrero-Santoro et
al., 2004; Nishiya et al., 2001; Shibanuma et al., 2004). In addition, it
shuttles between cytoplasmic and nuclear compartments dependent on
CRMI, coordinating the adhesion signal with cellular activities in the two
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Fig. 1. Anchorage-dependency of the nuclear localization of cyclin D1. (a)
C3H10T1/2 cells were trypsinized, divided into two populations, and then replated
one after another on a coverslip at 90 min intervals, allowing each population to
adhere for 120 min or 30 min in total. After fixation, the cells were processed for
immunocytochemistry with the antibodies to cyclin D1 and Hic-5. The nuclei
were labeled with 4°, 6-diamino-2-phenylindole (DAPI). Photographs were taken
under a confocal fluorescence microscope. The arrow and arrowheads indicate
FA+ and FAcells, respectively. The scale bars represent 50 um. (b, ¢) The cells
pretreated with or without LMB (10 ng/ml) for 1 h were suspended, replated as in
a, and co-immunostained with the antibody to Hic-5 along with that to cyclin D1
or Spl. The cells were distinguished as FA+ or FA- according to the criteria, and
in b, those with dominant nuclear signals, as observed in the FA+ cells in a (cyclin
D1), for cyclin D1 and Sp1 were optically numerated in each population under a
fluorescence microscope, and the ratio is shown. At least 50 cells of each
population were scored. In ¢, the fluorescence intensities of the nucleus and the
whole of individual cells were measured on the images acquired with the
BZ-analyzer, and the ratio of the intensity of the nucleus to that of the whole cell
was graphed. In b and ¢, the means + S.D. obtained from more than three
independent experiments are shown. (d) The expression vectors for HA-tagged
wild-type (WT), T286A mutant of cyclin D1, and cyclin E were introduced into
the cells, and after 24 h, the cells were detached and replated as in a. The proteins
were visualized by co-immunostaining with the antibodies to HA-tag and Hic-5,
and the frequency of the nuclear localization of HA-tagged cyclin D1 (WT,
T286A) and cyclin E was examined as in b. (¢) NMuMG cells pretreated with
MGI132 (20 uM) for 1 h were incubated in monolayer (A) or suspension (S)
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cultures for 3 h. The cells were subsequently fractionated into nuclear and
cytoplasmic fractions and analyzed by Western blotting using the antibodies to
cyclin D1, Spl and ERK2. Spl localized to the nucleus and ERK2 predominantly
distributed in the cytoplasm served as monitors of successful fractionation as well
as loading controls of the proteins. (f) The expression vectors for the HA-tagged
wild-type (WT) or T286A mutant cyclin D1 were introduced into C3H10T1/2
cells together with the vector for myc-tagged CRM1 at the indicated CRM1:cyclin
D1 ratios (0; 0:1, 1; 1:1, 2; 2:1, 4; 4:1). At 24 h after the introduction, the cells in
monolayers were immuostained with the antibody to the HA-tag, and the
frequency of the nuclear localization of HA-tagged cyclin D1 was examined as in
b.

compartments (Mori et al, 2006). It should be emphasized that its
shuttling was distinctive in that it was sensitive to cellular redox state and
blunted by oxidants (Shibanuma et al., 2003). Here we investigated the
involvement of Hic-5 in the adhesion-dependent regulation of the nuclear
localization of cyclin D1 using a siRNA against Hic-5 that showed a
specific knockdown effect (data not shown) and found that two unrelated
siRNA sequences appreciably reduced the nuclear localization of cyclin
D1 in monolayers (Fig. 2a). The nuclear localization of both the wild-type
and T286A mutant cyclin D1 were equally reduced by the siRNA (Fig. 2b).
In Figure 2c, in turn, the effect of overexpression of Hic-5 was examined.
Overexpression of Hic-5 but not paxillin, most homologous to Hic-5
(Thomas et al., 1999), increased the nuclear retention of cyclin DI in FA-
cells. Taken together, Hic-5 was suggested to play a role in actively
localizing cyclin D1 to the nucleus.

Given that the nuclear export of both Hic-5 and cyclin D1 was dependent
on the CRMI nuclear export system as above, we speculated that Hic-5,
while shuttling, competed with cyclin DI for nuclear export, detaining
cyclin D1 in the nucleus. Therefore, we studied the effect of Hic-5 and
nuclear export signal (NES)-mutants thereof on the nuclear export of
cyclin D1 driven by CRM1 as shown in Figure 2d. While CRM1 decreased
the nuclear localization of cyclin DI in adherent cells (Fig. 2d,
CRMV/Hic/PINCH; -/-/- vs +/-/-), co-expression of wild-type Hic-5
counteracted the effect of CRM1 as expected (+/-/- vs +/W/-). The effect
of Hic-5 was further augmented by the presence of PINCH, a shuttling
partner (Mori et al., 2006) (+/W/- vs +/W/+). Importantly, one of the Hic-5
mutants (LD) whose shuttling ability was disrupted lost completely the
counteracting ability (+/W/- vs +/LD/-). Another type of mutant (Cfl/ns)
that retained the shuttling capability itself as below but lost specifically the
sensitivity of the shuttling to oxidants (Shibanuma et al., 2003) showed
even stronger counteracting ability than the wild type (+/W/- vs +/Cfl/ns/-).
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This result highlighted the importance of the shuttling of Hic-5 in the
effect, supporting the above assumption that Hic-5 competes with cyclin
D1 for the CRMI1 nuclear export system by its shuttling and as a
consequence, promotes the nuclear localization of cyclin D1.
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Fig. 2. The role of Hic-5, a focal adhesion protein shuttling between nuclear and
cytoplasmic compartments, in the nuclear localization of cyclin D1. (a, b) The siRNA
against Hic-5 (seqA or seqB) or control siRNA (ctr) was introduced into cells (a; primary
MEF, C3H10T1/2 and NMuMG, b; C3H10T1/2). In b, the expression vectors for
HA-tagged wild-type or T286A mutant cyclin D1 were co-transfected with the siRNA.
After 48 h, the cells in monolayers were immunostained with the antibody to cyclin D1 (a)
or the HA-tag (b), and the frequency of the nuclear localization of endogenous (a) and
exogenous (b) cyclin D1 was quantified as in Figure 1b. (¢) HA-tagged Hic-5 or paxillin
was expressed from the expression vector in C3H10T1/2 cells, and at 24 h post-transfection
the cells were detached and replated as in Fig 1a, followed by co-immunostaining with the
antibodies to cyclin D1 and the HA-tag. The frequency of the nuclear localization of cyclin
D1 in the cells expressing HA-tagged Hic-5 or paxillin was assessed as in Figure 1b. (d)
The expression vectors for myc-tagged CRM1, Flag-tagged wild-type (W) or mutant Hic-5
(LD; mLD3 or Cfl/ns), and Flag-tagged PINCH were introduced into C3H10T1/2 cells in
the indicated combinations together with HA-tagged cyclin D1. The nuclear localization of
cyclin D1 was visualized in monolayers by immunostaining with the antibody to HA-tag
and, its frequency was assessed as above. The expression levels of each protein in the

combinations were examined by Western blotting with the antibodies to each tag and are
shown at the bottom.
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Fig. 3
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Fig. 3. Anchorage-dependent nuclear-cytoplasmic shuttling of Hic-5 interrupted by
elevated levels of ROS in non-adherent cells. (a) The vectors for HA-tagged wild-type
(WT) or mutant Hic-5, Cfl/ns, were introduced in C3H10T1/2 cells. After 24 h, the cells
were detached, transferred to a suspension culture (Suspension) or replated onto coverslips
(Adhesion), and further incubated for 2 h with or without LMB (10 ng/ml). After
immunostaining with the antibody to the HA-tag, the ratio of the fluorescence intensity of
the nucleus to that of the whole cell was obtained and graphed. At least 50 cells of each
culture were scored, and the means +S.D. obtained from more than three independent
experiments are shown. Typical images obtained in the suspension culture are presented at
the bottom. The nuclei were labeled with DAPL (b) C3HI10T1/2 cells were detached,
transferred to a suspension culture and after the indicated periods, the level of ROS was
measured. In each experiment, more than 20 cells were examined, and the experiment was
repeated five times. The values are means + S.D. (¢) The cells expressing HA-tagged
wild-type Hic-5 as in a were pre-incubated with ROS scavengers (1 mM Tiron and 100 pM
PDTC) for 30 min, detached and transferred to a suspension culture, and then, incubated 2
h with or without LMB (10 ng/ml). The nuclear localization of Hic-5 was monitored as in a.
(d) The cells expressing Flag-tagged wild-type (WT) or Cfl/ns mutant Hic-5 together with
the HA-tagged cyclin D1 were transferred to suspension cultures and after 2 h,
immunostained with the antibody to the HA-tag. The numbers of cells with cyclin D1
dominantly distributed in the nucleus and in the cytoplasm were numerated and are shown
as a ratio. Filled and open bars indicate the predominant nuclear and cytoplasmic
localization of cyclin DI, respectively. The means + S.D. obtained from independent
experiments repeated more than three times are shown.  Refer to color plates.
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Based on the above findings, it was most likely that in non-adherent cells,
Hic-5 stopped the shuttling, resulting in increased availability of the
nuclear export system for cyclin D1 and thus, leading to its transport out of
the nucleus. The shuttling of Hic-5, evaluated by LMB-sensitive nuclear
accumulation (Shibanuma et al., 2003), was in fact found to be severely
impeded in non-adherent cells (Fig. 3a, Suspension; WT). Interestingly,
the Hic-5 mutant, Cfl/ns, retained the capability and shuttled in
non-adherent cells as in adherent ones (Suspension; Cfl/ns). Considering
that Cfl/ns was the mutant that was manipulated to acquire the shuttling
ability resistant to the inactivation by oxidants through the mutation at
specific cysteine residues (Shibanuma et al., 2003), it was predictable that
cellular redox state in non-adherent cells shifted to oxidative conditions so
that the shuttling of the wild type was blunted. To prove this assumption,
we first monitored the level of ROS in the cells detached from the
substratum by using a fluorescence indicator and observed a burst of ROS
production followed by a sustained increase (Fig. 3b). Subsequently, we
tested the effect of scavenging ROS and observed that when the cells were
pretreated with chemical scavengers of ROS,
1,2-dihidroxybenzene-3,5-disulphonic acid (Tiron) and pyrrolidine
dithiocarbamate (PDTC), even wild-type Hic-5 retained the shuttling
capability in non-adherent cells (Fig. 3c). These observations provided
substantial evidence that under non-adherent conditions, the increased
production of ROS halted the shuttling of Hic-5. Then, the C/fl/ns mutant
that is able to shuttle independently of oxidative conditions hypothetically
localizes cyclin D1 to the nucleus even in non-adherent cells. This was the
case, and the introduction of the mutant in the cells increased the
population of the cells in which cyclin D1 was localized to the nucleus in
the suspended culture (Fig. 3d). Besides, this result argued that the
shuttling of Hic-5 indeed acted as a driving force to localize cyclin D1 to
the nucleus. Next we addressed the significance of the
anchorage-dependency of the nuclear localization of cyclin DI regulated
by the redox-sensitive shuttling of Hic-5 and a consequence of its
deregulation resulting in the nuclear localization of cyclin D1 in
non-adherent cells. For this purpose, we retrovirally overexpressed the
wild-type and oxidant-resistant Cfl/ns mutant of Hic-5, or NLS-cyclinD1,
a derivative of cychn D1 with a nuclear localization signal (NLS), in
mouse mammary epithelial NMuMG cells, placed the cells in suspension
and performed BrdU incorporation analysis. As shown in Figure 4a,
overexpression of NLS-cyclin D1 prominently stimulated BrdU
incorporation 4-fold (D1/Hic-5; NLS/-). Of note, the C/fl/ns mutant also
increased the incorporation more than 2-fold over the control by itself
(D1/Hic-5; -/Cfl/ns). Like in NMuMG cells, in the suspension culture of
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C3H10T1/2 cells, the amount of BrdU incorporated was increased by the
introduction of NLS-cyclin D1 (Fig. 4b, Dt/Hic-5; NLS/v). In comparison,
the effect of wild-type cyclin D1 was much weaker in accordance with
previous reports (Quelle et al., 1993; Resnitzky et al., 1994) (D1/Hic-5;
+/v), and the C/fl/ns mutant, when co-expressed with wild-type cyclin D1,
potentiated its effect (D1/Hic-5; +/Cfl/ns). In parallel, modest but
reproducible increases in the fraction of S phase were observed by the flow
cytometry {(data not shown). In the suspension culture of NMuMG cells,
we noticed the appearance of a population with sub G1 DNA content using
flow cytometry (data not shown), suggesting that a fraction of the
epithelial cells underwent apoptosis. In fact, the apoptotic cells were
detected in the suspension culture, and the population was reduced by the
expression of the Cfl/ns mutant as well as NLS-cyclin D1 (Fig. 4c),
suggesting that the nuclear-localized cyclin D1 had an anti-apoptotic effect
as well as the growth promoting activity in the suspended cells.
Consequently and importantly, significant numbers of cells were alive
after the long incubation in suspension in the presence of Cfl/ns of Hic-5
and NLS-cyclin Dl (Fig. 4d). Overall, these analyses demonstrated a
partial but appreciable escape from growth arrest and/or acquisition of
resistance to apoptosis in the non-adherent cells by ROS-insensitive
continuous shuttling of Hic-5, increasing the nuclear localization of cyclin
DI.

Finally, to implicate the above phenomenon in tumorigenesis, we
introduced v-Ki-ras into cells and examined the nuclear localization of
cyclin D. Of particular interest, in the cells expressing v-Ki-ras, intense
nuclear signals were observed in the suspension culture rather than in the
monolayer (Fig. 5a and b). The nuclear signal was diminished by
knockdown of cyclin D1 with siRNA, ruling out the cross-reactivity of the
antibody to an irrelevant protein (data not shown). Most importantly, in the
presence of the siRNA against cyclin D1, the cells expressing ras failed to
incorporate BrdU any more than control cells in suspension culture (Fig.
5¢), suggesting that ras was dependent on the nuclear localization of cyclin
DI to induce anchorage-independent growth of cells (Yang et al., 1998).
This result also provided a mechanistic insight into the requirement of
cyclin DI in tumorigenesis by ras reported previously (Yu et al., 2001). In
addition, the signal of ras was likely to modify cyclin D1 itself to escape
from the regulatory mechanism provided by Hic-5 rather than to modify
the shuttling of Hic-5, since the shuttling was interrupted in the suspended
cells expressing ras as well as non-expressing cells (Fig. 5d).
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Fig. 4. Escape from growth arrest and acquisition of resistance to apoptosis
induced by oxidant-resistant shuttling of Hic-5 and nuclear-targeted cyclin DI in
suspension culture. (a) NMuMG cells were infected with one of the following
retroviral vectors; the empty vector (v), the vector encoding Flag-tagged wild-type
(WT) or Cfl/ns mutant Hic-5, and the vector encoding HA-tagged nuclear-targeted
cyclin D1 (NLS). At 72 h post-infection, the cells were placed in suspension for
24 h, and subsequently, incorporation of BrdU was examined after another 48 h.
The experiments were repeated more than three times using independent sets of
infected samples. The means + S.D. are shown. In the lower panel, total lysates of
the cells infected as above were subjected to Western blotting with the antibodies
to the tags. (b) C3H10T1/2 cells were sequentially infected with retroviral vectors,
first with an empty vector (v) or those encoding Flag-tagged wild-type (WT) or
Cfl/ns mutant Hic-5 and then, with those encoding HA-tagged wild-type (D1) or
nuclear-targeted cyclin D1 (NLS). At 72 h after the second infection, the cells
were placed in suspension for 24 h, and the incorporation of BrdU was examined
after another 12 h. In the lower panel, total lysates of the cells infected as above
were subjected to Western blotting with the antibodies to the tags. (¢) The
NMuMG cells infected with the indicated retroviral vectors as in a and placed in
suspension for 48 h were examined with a colorimetric “APOPercentage”
apoptosis assay kit according to the directions provided. The population of the
apoptotic cells was quantified by releasing the incorporated dye from the cells and
measuring the absorbance at 570 nm. The values were normalized with the total
number of cells, and those relative to the adherent condition are shown as means +
S.D. from more than three independent assays. (d) The NMuMG cells infected as
in a were transferred to suspension cultures, and the number of cells was counted
at the indicated time.
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Fig. 5. Disruption of the anchorage dependency of the nuclear localization of cyclin D1 by
oncogenic ras. {(a) The expression vector encoding Flag-tagged v-Ki-ras was introduced
into NIH3T3 cells, and 24 h later, the cells were detached, and transferred to suspension
culture (Suspension) or cultured in monolayers (Adhesion). After 3 h of incubation, the
cells were fixed and co-immunostained with the antibodies to cyclin D1 and the Flag-tag.
The nuclei were labeled with DAPI. Photographs were taken under a confocal fluorescence
microscope. The arrow and arrowhead indicate cells expressing (Flag-positive) and not
expressing (Flag-negative) ras, respectively. The scale bars represent 50 um. (b) The
expression vector encoding the Flag-tagged v-Ki-ras (ras) or the empty vector (vec) was
introduced into the cells, and processed as in a. Subsequently, the subcellular localization
of cyclin D1 was examined in the Flag-positive cells as in Figure 3d. Total cell lysates were
analyzed by Western blotting with the antibodies to cyclin D1 and the Flag-tag at the
bottom. (¢) The expression vector for the ras or empty vector was introduced into the cells
with siRNA for cyclin D1 or control and 48 h later, the cells were placed in suspension and
further incubated for 24 h. Then, BrdU was added and after 4 h of incubation, the incorpo-
ration was examined as in Iig. 4a,b in the cells after co-immunostaining with the antibodies
to the tag and BrdU. (d) The vectors for HA-tagged wild-type Hic-S and the Flag-tagged
v-Ki-ras were introduced into C3H10T1/2 cells. After 24 h, the cells were detached, trans-
ferred to suspension cultures (Suspension) or replated onto coverslips (Adhesion), and
further incubated for 2 h with or without LMB (10 ng/ml). The cells were immunostained
with the antibodies to the tags, and the nuclear localization of Hic-5 in the cells was
assessed as in Fig. 3a. (e) A model of a failsafe system for anchorage-dependence of cell
growth and survival. Cyclin D1 was localized to the nucleus in adherent cells by the
nuclear-cytoplasmic shuttling of Hic-5, which counteracted the nuclear export of cyclin D1.
In suspended cells, the shuttling was blunted by the elevated levels of ROS and thus, cyclin
D1 was actively transported out of the nucleus, resulting in a decrease in its nuclear
localizaiton. Otherwise, the cells acquire the capability to survive and/or grow in
anchorage-independent conditions.
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Conclusion

Altogether, we summarized the findings of this study in a model proposing
a failsafe system for anchorage-dependence of cell growth and survival,
the system coupling the cellular growth and survival strictly with an
appropriate matrix attachment through the nuclear localization of cyclin
D1 (Fig. Se). Otherwise, irrelevant cell-cycle progression or resistance to
apoptosis in non-adherent cells most likely contributes to tumorigenesis,
increasing the survival of cells in invading and circulating processes. The
mechanisms underlying the escape from growth arrest or apoptosis by the
nuclear-localized cyclin D1 deserve further investigation. The
phosphorylation of Rb at serine 780 by cyclin D1-cdk4/6 showed no robust
changes under the above conditions (data not shown), making the
involvement of hyperphosphorylation of Rb, a classical hallmark of the
transition from G1 to S phase, obscure. An increasing number of studies
have posed a new framework viewing cyclin D1 as a transcriptional
coregulator (Coqueret, 2002; Lamb et al., 2003).

According to recent progress, cyclin D was not required for
proliferation in most types of cells in vivo except hematopoietic stem cells
(Kozar et al.,, 2004; Sherr and Roberts, 2004), suggesting the possible
difference of the functionality of cyclin D1 dependent on adhesive
conditions and a pro-proliferative potential of the cyclin D1 distinctively
manifested in non-adherent cells. This possibility implied the requirement
of a failsafe system as above to prevent irrelevant availability of the
pro-proliferative potential in case of detachment or inappropriate matrix
attachment of adherent cells. Conversely, as was the case for ras,
molecular mechanisms underlying the anchorage-dependency of the
nuclear localization of cyclin D1 could be a reasonable target of oncogenic
signals. This study will hopefully contribute to the development of new
therapies for malignancies designed to deprive the target protein of
oncogenic potential through manipulation of subcellular localization,
keeping the protein away from the sites of action.
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Summary. Mouse endothehial TKD2 cells in the monolayer were co-
cultured with various human cell lines for 24 hr, and the expressions of
several secreted MMPs and cell adhesion molecules were examined by
real-time RT-PCR using mouse-specific primers. Co-culture with normal
fibroblasts did not elicit the expression of these molecules, but co-culture
with cancer cells induced the expression of MMP-3, -9, and -10 mRNA in
endothelial cells and in normal mouse embryonic fibroblasts. The induc-
tion of MMP mRNAs was dependent on direct cell adhesion since a sepa-
rate culture of AS549 cells in Boyden chambers did not induce MMP
mRNAs, and a neutralizing antibody against VLA-4 abolished the induc-
tion. Intraceilular ROS levels increased in TKD2 cells following adhesion
to cancer cells. ROS scavengers decreased the levels of MMP induction,
and roterone, an inhibitor of mitochondrial complex 1, strongly suppressed
the induction of MMP-3, -9, and -10. These results indicate that the ad-
hesion of cancer cells to endothelial cells activates several distinct signal-
ing pathways to induce the MMP gene expression.

Key words. cell-cell interaction, MMP-9 induction, reactive oxygen
species

Results and Discussion

1 Induction of adhesion-related genes in mouse TKD2 cells
co-cultured with human cancer cells

Human cancer cells were added to a monolayer of TKD?2 cells at a ratio of
1:1, and cultured for 24 hr at 33° C. Total RNA was extracted, and levels
of MMP mRNA in TKD2 cells were examined by real-time RT-PCR. The
primers did not detect human MMPs. The results shown in Fig. 1 indicate
that co-culture with normal human fibroblasts did not affect the levels of
MMP mRNAs significantly, but cultivation with cancer cells induced the
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expressions of MMP-3, MMP-9 and MMP-10. Levels of MMP-2 also in-
creased but to a lesser extent. Expressions of several cell adhesion mole-
cules such as VCAM-1 and ICAM-1 was also increased in TKD2 cells co-
cultured with tumor cells. The effect of A549 seemed most prominent, so
we focused on A549 in later experiments.
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Fig. 1. Changes in MMP-mRNAs in TKD?2 cells cultured with human cells.

1, TKD2 alone; 2, TKD2+HT1080; 3, TKD2+TMK-1; 4, TKD2+HepG2;

5, TKD2+HelaS3; 6, TKD2+A549; 7, TKD2+TIG3. Levels of mRNA were meas-
ured by quantitative RT-PCR.

A549 cells were seeded on a monolayer of TKD2 cells, and RNA was
extracted at various times after starting the co-culture. The MMP-9 mRNA
level increased rapidly and reached a plateau at 1 hr. Induction of MMP-3
and MMP-10 was slower, starting after 4 hr and reaching a plateau around
24 to 48 hr.
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A549 cells were seeded on a monolayer of TKD2 cells, and anti-
integrin a2 antibody or anti-integrin o4 antibody (10pg/mL each) was
added at the same time. MMP mRNA levels were quantitated 24 hr after
starting the co-culture. The main ligand of integrin a2 is collagen, and
that of integrin o4 is VCAM-1. Anti-integrina4 inhibited the induction of
MMP-3, MMP-9 and MMP-10, whereas anti-integrin o2 inhibited the in-
duction of only MMP-9.

2 Signals from adhesion to MMP induction

After the adhesion of TKD2 cells to A549 cells, levels of intracellular re-
active oxygen species (ROS) increased as determined by a fluorescent re-
dox sensor, Red CC-1 The importance of ROS in MMP induction was es-
timated by examining the effects of ROS scavengers and inhibitors of ROS
production. An anti-oxidant that scavenges hydroxyradicals, dimethyl
thiourea (DMTU), inhibited the induction of MMP-3, -9, and -10. A non-
specific  inhibitor of flavin-containing enzymes, diphenyleneio-
donium(DPI), and an inhibitor of mitochondrial electron transporter com-
plex I, rotenone, strongly inhibited MMP induction (Fig. 2).

Mitochondrial activity seemed to be stimulated in TKD2 cells co-
cultured with A549 cells, and this stimulation was inhibited by 1.Y294002
or the dominant-negative form ot PI3K, indicating that PI3K activation
following cell-cell interaction was required for the activation of mitochon-
dria. MMP-9 induction was significantly decreased in pseudo p0 cells and
recovered at least in part in revertants. The findings in this study indicate
that mitochondria are an important target for the development of anti-
metastatic drugs, and further studies are necessary to clearly understand
the precise mechanisms.



156

Fig. 2
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Fig. 2. Effects of radical scavengers on induction of MMP-3, MMP-9 and MMP-
10. TKD2 and A549 cells were co-cultured, and were treated with dimethyl thio-
urea (DMTU), diphenyleneiodonium(DPI), or rotenone. Levels of mRNA were

measured by quantitative RT-PCR.
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Summary.  Although RAD21 is involved in the repair of DNA
double-strand breaks and 1s essential for mitotic growth, its role in cancer
has been unclear. Recently, cleaved products of RAD21 by caspase 3 and 7
become a factor inducing apoptosis. And there are some reports about the
association of tumor formation and RAD21. Our current study indicates
the RAD21 gene was closely related to the invasion and metastasis of the
cancer cells. In addition, although it is known that there are many cleavage
products, about those functions, it is not clear. In this study, the relevance
of RAD21 cleaved products expression to cell differentiation and
carcinogenesis of oral squamous epithelium was clarified using Laser
Microdissection and Western Blot analysis.

Key words. RAD?21, squamous cell carcinoma, laser microdissection

Introduction

RAD21 is one of the four subunits of cohesin, the latter which holds sister
chromatides together until anaphase (Birkenbihl and Subramani 1992,
Michaelis et al. 1997). Cohesin is combined with the chromosome in the
G1 phase and holds the sister chromatides until RAD21 is cleaved by
separase during the onset of anaphase, with these cleavages allowing
chromosomal separation (Birkenbihl and Subramani 1995, Hirano 2000,
Hoque and Ishikawa 2001, Nasmyth et al. 2000, Uhlmann et al. 1999).
When RAD21 was knocked out of chicken DT40 cells, it caused
premature sister chromatoid separation (Sonoda et al. 2001). When
RAD21 is mutated at the cleavage site by separase, not only chromosome
segregation but also cell division is inhibited (Hauf et al. 2001). In light
of the above fact, RAD21 may play an important role in faithful and
stabilized chromosomal separation. Recently, it has been shown that the
degradation product formed by the C-terminal cleavage of RAD21 by
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caspases 3 and 7 becomes a factor which induces apoptosis (Chen et al.
2002, Pati et al. 2002). In addition, in regard to the association of tumor
formation and RAD21, the expression level of the RAD2I gene is
suppressed by hypoxia in liver cancer and mammary cancer cells (Sook
Kim et al. 2001), the RAD21 gene is over expressed in prostate cancer
cells (Porkka et al. 2004), and it has been reported that RAD21 gene
expression is induced by the BRCAI gene which is a tumor suppressor
gene in breast cancer cells (Atalay et al. 2002). However, the relation
between the RAD21 gene and cancer remains unclear. In the present
study, the relevance of the RAD21 cleavage products to the invasion and
metastasis of squamous cell carcinoma and to the differentiation of oral
squamous epithelium were investigated in frozen tissue samples using
laser microdissection and western blot method.

Material and Method

Cell culture

The SAS cell, a poorly differentiated squamous cell carcinoma cell line,
was derived from human tongue primary lesion (Takahashi et al. 1989).
Cells were cultured in Dulbecco's Modified Eagle medium nutrient
mixture F-12 ham (SIGMA) supplemented with 10% fetal bovine serum,
50units/ml penicillin, and 50pg/ml streptomycin, - in a humidified
atmosphere, 5% CO,, at 37°C. The cell was treated with 5-azacytidine and
ALLN at the desired final concentration and duration.

Frozen sample preparation for Laser Microdissection

We used PALM® Micro Beam (P.A.L.M. Microlaser Technologies) for
retrieving target area from frozen section. Samples were obtained at
surgery. The extracted tissues were embedded in OCT compound and
frozen in isopentane cooled in liquid nitrogen. The specimens were then
made into frozen blocks, which were sliced using a cryomicrotome
(MICROM) at 7um thicknesses for microdissection.

Western blot analysis

Proteins were extracted from culture cells and frozen sections by RIPA
buffer. Cell fractionation was carried out by PARIS kit (AMBION).
Western blot analysis was performed according to ordinary method.
Anti-RAD21 antibody (BETHYL) was used for primary antibody. For
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detection of Chemiluminescence, we wused Light Capture (ATTO
corporation Japan), and analyzed the band density by CS analyzer (ATTO
corporation Japan).

Results
1. Our current study
Current study about the relation between RAD21 gene expression and

invasion patterns of oral squamou cell carcinoma was shown. The figure
indicates microdissected tissue according to each invasion pattern (Fig.1).

Fig.1 Procurement of the target tissue from the frozen section by the Laser
microdissection method. (a) INFa, (b) INFB, (c) INFy. Laser microdissection
was performed by PALM® Micro Beam (P.A.L.M. Microlaser Technologies) after

staining in the 1% toluidine blue. For left-hand side, before the cut by laser and
the right are after a cut.
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The invasion pattern was determined in terms of the classification (pattern
of infiltration; INF) of the cancer handling convention of Japan. The
patterns is regarded as INFq if the cancer nest grows expansively and a
clear circumference boundary can be seen between the cancer and the
surrounding tissue. INFy shows an infiltrative growth pattern and the
boundary with the circumference tissue is indistinct. INFB is intermediate
between INF-alpha and INFy. As a result, the expression level of the
RAD21 gene decreased significantly (p<0.01) in the areas of INFf and
INFy in comparison with INFa. In regional lymph node metastasis , the
expression level of RAD21 gene also decreased similar to INFy(Fig.2).

x10~

Relative Expression of RAD21
[#5)

;1Fmﬁ

INFa INF[3 INFy LN

Fig.2 The expression level of the RAD 21 gene by Laser microdissection and
Real-Time Quantitative PCR.  The relative expression of RAD21 gene was
calculated by diving the value by the GAPDH value of each sample. At the
infiltrating edge of the oral squamous cell carcinoma, the RAD21 gene expression
was decreased in the area that showed the invasion patterns of INFfB (n=8) and
INFy (n=10) in comparision with the area of INFa (n=7). In regional lymph
node metastasis (LN: n=5), the RAD21 gene expression was also decreased
similar to the INFy invasion pattern. Bars,£SD.

2. Laser microdissection and western blot

In analyzing expression of RAD21 protein, many cleavage products of
RAD21 become a problem. Immunohistochemistry can stain all cleaved
protein similarly. But, if we use Laser Microdissection and western blot
methods, cleaved protein can be identified according to molecular weight.
So we try to detect RAD21 by the methods of Laser Microdissection and



161

western blot. When the methods of Laser Microdissection and western
blot was tested, we tried the detection of f-actin first (Fig.3). Though only
a very slight band had been detected from samples of about 105 cells, the
number of cells was roughly proportional to the expression of P-actin.
Y-axis indicates the density of the band analyzed by CS analyzer, X-axis
the number of cells.

Fig.3 Measurement value of B-Actin using Laser Microdissection and Western
Blot method. Indicated number of cells were collected by Laser Microdissection.
the number of cells was roughly proportional 1o the expression of B-actin. Y-axis
indicates the density of the band analyzed by CS analyzer, X-axis the number of
cells.

3. The expression of RAD21 cleaved products in frozen section

So detecting the protein by Laser Microdissection and western blot became
possible, we analyzed RAD21 cleaved products in each invasion pattern
(Fig.4). 130KD product is known as full length RAD21. The expression of
80KD and 68KD products has increased in INFa in association with the
gene expression.

Because oral squamous cell carcinoma classified into INFa often form
large and well differentiated nest, we studied the relation between RAD21
cleaved products and the differentiation of oral squamous epithelium(Fig5).
We could detect only a slight band in normal epithelium. But 80KD
cleaved product increased in above prickle cell layer of keratinized
epithelial hyperplasia and epithelial dysplasia. Especially, in above upper
prickle cell layer of epithelial dysplasia, 80KD leaved product was
expressed more strongly (Fig.6).
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Fig.4 Expression of RAD21 cleaved products in invasion pattern of oral
squamous epithelium. 130KD product is known as full length RAD2!. The
expression of 80KD and 68KD products has increased in INFa in association with
the gene expression.

Fig.5 The layers of oral squamous epithelium. Figures indicate each layer; basal
layer, lower prickle cell layer and above upper prickle cell layer microdissected
from normal epithelium, keratinized epithelial hyperplasia, and epithelial
dysplasia. Refer to color plates.
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Fig.6. The relation between RAD2] cleaved products and the differentiation of
oral squamous epithelium. 80KD cleaved product increased in above prickle cell
layer of keratinized epithelial hyperplasia and epithelial dysplasia. Especially, in
above upper prickle cell layer of epithelial dysplasia, 80KD leaved product was
expressed more strongly.

4. The expression of RAD21 cleaved products by ALLN

The result suggested that RAD21 cleaved products related to
differentiation of oral squamous epithelium. Then, we investigated the
relation between the cleavage of RAD21 and calpain, known as a cystein
protease related to differentiation of cell. SAS cells were treated with
10uM ALLN, a calpain inhibitor, and/or 10uM 5-azacytidine for 24 hours.
Control cells were incubated with condition medium. Fach cell was
fractionated to cytoplasm and nucleus, and analysed RAD21 cleaved
products. As a result, we could detect 80KD product increased in
cytoplasm with 10uM S-azacytidine. But, the product decreased with
5-azacytidine and ALLN (Fig.7).
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Fig.7 Expression RAD21 cleaved products in SAS cells. Treatment with
S-azacytidine and ALLN. 80KD product increased in cytoplasm with 10uM
S-azacytidine(lane No.4). But, the product decreased with S5-azacytidine and
ALLN(Lane No.6).

Discussion

We studied on the relation between the invasion pattern of squamous cell
carcinoma and the expression level of the RAD21 gene using the Laser
microdissection method and real-time PCR in surgical material. It
became clear that the expression level of the RAD21 gene decreased as the
invasion pattern of squamous cell carcinoma changed to INFy from INFa.
It is known that the expression level of the RAD21 gene is down-regulated
under hypoxia in many human tumor cells (Sook Kim et al. 2001). As
well, hypoxia in malignant tumor tissue is more concerned in development
of the aggressive character and metastasis of malignant tumor cells (Acs et
al. 2002, Beavon 1999, 2000, Brizel et al. 1996, Cairns et al. 2001,
Schwickert et al. 1995). It has been shown that the lowering of oxygen
partial pressure in the tumor correlates with prognosis in squamous cell
carcinoma of the head and neck (Brizel et al. 1997). In regard to the
biological significance of the invasion pattern, it is known that in oral
squamous cell carcinoma, similar to cancer in other organs, an invasive
growth pattern such as INFy indicates high lymph node metastasis
frequency and poor prognosis, as compared with the cancer which shows
an expansive growth pattern such as INFa (Baba et al. 1997, Kumagai et al.
1994, Nishida et al. 1995). Based on the above reports and the results of
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our study, the RAD21 gene might be related to the development of an
invasive pattern.  Simultaneously, these results suggest the possibility that
the invasion pattern of squamous cell carcinoma reflects the hypoxia in the
tumor tissue.

In regional lymph node metastasis, the expression level of the RAD21
gene decreased similary to INFy invasion pattern. This result supports
the possibility that cancer cells with high invasion potential cause lymph
node metastasis in relation to hypoxic condition.

The RAD21 gene has been identified, by means of the differential
display method, as the gene which is down-regulated in the hypoxia (Sook
Kim et al. 2001). This suggests the possibility that the decrease of the
expression level of the RAD21 gene affects various intracellular changes
in the hypoxia. In solid tumors, hypoxic condition concerns a selection
of the apoptosis resistant cells, and it has been indicated to be important
for progression of tumor cells (Graeber et al. 1996). As well, hypoxia
directly induces the cell’s apoptotic resistance (Baek et al. 2000, Dong et al.
2003, Volm and Koomagi 2000). In addition, it has been shown that the
angiogenesis of cancer and the apoptosis of cancer cells correlate inversely
in squamous cell carcinoma of the head and neck. These are considered
to be the result of apoptotic resistance induced by hypoxia in cancer cells
(Riedel et al. 2001).

RAD21 1s cleaved by caspase 3, and it has become clear that the
degradation product in the C-terminal site induces apoptosis, so the
RAD21 gene plays an important role in apoptosis (Chen et al. 2002, Pati et
al. 2002). These reports suggest that the apoptotic resistance of the tumor
cell and the down-regulation of the RAD21 gene are closely related. But,
in this study, we detected new cleaved product of RAD21. That product
was different from cleavage product by caspase. It is known that there
were many cleavage product of RAD21(Chen et al. 2002). Though, it is
unclear what protease cleaves RAD21. Our data indicate at least calpain
may cleaves RAD21 and that cleaved product correlate with cell
differentiation. Finally, our findings suggest that the RAD21 gene plays an
important role in the control of cell differentiation, apoptosis and growth of
cancer cells.
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Summary. Replication-selective tumor-specific viruses present a novel
approach for treating neoplastic disease. These vectors are designed to induce
virus-mediated lysis of tumor cells after selective viral propagation within the
tumor. Telomerase activation is considered to be a critical step in
carcinogenesis, and its activity is closely correlated with human telomerase
reverse transcriptase (hTERT) expression. We investigated the antitumor
effect of the hTERT-specific replication-competent adenovirus on oral
squamous cell carcinoma (OSCC) cells. An adenovirus 5 vector [tumor- or
telomerase-specific  replication-competent adenovirus (OBP-301)] was
constructed by Center for Gene and Cell Therapy, Okayama University
Hospital, in which the hTERT promoter element drives expression of £/4 and
E 1B genes linked with an internal ribosome entry site, and we examined the
selective replication and antitumor effect in human OSCC cells in vitro and in
vivo orthotopic graft model. OBP-301 replicated efficiently and induced more
over 50% cell killing in a panel of human OSCC cell lines, but not in normal
human fibroblasts, which were lacking telomerase activity. In orthotopic graft
model, intratumoral injection of OBP-301 resulted in a significant inhibition of
tumor growth and prolongation of survival. Furthermore, mice’s weight
recovered as same as before bearing OSCC tumors. Our data clearly indicate
that OBP-301 displays an acceptable toxicity profile as well as a therapeutic
oncolytic activity for OSCC cells in vitro and in vivo. These results suggested
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that treatment of OBP-301 is possible to improvement of QOL of oral cancer
patients.

Key words. oral cancer; oncolysis; adenovirus; telomerase

introduction

Cancer remains a leading cause of death worldwide despite improvements in
diagnostic techniques and clinical management (Parkin et al. 2005, Jemal et al.
2004). Squamous cell carcinoma of the head and neck (HNSCC) distresses an
estimated 500,000 patients annually worldwide. This aggressive epithelial
malignancy is associated with a high mortality and severe morbidity among
the long-term survivors (Vokes et al. 1993). Current treatment strategies for
advanced cancer include surgical resection, radiation, and cytotoxic
chemotherapy. Although a combination of these modalities can improve
survival, most patients die of disease progression, often resulting from intrinsic
or acquired resistance to treatment (Vokes et al. 2005, Milas et al. 2003). Lack
of specificity for tumor cells 1s the primary limitation of radiotherapy and
chemotherapy. To improve the therapeutic index, there is a need for anticancer
agents that selectively target tumor cells only and spare normal cells.

Replication-selective tumor-specific viruses present a novel approach for
cancer treatment. These vectors are designed to induce virus-mediated lysis of
tumor cells after selective viral propagation within the tumor tissue only (Kirn
et al. 2001, Hawkins et al. 2002). Targeting cancer cells effectively also
requires tissue- or cell-specific promoters that can express in diverse tumor
types and are silent in normal cells.

Telomerase is a ribonucleoprotein complex responsible for the complete
replication of chromosomal ends (Blackburn 1991). Telomerase activity is
present in more than 85% of human cancers (Kim et al. 1994), but only in few
normal somatic cells (Shay et al. 1996). Telomerase activation is considered a
critical step in carcinogenesis and its activity is closely correlated with human
telomerase reverse transcriptase (A TERT) expression (Nakayama et al. 1998).
Since only tumor cells that express telomerase activity would activate this
promoter, the ATERT proximal promoter allows for preferential expression of
viral genes in tumor cells, leading to selective viral replication.

Center for Gene and Cell Therapy, Okayama University Hospital
constructed an attenuated adenovirus 5 vector (OBP-301; Telomelysin), in
which the hTERT promoter element drives the expression of £/4 and EI/B
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genes linked to an internal ribosome entry site (IRES) (Kawashima et al. 2004).
Telomelysin replicated efficiently and induced marked cell killing of a panel
of human cancer cell lines, whereas replication as well as cytotoxicity was
highly attenuated in normal human cells lacking telomerase activity.

An orthotopic graft nude mouse model of oral tongue squamous cell
carcinoma resembles human HNSCC in a number of biological properties. In
this model, local tumor growth, and regional and distant metastases
demonstrated a histopathological similarity to Oral squamous cell carcinoma
(OSCC) primary tumors from patients (Myers et al. 2002). In the present
study, we examined the selective replication and antitumor effects in human
OSCC cells such as in vitro oncolysis and a therapeutic benefit in vivo.

Materials and Methods

Construction of OBP-301

A 897-bp fragment of the E1A gene was amplified by reverse transcription-
PCR from total cellular RNA of 293 cells using the primers E1A-S (5-ACA-
CCG-GGA-CTG-AAA-ATG-AG-3") and E1A-AS (5'-CAC-AGG-TTT- ACA-
CCT-TAT-GGC-3"). A 1822-bp fragment of the E1B gene was amplified by
PCR from genomic DNA of 293 cells using the primers E1B-S (5'-CTG-ACC-
TCA- TGG-AGG-CTT-GG-3") and E1B-AS (5'-GCC-CAC-ACA-TTT-CAG-
TAC-CTC-3"). The amplified products were subcloned into the pTA plasmid
according to the instructions provided by the manufacturer (Invitrogen,
Carlsbad, CA). After confirmation by DNA nucleotide sequencing, the E/A4
gene (911 bp) and the £/B gene (1836 bp) were digested with EcoRI and then
cloned into the pIRES vector (Clontech, Palo Alto, CA) at the Miul and Sa!/l
restriction sites, respectively (pE1A-IRES-E1B). A 455-bp fragment of the
hTERT promoter was digested with M/ul and Bg/II restriction enzymes from
pGL3-378, which contains a 378-bp region upstream of the transcription start
site, and then ligated into the Xhol site of the pE1A-IRES-E1B (phTERT-
E1A-IRES-E1B). The 3828-bp fragment was digested from phTERT-E1A-
IRES-E1B with Nhel and Notl restriction enzymes and then cloned into
pShuttle after deletion of the cytomegalovirus promoter. The resultant shuttle
vector was used to generate replication-competent adenovirus under control of
the ATERT promoter using the Adeno-X Expression System (Clontech)
according to the protocol provided by the manufacturer. Recombinant
adenovirus was isolated from a single plaque and expanded in 293A cells.
PCR was performed using several primers specific for adenovirus £/
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sequences, and the PCR products were digested with restriction enzymes to
confirm the structure. The E1A-deleted adenovirus vector d1312 was used as
the control vector. Recombinant viruses were purified by ultracentrifugation in
cesium chloride step gradients, and their titers were determined by plaque
assay in the 293 cells.

Cell lines and cell culture

Oral squamous carcinoma cell lines (SAS-L, HSC-2, HSC-3, HSC-4) were
maintained as monolayers in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100
units/ml penicillin and 100 mg/ml streptomycin (complete medium). H1299,
the human non-small-cell lung cancer cell line, and LNcap, the human prostate
cancer cell line were routinely propagated in monolayer culture in RPM1-1640
supplemented with 10% FBS.

Cell viability assay

XTT (sodium 3’-[1-(phenylaminocarbonyl)-3,4- tetrazolium] -bis (4-methoxy-
6 -nitro) benzene sulfonic acid hydrate) assays were performed by seeding
human OSCC cells at 1,000 cells/well in 96-well plates 18-20 hr before viral
infection. The cells were then infected with OBP-301 at a multiplicity of
infection (MOI) of 1, 10, 50 and 100 plaque-forming units (PFU)/cell. Cell
viability was determined at the indicated times by using a Cell Proliferation
Kit II (Roche Molecular Biochemicals, Indianapolis, IN) according to the
protocol provided by the manufacturer.

Quantitative real-time PCR assay

Cells were seeded on 6 well plates at 5 x 10* cells, 18-20 hours before
infection. Cells were infected with OBP-301 at an MOI of 5 PFU/cell for 2
hours. Following the removal of virus, the cells were incubated at 37 °C,
trypsinized, and harvested for intracellular replication analysis at 2, 24, 48, and
72 hours. DNA was extracted with QlAamp DNA Mini Kit (Qiagen Inc.,
Valencia, CA), and quantitative real-time PCR assay for the £/4 gene was
performed using a LightCycler instrument (Roche Molecular Biochemicals).
The sequences of specific primers used for £/4 were as follows: sense, 5'-
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CCT GTG TCT AGA GAA TGC AA-3 and antisense, 5’-ACA GCT CAA
GTC CAA AGG TT-3". PCR amplification began with a 600-sec denaturation
step at 95°C and then 40 cycles of denaturation at 95°C for 10 sec, annealing
at 58°C for 15 sec, and extension at 72°C for 8 sec. Data were analyzed using
LightCycler Software (Roche Molecular Biochemicals). The ratios normalized
by dividing the value of untreated cells were presented for each sample.

Total RNA from cultured cells was obtained using the RNeasy Mini Kit
(Qiagen, Chatsworth, CA). Approximately 0.1 pug of total RNA was used for
reverse transcription. Reverse transcription was performed at 22 °C for 10
minutes and then at 42 °C for 20 minutes. The #TERT mRNA copy number
was determined by real-time quantitative reverse transcription-polymerase
chain reaction (RT-PCR) using a LightCycler instrument and a LightCycler
DNA TeloTAGGG Kit (Roche Molecular Biochemicals, Indianapolis, IN).
Polymerase chain reaction amplification began with a 60-second denaturation
step at 95 °C, followed by 40 cycles of denaturation at 95 °C for 15 seconds,
annealing at 58 °C for 10 seconds, and extension at 72 °C for 9 seconds.

Flow cytometry

The cells (2 x 10° cells) were labeled with mouse monoclonal anti-CAR
(RmeB; Upstate Biotechnology, NY) for 30 min at 4 °C, incubated with FITC-
conjugated rabbit anti-mouse IgG second antibody (Zymed Laboratories, San
Francisco), and analyzed by the FACSCalibur (Becton Dickinson, Mountain
View, CA) using CELL Quest software. The window was set to exclude dead
cells and debris.

Orthotopic graft model of tongue cancer

Female BALB/c nude mice were used for the animal model of tongue cancer
(Clea Japan, Inc., Tokyo, Japan). They were 6-week-old and weighted
between 15 and 20 g. A cell line of human oral squamous cell carcinoma,
SAS-L cells were harvested and suspended at a concentration of 5 x 10°
cells/ml in Dulbecco’s modified Eagle’s medium (DMEM). A total amount of
0.02 ml cell suspension (1 x 10° cells) was injected into the right lateral border
of tongue of the nude mice with a 27-gauge needle. About 5-7 days later, the
tumors grew to 2-3 mm in diameter. At that time, a 0.02 ml solution
containing OBP-301 at a dose of 1 x 10* PFU/body or PBS was injected into
the tumor. The perpendicular diameter of each tumor was measured every 3
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days, and tumor volume was calculated using the following formula: tumor
volume (mm®) =a x b* x 0.5, where a is the longest diameter, b is the shortest
diameter, and 0.5 is a constant to calculate the volume of an ellipsoid. Body
weight of each mouse was measured on every day. The experimental protocol
was approved by the Ethics Review Committee for Animal Experimentation of
Okayama University.

Results

Construction of adenovirus containing hTERT-controlled E1A and E1B
genes

To construct an adenovirus that replicates selectively in telomerase-positive
cells, the £14 and E/B genes linked with the internal ribosome entry site
(JRES) were placed under the control of the ATERT promoter. OBP-301 was
constructed by inserting this expression cassette at the deleted E1 region of the
replication-deficient adenovirus type 5 virus (Fig.1).

R Aas R

Fig.1. A schematic DNA structurc of tumor- or telomerase-specific replication-
competent  adenovirus. Tumor- or telomerase-specific  replication-competent
adenovirus contains the human telomerase reverse transcriptase (hTERT) promoter
sequence inserted into the E3-deleted adenovirus genome to drive transcription of the
E1A4 and E1B bicistronic cassette linked by the internal ribosome entry site structure.
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Human telomerase reverse transcriptase levels in oral cancer and
normal cells

Telomerase is a novel marker for malignant diseases (Shay and Wright 2002).
To confirm the specificity of telomerase activity in human cancer cells,
expression of A”TERT mRNA, which plays a key role in telomerase activation
(Nakayama et al. 1998) was measured in a panel of human cancer cells and
normal cell lines using a real-time RT-PCR method. All tumor cell lines,
including human non-small-cell lung cancer cell line H1299 and human oral
cancer cell lines SAS-I., SAS-L1 GFP, and HSC-3, expressed detectable levels
of A”TERT mRNA, although the levels of expression varied widely (Fig.2). In
contrast, human fibroblast cell such as WI-38 was negative for ATERT
expression. These results suggest that the #TERT promoter element can be
used to target for human cancer cells.
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Fig.2. Relative hTERT mRNA expression in human tumor and normal cells were
determined by real-time RT-PCR analysis. The #/TERT mRNA expression of H1299
human lung cancer cells was considered to be 1.0, and the relative expression level of
each cell line was calculated against that of H1299 cells.

Relative RTERT mRNA Expression

The expression of coxackie-adenovirus receptor (CAR) in human oral
cancer cells

As shown in Fig.3, to determine on the cell surface expression of CAR in
human oral cancer cells, we used flow cytometric analysis. The expression of
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CAR in human oral cancer cells, SAS-L and HSC-3, were almost same level
compared with these of H1299, the human non-small-cell lung cancer cell line.
These resuits suggest that there is no difference in the expression of CAR
between OSCC and other cancer cells.

SAS-L | M HSC-3

MOCK

Anti-CAR

Fig.3. Expression of CAR on OSCC cell lines as determined by flow cytometric
analysis. The cells (2 > 10 cells) were labeled with mouse monoclonal anti-CAR for
30 min at 4 °C, incubated with FITC-conjugated rabbit anti-mouse IgG second
antibody.

In vtro cytotoxic effects of OBP-301 in human oral cancer cells

To determine whether OBP-301 infection induces selective cell lysis, four oral
cancer cell lines (SAS-L, HSC-2, HSC-3, and HSC-4) were infected with
OBP-301 at various MOIs. All oral cancer cell lines were more than 50%
killed by OBP-301 in a dose-dependent fashion, but not in normal human
fibroblasts, which were lacking telomerase activity (Data not shown). (Fig. 4).

Replication selectivity of OBP-301 in human oral cancer cells

To determined replication efficiency of OBP-301 in human oral cancer (SAS-
L) and normal human lung fibroblast (MRC-5) by real-time PCR assay.
Twenty four-well plates were seeded with 5 x 10 cells/well 24 h before
infection. Cells were infected with OBP-301 at a MOI of 10 PFU/cell. Virus
inocula were removed after 2 h. The cells were washed twice with medium,
and 1 ml of the medium was added to each well. The cells were incubated at
37 °C for varying periods of time. The transduction efficiency of adenovirus is
less efficient in normal cells compared with tumor cell (Fig. 5).
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Fig.4. Oncolytic efficacy induced by OBP-301 infection in vitro. Cell killing efficacy
was evaluated by XTT (sodium 3’-[1-(phenylaminocarbonyl)-3,4- tetrazolium] -bis (4-
methoxy-6 -nitro) benzene sulfonic acid hydrate) assays. Statistical analysis was

performed using Student’s t test for differences among groups. Statistical significance
(*) was defined as P < 0.05.
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Fig.5. To determined replication efficiency of OBP-301 in human oral cancer (SAS-
L) and normal human lung fibroblast (MRC-5) by real-time PCR assay. Twenty four-
well plates were seeded with 5 x 10* cells/well 24 h before infection. Cells were
infected with OBP-301 at a MOI of 10 PFU/cell. Virus inocula were removed after 2 h.
The cells were washed twice with medium, and 1 ml of the medium was added to each
well. The cells were incubated at 37°C for varying periods of time. The transduction
efficiency of adenovirus is less efficient in normal cells compared with tumor cell.
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Treatment of Human Tumor Xenografts with Intratumoral Injection of
OBP-301

We next assessed the therapeutic efficacy of OBP-301 against human oral
cancer cells in vivo. SAS-L cells were implanted as xenografts into the tongue
of BALB/c nu/nu mice. Mice bearing palpable SAS-L tumors with a diameter
of 3-5 mm received three daily courses of intratumoral injection of 10* PFU of
OBP-301 or PBS (mock treatment). Compared with PBS, tumor growth was
suppressed by OBP-301 injection. And the weight of mice treated with OBP-
301 was significantly recovered compared with PBS (Fig. 6-A). The
macroscopic appearance showed that tumors treated with OBP-301 were
consistently smaller than those of other cohorts of mice 28 days after treatment
(Fig. 6-B). And mice treated with OBP-301 had a significant increased in
survival (Fig. 6-C). These in vivo data closely correlate with the in vitro results.

Discussion

The present study illustrates the potential application of replication-selective
adenovirus as an anticancer agent. Based on knowledge of the adenoviral
replication cycle, there are two types of approaches to restrict its replication to
tumor cells. ONYX-015 is an adenovirus with a deleted E/B 55-kDa gene,
which replicates and causes cell killing in p53-deficient tumor cells, but not in
normal cells (Bischoft et al. 1996). However, many studies have demonstrated
that replication of ONYX-015 is not strictly linked to the deficiency of p353
and that ONYX-015 also replicates in normal human primary cells (Rothmann
et al. 1998, Geoerger et al. 2002). An alternate strategy to obtain tumor-
specific adenoviral replication has been developed by using heterologous
promoters that regulate transcription of the E1A gene. In this context, the
promoters from the prostate-specific antigen (Rodriguez et al. 1997), MUC1
(Kurihara et al. 2000), osteocalcin (Matsubara et al. 2001), L-plastin (Peng et
al. 2001), midkine (Adachi et al. 2001), and E2F-1 (Tsukuda et al. 2002) genes
have been used to drive E74 expression. These vectors replicate preferentially
in tumor cells that express each targeted tumor marker; their therapeutic
window, however, is relatively narrow because only part of the tumor is
positive for each tumor marker.

Telomerase is expressed in a majority of human cancers, and its activation
plays a critical role in tumorigenesis by sustaining cellular immortality (Kim et
al. 1994), suggesting that the "TERT promoter is preferentially activated in
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Fig.6. Effect of tumor- or telomerase-specific replication-competent adenovirus on
human cancer cells grown in nu/nu mice. A. antitumor effects of intratumorally
injected tumor- or telomerase-specific replication-competent adenovirus against
established tongue SAS-L xenograft tumors in nu/nu mice. PBS was used as a control.
Eight mice were used for each group. Tumor growth was expressed as mean tumor
volume % SD. Statistical significance (*) was defined as P < 0.05 (Student’s t test). B.
macroscopic appearance of SAS-L tongue tumors in nu/nu mice at 0 and 28 days after
treatment. C. Mice treated with OBP-301 had a significant increased in survival.
Refer to color plates.
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most human cancer cells. Thus, the broadly applicable ATERT promoter might
be a suitable regulator of adenoviral replication. In fact, it has been reported
recently that transcriptional control of £74 expression via the A TERT promoter
could restrict adenoviral replication to telomerase-positive tumor cells and
efficiently lyse tumor cells (Wirth et al. 2003). The £7A4 gene has been shown
to have tumor-suppressive activity including transcriptional repression of the
HER-2/neu proto-oncogene and induction of apoptosis, suggesting that £7A4
gene transfer alone might be sufficient to kill host cells (Deng et al. 2002). The
adenovirus E/B gene is expressed early in viral infection, and its gene product
inhibits E£/A4-induced p53-dependent apoptosis, which in turn promotes the
cytoplasmic accumulation of late viral mRNA, leading to shutoff of host cell
protein synthesis. In most vectors that replicate under the transcriptional
control of the E/A4 gene, the £1B gene is driven by the endogenous adenovirus
E 1B promoter. Recent studies have demonstrated that transcriptional control of
both £/4 and EIB genes by the a-fetoprotein promoter with the use of IRES
significantly improved the specificity and therapeutic index in hepatocellular
carcinoma cells (Li et al. 2001). These observations indicate that the OBP-301,
in which the ATERT promoter regulates both the EI4 and E/B genes, may
control viral replication more stringently, thereby providing profound
therapeutic effects in tumor cells as well as attenuated toxicity in normal
tissues.

Kawashima et al. reported that an attenuated adenovirus OBP-301 could
replicate in and causes selective lysis of human cancer cells (Kawashima et al.
2004). These reports indicated that tumor implanted as xenografts into the hind
flank of nu/nu mice was significantly suppressed by the infection of OBP-301.
In this study, we examined the effects of OBP-301 on oral squamous cell
carcinoma cells, in which used orthotopic graft model of tongue cancer. This
model would be expected that not only suppress the tumor growth in their
tongue but also recover the efticacy of eating and swallowing. Because we
thought that recovered of these actions of mice leads to the improvement of
Quality of Life (QOL) of oral cancer patients.

An orthotopic nude mouse model to investigate the cellular and molecular
mechanisms of metastasis in human neoplasia was first described by Fidler et
al. (Fidler 1986, Fidler et al. 1990) and Killion er al (Killion et al. 1998).
Other groups using human solid tumors from a variety of organ sites have
subsequently documented its significance (Tan et al. 1977, Hoffman 1994).
The orthotopic implantation of tumor cells restores the correct tumor-host
interactions, which do not occur when tumors are implanted in ectopic s.c.
sites (Fidler 1986). In addition, an accirate experimental animal model is
necessary to evaluate the efficacy of novel therapies (Killion et al. 1998,
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Hoffman 1994). The first report of orthotopic model of human oral cancer in
nude mice was published by Fitch ez al. (Fitch et al. Wolf G. T., Carey T. E.
1988), who aspirated cells from fresh human tumors growing s.c. in nude mice
and injected them into the tongues of nude mice. These studies showed an
equal tumorigenicity in the oral cavity and the subcutis. Although these reports
of oral cancer orthotopic graft models were shown, there are no reports that the
suggestion of the improvement of QOL by the treatment of therapeutic
reagents for cancer.

Our data showed that human OSCC cell lines SAS-L, SAS-L1 GFP, and
HSC-3, expressed detectable levels of A”TERT mRNA, although the levels of
expression varied widely. In contrast, human fibroblast cell such as WI-38 was
negative for ATERT expression. We also showed cytotoxic activity in a variety
of human OSCC cell lines. Furthermore, we demonstrated that tumor growth
of orthotopic graft model was significantly suppressed by the treatment of
OBP-301. These results suggest that OBP-301 exhibited desirable features for
use as an oncolytic therapeutic agent. OBP-301 displayed potent lytic activity
in OSCC cells both in vitro and in vivo. Especially, in oral cancer orthotopic
graft model, intratumoral injection of OBP-301 resulted in a significant
inhibition of tumor growth and survival. Furthermore, mice’s weight
recovered as same as before implanted oral cancer cells into their tongues. We
suggested that the reduction of the tongue tumor by the treatment of OBP-301
is enabled to recover the efficacy of eating and swallowing well again. These
results suggested that treatment of OBP-301 is possible to improvement of
QOL of oral cancer patients.

In conclusion, our data clearly indicate that OBP-301 displays an
acceptable toxicity profile as well as a therapeutic oncolytic activity for oral
tumors. Additional clinical studies will be required to address the issues of
safety and efficacy of OBP-301-mediated virotherapy for human oral cancers.
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Hypoxia Induces Resistance to 5-Fluorouracil in
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Summary. Malignant tumors are exposed to various levels of hypoxic
condition in vivo. To clarify the mechanism of the hypoxia-induced
chemoresistance, we evaluated the effects of hypoxia on the resistance of
oral squamous cell carcinoma (OSCC) cell lines to S-fluorouracit (5-FU).
OSCC cells were divided to two groups by the proliferation activity under
hypoxic condition; hypoxia-resistant (HR) and hypoxia-sensitive (HS)
cells. Growth of HS cells were inhibited by hypoxia and introduced to G1
arrest in cell cycle. 5-FU effect on HS cell viability was markedly reduced
in hypoxic condition without an induction of chemoresistant related
protein, P-glycoprotein. However, proliferation, cell cycle, and 5-FU
sensitivity of HR cells were not affected by hypoxia. Hypoxia-inducible
factor (HIF)-1o was induced by hypoxia in all OSCC cell lines, but
diminished in HS cells within 48 hours. Expression of p21 and p27 was
strongly augmented and CyclinD expression was reduced by hypoxia in
HS cells. However, expression of these proteins was constitutive in HR
cells during 48h hypoxic culture. Phosphorylation of mammalian target of
rapamycin (mTOR) was reduced by hypoxia in HS cells. From these
findings, we concluded that HS OSCC cells acquire 5-FU resistance under
hypoxia by G1/S transition through an upregulation of cell cycle inhibitors.

Key words. 5-FU, oral cancer, resistance, hypoxia, cell cycle, G1 phase

Introduction

Malignant tumors are exposed to various levels of hypoxic condition in
vivo (Brown and Wilson 2004). Hypoxia has been known to be associated
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with malignant phenotypes of tumor cells and prognosis of the patients
(Janssen et al. 2005). Recently it has been reported that tumor cells under a
certain level of hypoxia are resistant to chemotherapies (Brown 2000,
Sakata et al. 1991, Song et al. 2006, Teicher 1994). To clarify the
mechanism of the hypoxia-induced chemoresistance of oral cancer, we
evaluated the effects of hypoxia on the resistance of oral squamous cell
carcinoma (OSCC) cell lines to 5-fluorouracil (5-FU) analyzed the
molecular mechanisms of acquired chemoresistance.

Materials and Methods
Materials

Oral squamous cell carcinoma cell lines HSC3, CA9-22, NA, and SAS
were used. Hypoxic condition was controlled by an Invivo2 humidified
airtight O,-control incubator (Ruskinn Technology, Leeds, United
Kingdom).

Methods

Cell proliferation, viability and 5-FU sensitivity were evaluated by crystal
violet mitogenic assay.

The percentages of cells in the sub-G,, G¢/Gy, S, and Go/M phases
were evaluated by DNA content analysis. The protein expression
were analyzed by Western blot analysis.

Results

1. OSCC cells were divided into two groups according to the proliferation rate
under hypoxic condition; hypoxia-resistant (HR) and hypoxia-sensitive (HS)
cells (Fig. lA & B).

2. HS cell lines were introduced to Gl-phase cell cycle arrest under hypoxia
(Fig. 2).

3. Hypoxic culture resulted in a decrease of 5-FU sensitivity in HS cells; but not
in HR cells (Fig. 3).

4. Hypoxia did not induce the P-gp expression in both HS and HR cells (Fig. 4).

5. The expression of p21 and p27 was augmented after 48hr hypoxic culture in
HS cells (Fig. 5).

6. mTOR was hypophosphorylated in HS cells under the hypoxic condition
(Fig. 6A).

7. The expression levels of AMPK, p-AMPK and REDDI1 were not affected by
hypoxia.(Fig. 6B)
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Fig. 1 Growth of OSCC cells and the expression of HIF-1a in OSCC cells under
hypoxic condition. (A) Cells were plated on 96-well plates (3 x 10® cells per well)
and cultured for 12-72 hours under normoxic (solid lines) or hypoxic (dotted lines)
condition. Proliferation of HSC-3 and CA9-22, but NA and SAS, is suppressed
under hypoxic culture. Cell viability was examined by crystal violet mitogenic
assay. The data indicate the mean + SD of triplicate wells. Representative data
from three individual experiments are shown. *; p<(0.01 vs normoxia, **; p<(0.001
vs normoxia. (B) Cells were cultured in normoxia (Nx) or hypoxia (Hx) for 24-48
hours and the expression of HIF-la was examined by Western blot analysis.
HIF-1a expression is induced by hypoxia, but diminished in HS cells within 48
hours of culture.
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Fig. 2. Cell cycle of OSCC cells under hypoxia. (Hypoxia induces G1 phase cell
cycle arrest in HS cells.) Cells were cultured in normoxia (Nx) or hypoxia (Hx)
for 12-72 hours and DNA content analyses were performed by PI staining and
subsequent flow cytometry. From the results of DNA histograms, the percentage
of cells in G1, S, and G2/M phases were evaluated.
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Fig. 3 Chemosensitivity of OSCC cells to 5-FU under hypoxia. (Hypoxia
induces insensitivity to 5-FU in HS cells.) Cells were cultured in normoxia (Nx)
or hypoxia (Hx) for 72 hours in the presence of 0-1000ug/ml of 5-FU. Cell
viability was examined by crystal violet mitogenic assay as described in Materials
and Methods. The data indicate the mean + SD of triplicate wells.

As shown in Fig.3, less than 0.1 ug/ml of 5-FU displayed practically no effect on
the growth of hypoxia-sensitive HSC-3 and CA9-22 cells under normoxia, and
most of the cells were not survived in the 5-FU concentration of more than 10
ug/ml. Calculated 50%-inhibitory concentration (1C50) values of 5-FU were
approximately 0.6 pg/ml for HSC-3 and 1.5 pg/ml for CA9-22. Hypoxic culture of
these cells resulted in a decrease in 5-FU sensitivity; IC50 values turned in
hypoxia to 10 and 15 pg/mi for HSC-3 and CA9-22, respectively. On the other
hand, 5-FU sensitivity of HR cells was not changed in hypoxia. 1C50 values of
5-FU were 0.3 pg/ml for NA and 13 pg/ml for SAS in normoxia, 0.2 pg/ml for
NA and 12 pg/ml for SAS in hypoxia.
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Fig. 4 Expression of p-glycoprotein in OSCC cells under hypoxia. (Expression
of p-glycoprotein is not altered by hypoxia.) Cells were cultured in normoxia
(Nx) or hypoxia (Hx) for 24-48 hours and the expression of p-glycoprotein (p-gp)
was examined by Western blot analysis.
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Fig. 5 Expression of cell cycle regulators in OSCC cells under hypoxia. (Hypoxia
induces marked expression of p21 and p27 in HS cells.) Cells were cultured in
normoxia (Nx) or hypoxia (Hx) for 24-48 hours and the expression of p21, p27,
and cyclin D was examined by Western blot analysis. Expression of p21 and p27
in HS cells under normoxia was comparable to that in HR cells. After 48-hour of
hypoxia, their expression was upregulated in HS cells but not in HR cells.
Constitutive expression of cyclin D was observed in all the cell lines examined and
did not change the expression levels in HR cells during 48 hours hypoxic culture.

Discussion

We investigated the mechanism of hypoxia-induced 5-FU resistance of
OSCC. The reason why cells more sensitive to hypoxic stress are more
capable to acquire drug resistance remains unclear. We hypothesize that
HS cells block their own proliferation activity in response to various
stresses to save their energy and intercept the deleterious outside effects
like anticancer drugs. It is possible according to our present findings that
unknown cascades or pathways are associated. There is a missing link
between HIF-1 & induction by energy starvation stress and G1 arrest via
mTOR hypophosphorylation. Candidate molecules for novel anticancer
gene targeting are expected be discovered through elucidating the detailed
molecular mechanisms of cellular stress responses.

In addition, we have to make clear the resistance mechanism of other
chemotherapeutic agents in further studies.
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Fig. 6 mTOR expression and phosphorylation in OSCC cells under hypoxia.
And the expression AMPK, REDD and phosphorylation of AMPK in OSCC cells
under hypoxia. (A) Cells were cultured in normoxia (Nx) or hypoxia (Hx) for
24-48 hours and the expression of mTOR and tyrosine-phosphorylated mTOR was
examined by Western blot analysis. mTOR is dephosphorylated in HS cells under
hypoxia. (B) Cells were cultured in normoxia (Nx) or hypoxia (Hx) for 24-48
hours and the expression of AMPK, REDD]1, and tyrosine-phosphorylated AMPK
was examined by Western blot analysis. Hypoxia does not affect the expression of
AMPK/REDDI1 and AMPK phosphorylation status. The results shown in Figs. 6
suggested that induction of p21 and p27 CKls in HS cells might be mediated by
hypophosphorylation and subsequent inactivation of mTOR, and that AMPK and
REDDI might not be associated with this pathway.
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