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5FU (31). In the present study, we found that depletion of
TS by RNA interference enhanced the induction of apo-
ptosis by 5FU in gastric cancer cells with HER2 amplifi-
cation, suggesting that the proapoptotic effect of the
combination of 5FU and HER2-targeting agents is attrib-
utable to TS inhibition. The abundance of TS in neoplastic
cells has been found to increase after exposure to 5FU,
resulting in maintenance of the amount of the free en-
zyme in excess of that of enzyme bound to 5FU (32-34).
Such an increase in TS expression and activity has been
viewed as a mechanistic driver of 5FU resistance in can-
cer cells (22, 35-39). Downregulation of TS by HER2-
targeting agents might thus contribute to reversal of the
5FU-induced increase in TS expression, resulting
in enhancement of 5FU-induced apoptosis. In addition,
prolonged inhibition of TS has been shown to trigger
apoptosis by inducing an imbalance in the deoxyribonu-
cleoside pool and consequent disruption of DNA synthe-
sis and repair (40-42). Given that the TS siRNA itself
induced apoptosis in gastric cancer cells positive for
HER?2 amplification in the present study, the depletion
of TS by HER2-targeting agents might also contribute di-
rectly to the combined proapoptotic action with 5FU.
The HER?2 amplification—positive gastric cancer cell
line MKN-7 has been found to be insensitive to trastuzu-
mab. In contrast to their insensitivity to trastuzumab, we
found that MKN-7 cells retain sensitivity to lapatinib
(ICso values of >200 pg/mL and 0.99 = 0.055 umol/L
for trastuzumab and lapatinib, respectively; data not
shown). Most HER2-positive breast cancer patients who
initially respond to trastuzumab ultimately develop resis-
tance to this drug (25). Preclinical studies have indicated
several molecular mechanisms that might contribute to
the development of trastuzumab resistance, including

References

1. Kelley JR, Duggan JM. Gastric cancer epidemiology and risk factors.
J Clin Epidemiol 2003;56:1-9.

2. Kamangar F, Dores GM, Anderson WF. Patterns of cancer incidence,
mortality, and prevalence across five continents: defining priorities to
reduce cancer disparities in different geographic regions of the
world. J Clin Oncol 2006;24:2137-50.

3. Hartgrink HH, Jansen EP, van Grieken NC, van de Velde CJ. Gastric
cancer. Lancet 2009;374:477-90.

4. Wesolowski R, Lee C, Kim R. Is there a role for second-line chemo-
therapy in advanced gastric cancer? Lancet Oncol 2009;10:903-12.

5. Tatsumi K, Fukushima M, Shirasaka T, Fujii S. Inhibitory effects of
pyrimidine, barbituric acid and pyridine derivatives on 5-fluorouracil
degradation in rat liver extracts. Jpn J Cancer Res 1987;78:748-55.

6. Shirasaka T, Shimamato Y, Ohshimo H, et al. Development of a novel
form of an oral 5-fluorouracil derivative (S-1) directed to the potenti-
ation of the tumor selective cytotoxicity of 5-fluorouracil by two bio-
chemical modulators. Anticancer Drugs 1996,7:548-57.

7. Sakata Y, Ohtsu A, Horikoshi N, Sugimachi K, Mitachi Y, Taguchi T.
Late phase Il study of nove| oral fluoropyrimidine antlcancer drug S-1
(1 M tegafur-0.4 M gi tat-1 M otastat in
gastric cancer patients. Eur J Cancer 1998;34:1715-20.

8. Koizumi W, Kurihara M, Nakano S, Hasegawa K. Phase Il study of
8-1, anovel oral derivative of 5 gastric can-
cer. For the S-1 Cooperative Gastric Cancef Study Group. Oncology
2000;58:191-7.

signaling by a HER2-HER3-PI3K-PTEN pathway (43, 44).
One possible explanation for trastuzumab resistance in
MKN-7 cells is activation of the EGER signaling pathway
(45, 46). MKN-7 cells might prove to be a good model for
the study of trastuzumab-resistant cells positive for
HER?2 amplification. We found that lapatinib and trastu-
zumab each inhibit TS expression and activity in MKN-7
cells, likely accounting for the synergistic antiprolifera-
tive effect observed with 5FU. These data suggest that
the synergistic antitumor effect of the combination of 5SFU
and HER2-targeting agents is conserved in trastuzumab-
resistant cells with HER2 amplification.

In conclusion, we have shown that the combination of
§-1 and HER2-targeting agents exerts a synergistic anti-
tumor effect mediated by TS inhibition in gastric cancer
cells with HER2 amplification, but not in those negative
for HER2 amplification. Our observations provide a ra-
tionale for clinical evaluation of combination chemothe-
rapy with 5-1 and HER2-targeting agents according to
HER?2 amplification status.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

We thank M. Iki for helpful discussion and E. Hatashita, K. Kuwata,
and H. Yamaguchi for technical assistance.

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

Received 01/15/2010; revised 03/15/2010; accepted 03/17/2010;
published OnlineFirst 04/27/2010.

9. Koizumi W, Narahara H, Hara T, et al. S-1 plus cisplatin versus S-1
alone for first-line treatment of advanced gastric cancer (SPIRITS
trial): a phase Il trial. Lancet Oncol 2008;9:215-21.

10. S, Sasako M, Y hi T, et al. Adjuvant chemothe-

rapy for gastric cancer with S-1, an oral fluoropyrimidine. N Engl J
Med 2007;357:1810-20.

11. Boku N. Chemotherapy for metastatic disease: review from JCOG
trials. Int J Clin Oncol 2008;13:196-200.

12. Gravalos C, Jimeno A. HER2 in gastric cancer: a new prognostic fac-
tor and a novel therapeutic target. Ann Oncol 2008;19:1523-9.

13. Tanner M, Hollmen M, Junttila TT, et al. Amplification of HER-2 in
gastric i iation with i lla gene amplifi-
cation, intestinal type, poor is and sensitivity to
Ann Oncol 2005;16:273-8.

14. Kim JW, Kim HP, Im SA, et al. The growth inhibitory effect of lapati-
nib, a dual inhibitor of EGFR and HER2 tyrosine kinase, in gastric
cancer cell lines. Cancer Lett 2008;272:296-306.

. Fuumolo -Ouchi K, Sekiguchi F, Yasuno H, MonyaY Mori K, Tanaka

i activity of in with
apy in human gastric cancer xenograft models. Cancer Chemother
Pharmacol 2007;59:795-805.

16. Kim HP, Yoon YK, Kim JW, et al. Lapatinib, a dual EGFR and HER2
tyrosine kinase inhibitor, downregulates thymidylate synthase by in-
hibiting the nuclear translocation of EGFR and HER2. PLoS One
2009;4:e5933.

o

Mol Cancer Ther; 9(5) May 2010

Molecular Cancer Th

Downloaded from mct.aacrjournals.org on March 3, 2011
Copyright © 2010 American Association for Cancer Research



Published OnlineFirst April 27, 2010; DOI:10.1158/1535-7163.MCT-10-0045

Combination Therapy with S-1 and HER2-Targeting Agents

2

kS

bl

17. Kim SY, Kim HP, Kim YJ, et al. Trastuzumab inhibits the growth of

human gastric cancer cell lines with HER2 amplification synergisti-

cally with cisplatin. Int J Oncol 2008;32:89-95.

Wolff AC, Hammond ME, Schwartz JN, et al. American Society of

Clinical Oncol ollege of Ameri logists guideline re-

{ for human epit growth factor receptor 2 test-
ing in breast cancer. Arch Pathol Lab Med 2007;131:18-43.

Chou TC, Talalay P. Quantitative analysis of dose-effect relation-

ships: the combined effects of multiple drugs or enzyme inhibitors.

Adv Enzyme Regul 1984;22:27-55.

. Spears CP, Gustavsson BG, Mitchell MS, et al. Thymidylate synthe-
tase inhibition in malignant tumors and normal liver of patients given
intravenous 5-fluorouracil. Cancer Res 1984;44:4144-50.

. Johnston PG, Fisher ER, Rockette HE, et al. The role of thymidylate

synthase expression in prognosis and outcome of adjuvant chemo-

therapy in patients with rectal cancer. J Clin Oncol 1994;12:2640-7.

Johnston PG, Drake JC, Trepel J, Allegra CJ. Immunological quanti-

tation of thyrmdylate synthase using the monoclonal antibody TS 106

in 5 itive and istant human cancer cell lines.

Cancer Res 1992;52:4306-12.

. DeGregori J, Kowalik T, Nevins JR. Cellular targets for activation

by the E2F1 transcription factor include DNA synthesis- and G1/S-

regulatory genes. Mol Cell Biol 1995;15:4215-24.

Cobleigh MA, Vogel CL, Tripathy D, et al. Multinational study of the

efficacy and safety of humanized anti-HER2 monoclonal antibody in

women who have HER2-overexpressing metastatic breast cancer
that has prog after for ic disease.

J Clin Oncol 1999;17:2639-48.

Slamon DJ, Leyland-Jones B, Shak S, et al. Use of chemotherapy

plus a monoclonal antibody against HER2 for metastatic breast can-

cer that overexpresses HER2. N Engl J Med 2001;344:783-92.

Van Cutsem E, Kang Y, Chung H. Efficacy results from the TOGA

2

b

. Ferguson PJ, Collins O, Dean NM, et al. Antisense down-regulation

of thymidylate synthase to suppress growth and enhance cytotoxi-
city of 5-FUdR, 5-FU and Tomudex in Hela cells. Br J Pharmacol
1999;127:1777-86.

. Washtien WL. ased levels of idyl: in cells

exposed to 5-fluorouracil. Mol Pharmacol 1984;25:171-7.

Spears CP, Gustavsson BG, Berne M, Frosing R, Bemstein L, Hayes
I of innate resi to i synthase inhibi-

uon after 5 il. Cancer Res 1 -900.

Chu E, Zinn S, Boarman D, Allegra CJ. Interaction of y interferon and

S-fluorouracil in the H630 human colon carcinoma cell line. Cancer

Res 1990;50:5834-40.

Copur S, Aiba K, Drake JC, Allegra CJ, Chu E. Thymidylate synthase

gene amplification in human colon cancer cell lines resistant to

S-fluorouracil. Biochem Pharmacol 1995;49:1419-26.

. Chu E, Koeller DM, Johnston PG, Zinn S, Allegra CJ. Regulation of

thymidylate synthase in human colon cancer cells treated with
S-fluorouracil and interferon-y. Mol Pharmacol 1993;43:527-33.

. Chu E, Voeller DM, Jones KL, et al. Identification of a thymidylate

synthase ribonucleoprotein complex in human colon cancer cells.
Mol Cell Biol 1994;14:207-13.

. Longley DB, Harkin DP, Johnston PG. 5-Fl il: i of

action and clinical strategies. Nat Rev Cancer 2003;3:330-8.

. Kawate H, Landis DM, Loeb LA. Distribution of mutations in human

thymidylate synthase yielding resistance to 5-fluorodeoxyuridine.
J Biol Chem 2002;277:36304-11.

. Voshloka A, Tanaka S, leaoka 0, et al Deoxyribonucleoside

5-F induced DNA double
strand breaks in mouse FM3A cells and the mechanism of cell death.
J Biol Chem 1987;262:8235-41.

. Ayusawa D, Shimizu K, Koyama H, Takeishi K, Seno T. Accumulation

of DNA strand breaks during thymineless death in thymidylate
ive mutants of mouse FM3A cells. J Biol Chem

trial: a phase Il study of trastuzumab added to standard

rapy (CT) in first-line human epidermal growth factor receptor 2

(HER2)-positive advanced gastric cancer (GC). J Clin Oncol 2009;

27:18s (abstr LBA4509).

Hallstrom TC, Nevins JR. Specificity in the activation and control of

transcription factor E2F-dependent apoptosis. Proc Natl Acad Sci

U S A 2003;100:10848-53.

Liu K, Paik JC, Wang B, Lin FT, Lin WC. Regulation of TopBP1 oligo-

merization by Akt/PKB for cell survival. EMBO J 2006;25:4795-807.

Okabe T, Okamoto |, Tsukioka S, et al. Addition of S-1 to the

epidermal growth factor receptor inhibitor gefitinib overcomes

gefitinib resistance in non-small cell lung cancer cell lines with

MET amplification. Clin Cancer Res 2009;15:907-13.

). Okabe T, Okamoto |, Tsukioka S, et al. Synergistic antitumor effect of
-1 and the epidermal growth factor receptor inhibitor gefitinib in non-
small cell lung cancer cell lines: role of gefitinib-induced downregu-
lation of thymidylate synthase. Mol Cancer Ther 2008;7:599-606.

N

o

y g
1983;258:12448-54.

Wyatt MD, Wilson DM Ill. Participation of DNA repair in the response
to 5-fluorouracil. Cell Mol Life Sci 2009;66:788-99.

. Kruser TJ, Wheeler DL. Mechanisms of resistance to HER family

targeting antibodies. Exp Cell Res 2010;316:1083-100.

. Nahta R, Yu D, Hung MC, Hortobagyi GN, Esteva FJ. Mechanisms

of disease: understanding resistance to HER2-targeted therapy in
human breast cancer. Nat Clin Pract Oncol 2006;3:269-80.

Lane HA, Beuvink I, Motoyama AB, Daly JM, Neve RM, Hynes NE
ErbB2 i breast tumor i ion through
of p27(Kip1)-Cdk2 complex i receptor o

does not determine growth dependency. Mol Cell Biol 2000 20:
3210-23.

Lewis GD, Figari |, Fendly B, et al. Differential responses of human
tumor cell lines to anti-p185HER2 monoclonal antibodies. Cancer
Immunol Immunother 1993;37:255-63.

www.aacrjournals.org

Mol Cancer Ther; 9(5) May 2010

Downloaded from mct.aacrjournals.org on March 3, 2011
Copyright © 2010 American Association for Cancer Research



Published OnlineFirst April 20, 2010; DOI:10.11 58/1535-7163.MCT-10-0002

Molecular
Cancer
Therapeutics

Research Article

Identification of c-Src as a Potential Therapeutic Target for
Gastric Cancer and of MET Activation as a Cause of
Resistance to c-Src Inhibition

Wataru Okamoto', Isamu Okamoto', Takeshi Yoshida', Kunio Okamoto', Ken Takezawa',

Erina Hatashita', Yuki Yamada’', Klyoko Kuwata’', Tokuzo Arao?, Kazuyoshi Yanagihara®,
Masahiro Fukuuka\3 Kazuto Nishio?, and Kazuhiko Nakagawa'

Abstract

Therapeutic strategies that target c-Src hold promise for a wide variety of cancers. We have now investi-
gated both the effects of dasatinib, which inhibits the activity of c-Src and several other kinases, on cell growth
as well as the mechanism of dasatinib resistance in human gastric cancer cell lines. Inmunoblot analysis re-
vealed the activation of c-Src at various levels in most gastric cancer cell lines examined. Dasatinib inhibited
the phosphorylation of extracellular signal-regulated kinase (ERK) and induced G, arrest, as revealed by flow
cytometry, in a subset of responsive cell lines. In other responsive cell lines, dasatinib inhibited both ERK and
AKT phosphorylation and induced apoptosis, as revealed by an increase in caspase-3 activity and cleavage of
poly(ADP-ribose) polymerase. Depletion of c-Src by RNA interference also induced G, arrest or apoptosis in
dasatinib-responsive cell lines, indicating that the antip effect of d b is attributable to c-Src
inhibition. Gastric cancer cell lines positive for the activation of MET were resistant to dasatinib. Dasatinib
had no effect on ERK or AKT signaling, whereas the MET inhibitor PHA-665752 induced apoptosis in these
cells. The subsets of gastric cancer cells defined by a response to ¢-Src or MET inhibitors were distinct and
nonoverlapping. Our results suggest that c-Src is a promising target for the treatment of gastric cancer and
that analysis of MET amplification might optimize patient selection for treatment with c-Src inhibitors.
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Introduction

Gastric cancer is the second most frequent cause of can-
cer deaths worldwide (1). Chemotherapy has a beneficial
effect on survival in individuals with advanced-stage
gastric cancer, but overall survival is still usually <1 year
(1, 2). Advanced gastric cancer is treated predominantly
with the combination of fluoropyrimidine derivatives
and platinum compounds, although a globally accepted
standard regimen remains to be established. Improved
therapy for affected individuals is thus urgently needed.
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c-Src is a nonreceptor tyrosine kinase that plays key
roles in intracellular signaling by interacting with and
phosphorylating multiple proteins and protein com-
plexes (3). Activation of c-Src has been found to contrib-
ute to the transformation, proliferation, survival, and
motility of malignant cells as well as to tumor angiogen-
esis (3, 4). c-Src is highly activated in a wide variety of
human cancers and clinical studies have shown that such
aberrant activation is correlated with malignant progres-
sion (5). These properties have rendered c-Src a potential
target for the treatment of solid tumors.

Dasatinib is an oral, multitargeted inhibitor of tyrosine
kinases that inhibits the activities of c-Src, Ber-Abl, and
other kinases (6). It has been approved for clinical use
in patients with chronic myelogenous leukemia or Phila-
delphia chromosome-positive acute lymphoblastic leu-
kemia and it is currently under investigation as a
potential therapy for solid tumors. Recent studies have
shown that c-Src inhibitors induce apoptosis or arrest cell
cycle progression in various cancer cell types (7-14). The
activation of c-Src has pleiotropic effects that depend on
cell type and context. Although c-Src activity has been
found to be increased in most gastric cancers (15-18),
the responses of gastric cancer cells to c-Src inhibition
have not previously been characterized. We have there-
fore now examined the effects of c-Src inhibition by
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dasatinib on cell growth and signal transduction in hu-
man gastric cancer cell lines. Furthermore, we have in-
vestigated the mechanism of resistance to dasatinib in
such cells. Our results provide a rationale for the clinical
investigation of c-Src inhibition in individuals with gas-
tric cancer.

Materials and Methods

Cell culture and reagents. The human gastric cancer
cell lines SNU1, SNUS5, Hs746T, and AGS were obtained
from the American Type Culture Collection; MKN1,
MKN7, MKN45, NUGC3, and AZ521 were from the
Health Science Research Resources Bank; OKAJIMA,
MKN?28, and HSC39 were from Immuno-Biological Lab-
oratories; and SNU216 was from the Korean Cell Line
Bank. HSC58, 58As1, and 58As9 are established cell lines
derived from human scirrhous gastric carcinoma as pre-
viously described (19). All cells were cultured under a
humidified atmosphere of 5% CO, at 37°C in RPMI
1640 (Sigma,) supplemented with 10% fetal bovine serum
and were passaged for <3 mo before the renewal from
frozen, early-passage stocks obtained from the indicated
sources. Cells were regularly screened for Mycoplasma
with the use of a MycoAlert Mycoplasma Detection
kit (Lonza). Dasatinib was kindly provided by Bristol-
Myers Squibb and PHA-665752 was obtained from Tocris
Bioscience.

Immunoblot analysis. Cells were washed twice with
ice-cold PBS and then lysed with 1x Cell Lysis Buffer (Cell
Signaling Technology) containing 20 mmol/L Tris-HC1
(pH 7.5), 150 mmol/L NaCl, 1 mmol/L EDTA (disodium
salt), 1 mmol/L EGTA, 1% Triton X-100, 2.5 mmol/L sodi-
um pyrophosphate, 1 mmol/L B-glycerophosphate,
1 mmol/L NazVOy, leupeptin (1 pg/mL), and 1 mmol/L
phenylmethylsulfonyl fluoride. The protein concentration
of cell lysates was determined with a BCA protein assay
kit (Thermo Fisher Scientific) and equal amounts of pro-
tein were subjected to SDS-PAGE on 7.5 or 12% gels
(Bio-Rad). The separated proteins were transferred to a ni-
trocellulose membrane, which was then incubated with
Blocking One solution (Nacalai Tesque) for 20 minutes at
room temperature before incubation overnight at 4°C with
primary antibodies. Antibodies to phosphorylated c-Src
(Y416), total c-Src, phosphorylated MET (Y1234/1235,
Y1349), phosphorylated AKT, total AKT, phosphorylated
extracellular signal-regulated kinase (ERK), p27, or poly
(ADP-ribose) polymerase (PARP) were obtained from Cell
Signaling Technology; those to total ERK were from Santa
Cruz Biotechnology; those to total MET were from
Zymed /Invitrogen; and those to B-actin were from Sig-
ma. The membrane was then washed with PBS contain-
ing 0.05% Tween 20 before incubation for 1 h at room
temperature with horseradish peroxidase-conjugated
antibodies to rabbit or mouse IgG (GE Healthcare). Im-
mune complexes were finally detected with enhanced
chemiluminescence (Amersham) Western Blotting De-
tection Reagents (GE Healthcare).

Cell growth inhibition assay. Cells were transferred to
96-well flat-bottomed plates and cultured for 24 hours be-
fore exposure to various concentrations of dasatinib or
PHA-665752 for 72 hours. Tetra Color One (5 mmol /L tet-
razolium monosodium salt and 0.2 mmol/L 1-methoxy-5-
methyl phenazinium methylsulfate; Seikagaku Kogyo)
was then added to each well and the cells were incubated
for 3 hours at 37°C before measurement of absorbance at
490 nm with a Multiskan Spectrum instrument (Thermo
Labsystems). Absorbance values were expressed as a per-
centage of that for nontreated cells and the concentration
of dasatinib resulting in 50% growth inhibition (ICso) was
calculated.

Fluorescence in situ hybridization analysis. MET gene
copy number per cell was determined by fluorescence
in situ hybridization with the use of the LSI D75522
(7q31) Spectrum Orange and chromosome 7 centromere
(CEP?7) Spectrum Green probes (Vysis; Abbott). Cells
were centrifuged onto glass slides with a Shandon cyto-
centrifuge (Thermo Electron) and were fixed by consecu-
tive incubations with ice-cold 70% ethanol for 10 minutes,
85% ethanol for 5 minutes, and 100% ethanol for 5 min-
utes. Slides were stored at —20°C until analysis. Cells were
subsequently subjected to digestion with pepsin for
10 minutes at 37°C, washed with water, dehydrated with
a graded series of ethanol solutions, denatured with 70%
formamide in 2x SSC for 5 minutes at 72°C, and dehy-
drated again with a graded series of ethanol solutions be-
fore incubation with a hybridization mixture consisting of
50% formamide, 2x SSC, Cot-1 DNA, and labeled DNA.
The slides were washed for 5 minutes at 73°C with 3x
SSC, for 5 minutes at 37°C with 4x SSC containing 0.1%
Triton X-100, and for 5 minutes at room temperature with
2x SSC before counterstaining with an antifade solution
containing 4',6-diamidino-2-phenylindole. Hybridization
signals were scored in 40 nuclei with the use of a x100 im-~
mersion objective lens. Nuclei with a disrupted boundary
were excluded from the analysis. Gene amplification was
defined by a mean MET/chromosome 7 copy number
ratio of >2.2 or by a mean MET copy number of >6 per
cell, corresponding to the previous definition for HER?2
amplification (20).

Cell cycle analysis. Cells were harvested, washed with
PBS, fixed with ice-cold 70% methanol, washed again
with PBS, and stained with propidium iodide-RNase
staining buffer (BD Biosciences) for 15 minutes at room
temperature. The stained cells were then analyzed for
DNA content with a flow cytometer (FACSCalibur, BD
Biosciences) and the Modfit software (Verity Software
House).

Assay of caspase-3 activity. The activity of caspase-3
in cell lysates was measured with a CCP32/Caspase-
3 Fluometric Protease Assay kit (Medical Biological Lab-
oratories). Fluorescence attributable to the cleavage
of the Asp-Glu-Val-Asp-7-amino-4-trifluoromethyl cou-
marin (DEVD-AFC) substrate was measured at excita-
tion and emission wavelengths of 390 and 460 nm,
respectively.
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Gene silencing. Cells were plated at 50% to 60% con-
fluence in six-well plates or 25-cm? flasks and were incu-
bated for 24 hours before transient transfection with
small interfering RNAs (siRNA) for 48 or 72 hours with
the use of the Lipofectamine RNAIMAX reagent (Invitro-
gen). siRNAs specific for human c-Src mRNA (5'-CCAC-
CUUUGU-GGCCCUCUATT-3’) or human MET mRNA
(5'-ACAAGAUCGUCAACAAAAATT-3’) as well as a
nonspecific siRNA (control) were obtained from Nippon
EGT. The cells were then subjected to flow cytometry, im-
munoblot analysis, or assay of cell growth inhibition.

Statistical analysis. Data were analyzed by Student's
two-tailed t test. A P value of <0.05 was considered sta-
tistically significant.

Results

Effects of dasatinib on the growth of gastric cancer cell
lines. The baseline levels of total c-Src and activated c-Src

(phospho-Y416) in 16 human gastric cancer cell lines
were measured by immunoblot analysis. All the cell lines
expressed detectable levels of total c-Src, whereas all
lines with the exception of SNU1 and HSC39 manifested
detectable (albeit different) levels of ¢-Src phosphorylation
(Fig. 1A).

To assess the effects of dasatinib on cell growth, we ex-
posed the gastric cancer cell lines to various concentra-
tions of the drug and then measured cell viability.
Seven cell lines were responsive to dasatinib with ICsq
values ranging from approximately 40 to 540 nmol/L,
whereas nine cell lines remained resistant to dasatinib
at concentrations up to 5 umol/L (Table 1; Fig. 1B).
SNU1 and HSC39 cells, both of which seemed to lack
activated c-Src, were resistant to dasatinib. For the
remaining cell lines positive for phosphorylated c-Src,
there was no apparent correlation between the antiproli-
ferative effect of dasatinib and the baseline phosphoryla-
tion level of c-Src (Fig. 1A).
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MET-activated cell lines
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Figure 1. Phosphorylation of c-Src or MET and growth-inhibitory effects of c-Src or MET inhibitors in gastric cancer cell lines. A, the indicated gastric cancer

cell lines maintained in a medium containing 10% serum were lysed and

to analysis with to phosphoryl (p-) or

total forms of c-Src or MET or to B-actin (loading control). B and C, gastric cancer cell lines were cultured in medium containing 10% serum for 72 hours
in the presence of various concentrations of dasatinib (B) or PHA-665752 (C), after which cell viability was assessed as described in Materials and
Methods. The number of viable cells is expressed as a percentage of the value for nontreated cells. Black and red lines, dasatinib-responsive and
dasatinib-resistant cells, respectively. Points, mean of values from three independent experiments; bars, SD.
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Table 1. IC5, values of dasatinib for inhibition of the growth of gastric cancer cells in vitro
Dasatinib response Cell line Dasatinib ICs (mol/L) MET activation
Resistant SNUS >5 +
Hs746T >5 +
MKN45 >5 +
HSC58 >5 +
58As1 >5 +
58As9 >5 +
OKAJIMA >5 +
SNU1 >5
HSC39 >5
Responsive
Moderately responsive AGS 0.54 + 0.12
MKN28 0.50 + 0.11
NUGC3 0.45 + 0.16
MKN7 0.42 + 0.26
MKN1 0.28 + 0.20
Highly responsive AZ521 0.06 + 0.03
SNU216 0.04 + 0.03
NOTE: Data are means + SD of triplicates from experiments that were repeated a total of three times with similar results.

MET activation is associated with dasatinib resis-
tance in gastric cancer cell lines. The level of c-Src phos-
phorylation was thus not sufficient to distinguish
dasatinib-responsive from dasatinib-resistant cells.
Redundancy of tyrosine kinases has been shown to
contribute to de novo resistance to tyrosine kinase inhi-
bitors (21, 22). Given that amplification of MET is fre-
quent in gastric cancer (23-25), we examined whether
resistance to dasatinib in gastric cancer cell lines positive
for c-Src activation might be due to MET activation. We
first determined the abundance and activation status of
MET in the gastric cancer cell lines. Immunoblot analysis
revealed that all dasatinib-resistant cells positive for
phosphorylated c-Src manifested high levels of both
MET expression and baseline activation, as reflected
by phosphorylation of tyrosine residues 1234/1235
(Fig. 1A) and tyrosine-1349 (data not shown). In con-
trast, cells categorized as responsive to dasatinib had
undetectable levels of phosphorylated MET. We next
examined the gastric cancer cell lines for MET ampli-
fication by fluorescence in situ hybridization analysis.
Six of the seven cell lines positive for MET activation,
all of which were resistant to dasatinib, were found
to be positive for MET amplification, whereas the
one remaining cell line (OKAJIMA) showed no evi-
dence of MET amplification. In contrast, all dasatinib-
responsive cell lines as well as SNU1 and HSC39 were
found to be negative for MET amplification (data not
shown). These results thus suggested that MET activa-
tion is associated with dasatinib resistance in gastric
cancer cells.

A MET inhibitor suppresses the growth of dasatinib-
resistant gastric cancer cell lines with activated MET

but not that of dasatinib-responsive cells. The specific
MET inhibitor PHA-665752 was previously shown to in-
hibit the proliferation of cancer cells in which MET is con-
stitutively activated (26, 27). Given that MET was found
to be activated in all dasatinib-resistant gastric cancer cell
lines with activated c-Src (Fig. 1A), we examined the ef-
fect of PHA-665752 on the growth of gastric cancer cell
lines. Consistent with previous observations (27), PHA-
665752 inhibited the growth of the dasatinib-resistant cell
lines with activated MET (Fig. 1C). In contrast, all dasati-
nib-responsive cell lines as well as SNU1 and HSC39 were
resistant to PHA-665752 (Fig. 1C). These results thus sug-
gested that the subsets of gastric cancer cells defined by
the response to c-Src or MET inhibitors are distinct and
nonoverlapping.

Dasatinib inhibits ERK or AKT signaling in dasatinib-
responsive gastric cancer cell lines but not in dasatinib-
resistant cells. The effects of dasatinib on cell signaling
were evaluated in the gastric cancer cell lines with acti-
vated c-Src. Cells were exposed to various concentra-
tions of dasatinib and then subjected to immunoblot
analysis of phosphorylated and total forms of c-Src,
ERK, and AKT (Fig. 2). Dasatinib induced marked inhi-
bition of c-Src phosphorylation in all cell lines tested. In
dasatinib-responsive cells, dasatinib also inhibited ERK
phosphorylation in a concentration-dependent manner.
It also inhibited AKT phosphorylation in SNU216, AGS,
and MKNIT cells. In contrast, dasatinib exhibited no sub-
stantial inhibitory effect on the phosphorylation of ERK or
AKT even at a concentration of 300 nmol/L in dasatinib-
resistant cells. These findings indicated that the antiproli-
ferative effect of dasatinib in gastric cancer cells correlates
with the inhibition of ERK or AKT signaling.
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Dasatinib induces G1 arrest or apoptosis in dasatinib-
responsive gastric cancer cell lines. To investigate the
mechanism by which dasatinib inhibits gastric cancer cell
growth, we first analyzed the cell cycle profile by flow
cytometry after exposure of cells to the drug for 0, 24,
or 48 hours. We chose a dasatinib concentration of
300 nmol /L for these experiments because it approximat-
ed the ICsy values for dasatinib-responsive cell lines.
Dasatinib increased the percentage of cells in Go-G;
phase of the cell cycle and decreased the percentage of
those in S phase in a subset of dasatinib-responsive cell
lines, including AZ521, MKN28, NUGC3, and MKN7
(Fig. 3A). The other dasatinib-responsive cell lines, in-
cluding SNU216, MKN1, and AGS, in which dasatinib
inhibited both ERK and AKT phosphorylation, showed
an increase in the sub-G; cell population on exposure
to dasatinib, indicative of the induction of apoptosis
(Fig. 3A). In dasatinib-resistant cells with MET activation,
dasatinib had minimal effects on cell cycle distribution
(Supplementary Fig. S1A). We also examined the effect
of dasatinib on the abundance of the cyclin-dependent ki-
nase inhibitor p27, which contributes to the regulation of
G1-S progression. Dasatinib induced the upregulation of

p27 in the four dasatinib-responsive cell lines in which it
induced G; arrest (Fig. 3B), but not in cell lines in which it
did not trigger such arrest (Supplementary Fig. S1B). As a
further test for apoptosis in SNU216, MKN1, and AGS
cells, we measured the activity of caspase-3 and probed
for cleavage of PARP. Dasatinib increased caspase-3 activ-
ity (Fig. 3C) and induced PARP cleavage (Fig. 3D) in
these three cell lines. These findings thus indicated that
induction of G, arrest or apoptosis underlies the antipro-
liferative effect of dasatinib in responsive cells. On the
other hand, PHA-665752 was previously shown to in-
duce apoptosis in gastric cancer cells with MET amplifi-
cation (27). Consistent with these previous results, we
showed that PHA-665752 induced a substantial increase
in the frequency of apoptosis, as revealed by an increase in
caspase-3 activity and PARP cleavage, in dasatinib-resistant
cells with MET activation, whereas PHA-665752 had
minimal effects on apoptosis in dasatinib-responsive cells
(Fig. 3C and D).

Effects of c-Src d ion in gas-
tric cancer cell lines. To verify that the m}ubltory effect
of dasatinib on cell growth is indeed mediated by c-Src
inhibition rather than by nonspecific inhibition of
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Figure 2. Effects of dasatinib on cell signaling in gastric cancer cell lines. The indicated cell lines were incubated in a medium containing 10% serum

for 24 hours in the absence or presence of dasatinib at 100 or 300 nmol/L. Cell lysates were then j toi analysis with to the
indicated proteins.
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other kinases such as the platelet-derived growth
factor receptor, c-Kit, or Ber-Abl (6), we transfected dasa-
tinib-responsive cells with an siRNA that targets c-Src
mRNA. Similar to the effects of dasatinib, depletion of c-
Src resulted in G, arrest (Fig. 4A), accompanied by accu-
mulation of p27 (Fig. 4B), in AZ521, MKN28, NUGC3, or
MKN? cells. Moreover, also similar to the effects of dasati-
nib, depletion of ¢-Src in SNU216, MKNT1, or AGS cells trig-
gered apoptosis as revealed by an increase in the sub-G;
cell population (Fig. 4A) and PARP cleavage (Fig. 4C).
These results thus indicated that the effects of dasatinib
on cell growth or survival in gastric cancer cell lines are
mediated by inhibition of c-Src.

Mechanism of dasatinib in gastric cancer
cells with MET activation. Given the association of
activated MET with resistance to dasatinib, we exam-
ined whether the depletion of MET might affect dasa-
tinib cytotoxicity in dasatinib-resistant cells with MET
activation. Immunoblot analysis revealed that transfec-
tion of 58As9 or OKAJIMA cells with an siRNA spe-

cific for MET mRNA resulted in the marked depletion
of the corresponding protein (Fig. 5A). Such depletion
of MET restored the sensitivity of these dasatinib-
resistant cells to the inhibition of cell growth by dasatinib
(Fig. 5B). These results thus indicated that activated
MET indeed contributes to dasatinib resistance in gastric
cancer cells.

To examine the mechanism by which MET activation
gives rise to dasatinib resistance, we determined the ef-
fects of PHA-665752 or dasatinib on the phosphorylation
of MET, ¢-Src, ERK, and AKT in gastric cancer cells with
MET activation. PHA-665752 inhibited the phosphoryla-
tion of MET, c¢-Src, AKT, and ERK in such cells (Fig. 5C).
In contrast, dasatinib had no effect on either MET phos-
phorylation or downstream signaling by AKT or ERK in
these cells (Fig. 5D). These data thus suggested that MET
activation results in AKT and ERK phosphorylation in a
c-Src-independent manner, although c-Src is activated at
least in part by increased MET signaling in dasatinib-
resistant cells with MET activation.
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Figure 4. Effects of c-Src depletion on cell cycle distribution and apoptosis in gastric cancer cell lines. A, cells were transfected with nonspecific (control) or
c-Src siRNAs for 48 hours, fixed, stained with propidium iodide, and analyzed for cell cycle distribution by flow cytometry. All data are means of triplicates
from experiments that were repeated a total of three times with similar results. B and C, cells were transfected as in A for 48 hours (B) or 72 hours

(C), after which cell lysates were subjected to immunoblot analysis with antibodies to the indicated proteins.
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Discussion

We have shown that c-Src is activated at various levels
in most human gastric cancer cell lines, consistent with
previous studies showing the upregulation of the kinase
activity of c-Src in most gastric cancers examined (15-18).
We therefore investigated the potential utility of c-Srcas a
molecular target for treatment of gastric cancer. Dasatinib
has been developed as a multikinase inhibitor with activ-
ity against c-Src, Ber-Abl, and several receptor tyrosine
kinases (6). We examined the effects of c-Src inhibition
by dasatinib on cell growth in gastric cancer cell lines,
finding that dasatinib inhibited the growth of a subset
of such cell lines exhibiting c-Src phosphorylation. No re-
lation was apparent between the response to dasatinib
and the level of ¢-Src phosphorylation in cell lines with
activated c-Src, whereas SNU1 and HSC39, both of which
did not manifest detectable c-Src phosphorylation, were
resistant to dasatinib, consistent with previous observations

to analysis with

to the indicated proteins.

(7, 8, 14, 28, 29). These findings suggest that c-Src pro-
motes cell proliferation and survival in a subset of gastric
cancer cell lines positive for c-Src activation but not in
those without c-Src activation.

We found that the level of ERK phosphorylation was re-
duced by dasatinib in all responsive cell lines but not in
resistant cell lines, suggesting that the inhibition of ERK
might correlate with the antiproliferative effects of c-Src
inhibitors in gastric cancer cells. In addition, inhibition
of both ERK and AKT phosphorylation by dasatinib was
associated with the induction of apoptosis in SNU216,
MKN1, and AGS cells. To confirm that the effects of dasa-
tinib on cell cycle progression and apoptosis are indeed
attributable to c-Src inhibition in dasatinib-responsive
gastric cancer cells, we specifically depleted the cells of
c-Src by RNA interference. In cells in which dasatinib in-
duced G, arrest, depletion of c-Src also triggered G, arrest
accompanied by the upregulation of p27. Similarly, in cells
in which dasatinib induced apoptosis, c-Src depletion also
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elicited apoptosis, as revealed by the detection of PARP
cleavage. These data thus provide more definitive support
for the notion that c-Src signaling promotes the prolifera-
tion and survival of dasatinib-responsive gastric cancer
cell lines. A c-Src inhibitor was previously shown to in-
duce G, arrest in prostate cancer cells (11). On the other
hand, dasatinib was found to induce apoptosis in
non-small cell lung cancer cells harboring an epidermal
growth factor receptor gene mutation (8). Sensitive cells
thus exhibit different responses to c-Src inhibitors. The
mechanisms underlying the cellular decision to undergo
G, arrest or apoptosis in response to such inhibitors re-
main unclear but may be related to differences in cell type.

Gastric cancer cell lines positive for MET activation
were resistant to dasatinib, despite the activation of c-Src
apparent in these cells. We showed that dasatinib sensitiv-
ity was restored in such cells by the depletion of MET,
suggesting that MET activation contributes to resistance
to c-Src inhibitors. The MET inhibitor PHA-665752 sup-
pressed c-Src, ERK, and AKT phosphorylation in cells
with activated MET, whereas dasatinib had minimal ef-
fects on either ERK or AKT phosphorylation. These find-
ings suggested that MET-c-Src and MET-ERK/AKT
pathways operate independently of each other in such
cells. We found that PHA-665752 inhibited the growth of
cells with MET activation, with this effect being accompa-
nied by the induction of apoptosis. Consistent with our
findings, MET amplification was previously shown to
identify a subset of gastric cancers likely to respond to
MET inhibitors (27). These results suggest that cells with
MET activation may have switched their cell growth
dependence from the c-Src-ERK/AKT pathway to the
MET-ERK/AKT pathway, although the precise mecha-
nism of the altered signal transduction remains unknown.
We further found that the combination of dasatinib and
PHA-665752 manifested an additive to synergistic inhibi-
tory effect on the growth of gastric cancer cells with MET
activation but not on that of cells without MET activation
(Supplementary Table S1 and Fig. S2). These data suggest
that the survival of cells with MET activation depends at
least in part on activated c-Src in the presence of a MET
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CASE REPORT

Successful Treatment with Erlotinib after Gefitinib-Induced
Severe Interstitial Lung Disease

Masayuki Takeda, MD, PhD,* Isamu Okamoto, MD, PhD,* Chihiro Makimura, MD,*
Masahiro Fukuoka, MD, PhD,1 and Kazuhiko Nakagawa, MD, PhD*

62-year-old woman with an 18-pack-year history of

smoking was found to have a solitary spiculated lesion
in the right upper lung lobe and multiple pulmonary
nodules on a computed tomography (CT) scan of the chest.
A transcutaneous CT-guided needle biopsy specimen of
the lung revealed adenocarcinoma. She received four cy-
cles of chemotherapy with docetaxcel and cisplatin, after
which CT revealed marked tumor shrinkage. During fol-
low-up for 3 months, progressive disease was diagnosed
on the basis of the presence of an enhancement of cortical
sulci on a CT scan of the brain. Mutation analysis of the
lung cancer specimen showed the presence of an exon-19
deletion in the epidermal growth factor receptor (EGFR)
gene, and gefitinib was administered orally at a dosc of 250
mg once daily (Figure 14). After 24 days of gefitinib, the
patient manifested acutely deteriorating dyspnea with fe-
ver and cough. A chest CT scan revealed extensive bilat-
eral ground-glass opacities throughout both lungs (Figure
1B). The results of sputum culture of bacteria or fungi and
general blood tests, including those for fungal antigen and
cytomegalovirus antigen, were negative. The patient had
no prior interstitial lung disease (ILD) or preexisting
collagen-vascular disease. Therefore, we concluded that
the clinical course and imaging results were consistent
with gefitinib-induced TLD. Gefitinib therapy was discon-
tinued, and the treatment with high-dose methylpred-
nisolonc was initiated. Given that her symptoms and ra-
diologic findings of gefitinib-induced ILD improved, the
paticnt was discharged 14 days after discontinuation of
gefitinib. As a result of progression of brain metastasis
soon after discontinuation of gefitinib, whole-brain radia-
tion therapy was delivered. Three months after discontin-
uation of gefitinib, the patient again experienced neuro-
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logic progression because of the brain metastasis, and the
development of symptomatic brain metastasis was consid-
cred to be a contraindication for treatment with cytotoxic
agents. After receiving full informed consent for the risk of
recurrent ILD and high mortality rate after the onset of
ILD, we administered erlotinib at a dose of 150 mg/d
(Figure 1C). Ninc weceks after the initiation of crlotinib
treatment, a chest CT scan revealed no evidence of ILD
and a reduction in the size of multiple pulmonary meta-
static nodules (Figure 1D). After 11 weeks of erlotinib
treatment, she developed meningeal carcinomatosis with
progressive neurologic symptoms and discontinued erlo-
tinib treatment. ILD has not been identified during the
course of treatment with erlotinib.

DISCUSSION

Gefitinib-induced ILD is the most problematic toxicity,
with an incidence reported to be approximately 4% in Japan
and with about onc third of thc cascs being fatal.! The
predictive risk factors for ILD development include male sex,
smoking, and the existence of pulmonary fibrosis. The dis-
covery of somatic mutations in the tyrosine kinase domain of
EGFR and of the association of such mutations with a high
response rate to EGFR tyrosine kinase inhibitors (EGFR-
TKIs) such as gefitinib and erlotinib has had a profound
impact on the treatment of advanced non-small cell lung
cancer. Gefitinib-induced severe TLD has been reported only
rarely in EGFR mutation-positive patients, although the prev-
alence of EGFR mutations is estimated to be low in patients
with risk factors for ILD.2

The mechanism of gefitinib-induced ILD has not
been fully elucidated. The previous findings suggest that
inhibition of EGFR-mediated signaling by gefitinib im-
pairs the repair of and thereby exacerbates lung injury.3-5
In the present case, the patient received oral erlotinib (150
mg) daily, which results in a steady-state plasma trough
concentration, that is approximately 3.5 times that for
gefitinib (250 mg), and tumor shrinkage was observed with
no cvidence of TLD. These obscrvations suggest that
blockade of the EGFR signaling pathway by EGFR-TKIs
is not necessarily associated with the incidence of drug-
related ILD. Erlotinib and gefitinib share a 4-anilinoquina-
zolinc basc structurc but differ in the substituents attached
to the quinazoline and anilino rings. Minor differences in
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A

Before gefitinib

e

FIGURE 1.

B Atter gefitinib (day 24)

Chest computed tomography (CT) scans of the patient before (A) and 24 days after initiation of treatment with

gefitinib (B). Bilateral pulmonary infiltrates on the chest CT were apparent on day 24 of gefitinib administration (B). After im-
provement of gefitinib-induced ILD, chest CT scans demonstrated that no ILD was observed in the patients receiving erlotinib

(C and D).

the chemical structure of these compounds may, thus,
influence lung toxicity.

We could successfully manage the patient who had
once developed gefitinib-induced ILD with a full dose of
erlotinib. The present case demonstrated that erlotinib may be
one of the treatment options in such patients when alternative
therapeutic options are limited. Because EGFR TKI-induced
ILD has a high associated mortality, a careful assessment of
clinical symptoms and radiographic findings and informed
consent are needed in this setting.
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Successful Treatment With Erlotinib After
Gefitinib-Related Severe Hepatotoxicity

A 66-year-old nonsmoking woman presented with enlarged left
supraclavicular lymph nodes. She had no history of liver disease,
alcohol intake, or hepatitis. Baseline blood tests showed cell counts,
electrolytes, as well as renal and liver function to be normal. She had
not previously received medication for her condition. A chest x-ray
revealed a nodular shadow in the right upper lung field. A computed
tomography scan of the chest confirmed a solitary spiculated lesion in
the right upper lung lobe, disseminated nodules in the interlobar
fissures, and multiple pulmonary nodules. Core biopsy of left supra-
clavicular lymph nodes revealed adenocarcinoma, consistent with
metastasis from the primary non-small-cell lung carcinoma. Muta-
tion analysis of lung cancer specimens obtained before first-line
chemotherapy showed the presence of an exon 19 deletion of the
epidermal growth factor receptor gene, and gefitinib was administered
orallyat a dose of 250 mg once daily. Eight weeks after the initiation of
treatment, computed tomography revealed marked tumor shrinkage,
which was categorized as a partial response. After 13 weeks of gefitinib
treatment, laboratory investigations showed a substantial increase in
serum transaminase levels (AST of 84 U/L, compared with a normal
range of lower than 40; ALT of 181 U/L, compared with a normal
range of lower than 35; Fig 1). Initiation of treatment with ursodeoxy-
cholic acid and ammonium glycyrrhizate resulted in a gradual de-
crease in transaminase levels (to values of 31 U/L and 35 U/L for AST
and ALT, respectively; Fig 1). Thirty-six weeks after the initiation of
daily gefitinib administration, the transaminase levels of the proband
had begun to increase again, reaching a pronounced high of 599 U/L
for ASTand 1,011 U/L for ALT at 37 weeks (Fig 1). Gefitinib treatment
was discontinued at 36 weeks. The patient had taken no other medi-
cations or supplements, and an abdominal ultrasound revealed a
normal liver with no other substantial abnormalities. A drug lympho-
cyte stimulation test yielded a strong positive result for gefitinib, sug-
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gesting that the hepatitis of the proband was attributable to drug
allergy rather than to dose-dependent toxicity. We therefore con-
cluded that gefitinib should not be administered further at any sched-
ule in this patient. In the 7 weeks after gefitinib withdrawal, the
patient’s liver function normalized but her lung cancer progressed
slightly. We initiated treatment with erlotinib accompanied by careful
monitoring of liver function, and the patient has continued daily oral
erlotinib (150 mg) for 15 weeks with no evidence of increased hepatic
toxicity or disease progression.

Gefitinib-induced hepatitis has received little attention to date,
even though phase I trials revealed hepatotoxicity as a dose-limiting
toxicity of the drug and the Iressa Dose Evaluation in Advanced Lung
Cancer (IDEAL 1) trial showed that 2% of patients receiving gefitinib
alone at a dose of 250 mg per day developed elevations of hepatic
enzymes of grade 3 or 4 that necessitated cessation of treatment.'
Exploration of new strategies for management of gefitinib-induced
severe hepatotoxicity is thus warranted. Resumption of gefitinib treat-
ment after its discontinuation as a result of the development of drug-
induced hepatitis has been reported in three cases. However, gefitinib
was again discontinued because of repeated elevation of serum
transaminase levels in two of three cases™’; the other case showed that
an intermittent schedule of gefitinib administration (250 mg/d every 5
days) reduced hepatotoxicity, although the response had been main-
tained for only 8 weeks at the time of report submission.* These
findings prompted us not to recommend resumption of gefitinib
treatment after the development of severe hepatotoxicity in this pa-
tient. Erlotinib acts in a manner similar to that of gefitinib and has
been shown to provide clinical benefit in patients with tumors positive
for epidermal growth factor receptor gene mutations. We thus treated
the proband of this study with erlotinib (150 mg once daily) as an
alternative to gefitinib after discontinuation of the latter drug.

With regard to the toxicity profiles of gefitinib and erlotinib, it is
important to clarify the mechanism responsible for drug-induced
hepatotoxicity. Gefitinib and erlotinib share a common chemical
backbone structure and exhibit similar disposition characteristics in
humans after oral administration. They manifest similar oral bioavail-
abilities and both undergo extensive metabolism primarily by cyto-
chrome P450 3A4, with more than 80% of the administered dose
being found in feces.”® Administration of erlotinib at the maximum-
tolerated dose and approved dose of 150 mg once daily resulted in a
steady-state plasma trough concentration that was approximately 3.5
times that for gefitinib administered at the recommended dose (ap-
proximately one third of the maximum tolerated dose) of 250 mg
once daily.”® This patient received no medications that influence
the pharmacokinetics of gefitinib or erlotinib, suggesting that the
plasma concentration of gefitinib per se did not give rise to the drug-
induced hepatotoxicity, although the toxicity of gefitinib has not been
directly compared with that of erlotinib alone. Instead, the positive
result of the drug lymphocyte stimulation test supports a diagnosis of
gefitinib-induced allergic hepatitis. Erlotinib and gefitinib share a
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4-anilinoquinazoline base structure, but differ in the substituents at-
tached to the quinazoline and anilino rings. Minor differences in the
chemical structures of these compounds may thus influence hepato-
toxicity. In conclusion, erlotinib is an effective and well-tolerated
treatment option for patients for whom gefitinib has been discontin-
ued because of severe hepatotoxicity. Clinical trials to evaluate the
administration of erlotinib after severe hepatotoxicity induced by
daily administration of gefitinib are warranted.
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Abstract Combination chemotherapy with cisplatin and
pemetrexed is the most active first-line regimen for malig-
nant pleural mesothelioma (MPM). However, no drugs have
been approved for second-line treatment of MPM, with
effective regimens remaining to be identified for patients in
relapse. We have now evaluated the combination of cisplatin
and pemetrexed for retreatment of patients with recurrent
MPM. Four men with MPM, all of whom received initial
treatment with cisplatin and pemetrexed, underwent re-
treatment with this drug combination. Two of the patients
achieved an objective response to the first-line chemotherapy
with no evidence of disease progression for 6.4 or
11.4 months, respectively. The other two patients had stable
disease with a duration of 7.8 or 5.0 months, respectively.
The two patients who showed an objective response to first-
line chemotherapy showed a partial response to retreatment,
with a time to progression of 5.0 or 8.2 months, whereas the
other two patients had progressive disease with a time to
progression of 1.0 or 1.4 months, respectively. Retreatment
with cisplatin plus pemetrexed was generally well tolerated.
Retreatment with cisplatin and pemetrexed is a potential
therapeutic option for certain patients with recurrent epi-
thelioid MPM, possibly including those who show tumor
regression with a time to progression of 6 months or more
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after the initial chemotherapy. Further studies are warranted
to evaluate the efficacy of such retreatment and to clarify the
criteria for patient selection.

Keywords Malignant pleural mesothelioma -
Retreatment - Pemetrexed - Cisplatin

Introduction

Malignant pleural mesothelioma (MPM) is a highly
aggressive neoplasm. Treatment of MPM patients with the
combination of cisplatin and pemetrexed has been associated
with an increased survival time (12.1 vs. 9.3 months), longer
time to progression (5.7 vs. 3.9 months), and greater
response rate (41.3% vs. 16.7%), as well as with improved
pulmonary function and symptom control compared with
treatment with cisplatin alone [1,2]. However, most patients
eventually manifest disease progression after the initial
response to such combination chemotherapy. Although a
previous study has suggested that second-line chemotherapy
after initial treatment with cisplatin and pemetrexed has a
positive impact on the survival of MPM patients [3], no drugs
have been approved for second-line treatment of MPM.
Effective chemotherapy is thus needed for the treatment of
patients with MPM who relapse after first-line chemother-
apy. We now present a report of four patients with recurrent
MPM who received an initial course of treatment with
pemetrexed and cisplatin and who subsequently underwent
retreatment with this drug combination.

Case report

Four patients with MPM underwent retreatment with cis-
platin and pemetrexed. Treatment response was evaluated
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according to the modified RECIST criteria for MPM pro-
posed by Byme and Nowak [4]. Time to progression was
defined as the period from the start of treatment to the date
of disease progression or death, whichever occurred first.
Overall survival was defined as the time from the initial
visit until death from any cause. Adverse events were
graded according to the National Cancer Institute Common
Toxicity Criteria (version 3).

Patient characteristics are summarized in Table 1. The
patients were men aged 65, 60, 53, or 69 years. Tumor
histology was epithelial in three patients and biphasic in
one patient. All patients received four cycles of treatment
with cisplatin and pemetrexed as the first-line chemother-
apy. Patient 1 achieved a partial response (Fig. 1) and
patient 2 achieved a complete response, with no evidence
of disease progression for 6.4 and 11.4 months, respec-
tively. Patients 3 and 4 had stable disease for a duration of
7.8 and 5.0 months, respectively.

At the time of this analysis, all four patients were no
longer undergoing retreatment with cisplatin and pemetr-
exed. Patients 1 and 2 showed a partial response to re-
treatment, with a time to progression of 5.0 and
8.2 months, respectively (Fig. I, Table 1). Patients 3 and 4
manifested progressive disease, with a time to progression
of only 1.0 and 1.4 months, respectively. With the excep-
tion of hyponatremia of grade 3 observed in one patient
(patient 1), no toxicities of grade 3 or 4 were apparent
during retreatment.

Discussion

We have presented four patients who were retreated with
the same chemotherapy regimen on progression of their

MPM after initial treatment with cisplatin plus pemetrexed
and durable tumor control. Two of the four patients
achieved an objective response after four cycles of re-
treatment with acceptable toxicity.

For many types of malignant neoplasm, the standard
treatment options for disease progression after first-line
chemotherapy are chemotherapeutic regimens that differ
from the initial treatment. However, in the case of MPM,
no drugs have been approved for second-line treatment. We
elected to retreat the present patients after disease recur-
rence with the same regimen as that used for the initial
chemotherapy, given that all four individuals manifested
disease control (one a partial response, one a complete
response, and two stable disease) after the first-line treat-
ment. Retreatment of ovarian cancer patients with the
combination of carboplatin and paclitaxel is established for
individuals who show sensitive relapse, defined as disease
that responds to first-line chemotherapy but which relapses
more than 6 months after the last dose of the first-line
treatment [5]. A previous report presented four patients
with relapsed MPM who achieved long-lasting tumor
control with the combination of platinum and pemetrexed
for retreatment [6]. The time to progression after initial
platinum—pemetrexed chemotherapy was unusually long in
these patients, ranging from 23 to 73 months. In the present
report, the time to progression after the initial chemother-
apy was 6.4 or 11.4 months for the two patients who
achieved a second response, times that are substantially
shorter than those in the previous study [6]. Our findings
suggest that patients who show a time to progression of
6 months or more after initial chemotherapy with cisplatin
plus pemetrexed may show a response on retreatment. The
histological subtype of the two patients who responded to
the retreatment was epithelioid histology, consistent with

Table 1 Patient characteristics and response to first-line chemotherapy and retreatment

Patient 1 Patient 2 Patient 3 Patient 4
Age, years 65 60 53 69
Sex Male Male Male Male
Histology ithelial Epithelial Epitt Biph
Dose of first-line chemotherapy® P500 + C60 P500 + C75 P500 + C75 P500 + C75
No. of cycles of first-line chemotherapy 4 4 4 4
Time to progression (months) after first-line chemotherapy 6.4 1.4 78 5.0
R to first-line ch herapy) Partial response  Complete response Stable disease Stable disease
Dose of retreatment* P500 + C60 P500 + C75 P500 + C75 P500 + C60
No. of cycles of retreatment 4 4 1 1
Time to p (months) after 5.0 8.2 1.0 14
Response to retreatment Partial response Partial resp Prog disease Progi disease
Overall survival® (months) 19.0 26+ 10.0 93

® Doses for pemetrexed (P) and cisplatin (C) are given in milligrams per square meter (mg/m?)

® Overall survival was defined as the time from the initial visit until death from any cause
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Before first-ling. chemotheraff

Fig. 1 Responses of patient 1 |o first- and second- Ilne chemotherapy
with cisplatin plus p d hy scans revealed
that pleural nodules of patient l showed a partial response to first-line

the previous report [6]. These findings suggest that epi-
thelioid histological subtype may also define a response on
retreatment.

Our cohort included two patients who developed pro-
gressive disease with retreatment. These two patients did
not develop an objective response to initial chemotherapy
with cisplatin-pemetrexed, instead manifesting stable dis-
ease, whereas the two patients who achieved a response to
retreatment showed a partial or complete response to first-
line treatment. This observation suggests that failure to
respond to initial chemotherapy may be a negative pre-
dictive factor for the effectiveness of retreatment.

The overall survival of the two patients who achieved a
second response was 19 and more than 26 months,
respectively, suggesting that successful retreatment with
cisplatin plus pemetrexed can prolong survival time. Our
observations thus suggest that retreatment with cisplatin
plus pemetrexed may yield clinical benefits in patients who
show a partial or complete response of long duration
(>6 months) to the initial combination chemotherapy.
Further studies are warranted to evaluate the efficacy of
such second-line treatment and to clarify the criteria for
selection of patients likely to respond to retreatment with
cisplatin plus pemetrexed.

After initial ii %therapy
- 8

chemotherapy (a) and that a second response was obtained after
retreatment with cisplatin plus pemetrexed (b)
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Abstract

Most non-small cell lung cancer (NSCLC) tumors with an activating mutation of the epidermal growth
factor receptor (EGFR) are initially responsive to EGFR tyrosine kinase inhibitors (TKI) such as gefitinib
but ultimately develop resistance to these drugs. Hepatocyte growth factor (HGF) induces EGFR-TKI resis-
tance in NSCLC cells with such a We investigated gies to overcome gefitinib resistance in-
duced by HGE. Human NSCLC cells with an activating EGFR mutation (HCC827 cells) were engineered to
stably express HGF (HCC827-HGF cells). HCC827-HGF cells secreted large amounts of HGF and exhibited
resistance to gefitinib in vitro to an extent similar to that of HCC827 GR cells, in which the gene for the HGF
receptor MET is amplified. A MET-TKI reversed gefitinib resistance in HCC827-HGF cells as well as in
HCC827 GR cells, suggesting that MET activation induces gefitinib resistance in both cell lines. TAK-701, a
humanized monoclonal antibody to HGF, in combination with gefitinib inhibited the phosphorylation of
MET, EGFR, extracellular signal-regulated kinase, and AKT in HCC827-HGF cells, resulting in suppression
of cell growth and indicating that autocrine HGF-MET signaling contributes to gefitinib resistance in these
cells. Combination therapy with TAK-701 and gefitinib also markedly inhibited the growth of HCC827-HGF
tumors in vivo. The addition of TAK-701 to gefitinib is a promising strategy to overcome EGFR-TKI resistance
induced by HGF in NSCLC with an activating EGFR mutation. Mol Cancer Ther; 9(10); 2785-92. ©2010 AACR.

Introduction

Somatic mutations in the kinase domain of the epider-
mal growth factor receptor (EGFR) are associated with a
high rate of response to EGFR tyrosine kinase inhibitors
(TKI) such as gefitinib (Fig. 1) and erlotinib in advanced
non-small cell lung cancer (NSCLC; refs. 1-3). Despite
the therapeutic benefit of EGFR-TKIs in NSCLC, how-
ever, most patients ultimately develop resistance to
these drugs. A secondary T790M mutation of EGFR
and amplification of the MET gene are major causes
of acquired resistance to EGFR-TKIs (4-7). In addition,
hepatocyte growth factor (HGF), a ligand of the MET
oncoprotein (8, 9), induces gefitinib resistance in EGFR
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mutation-positive NSCLC by activating MET and
downstream signaling (10).

HGF was originally identified as a mitogenic protein
for hepatocytes (11). Both HGF and its MET receptor
are expressed, and often overexpressed, in a broad spec-
trum of human solid tumors including lung, mesothelio-
ma, breast, and brain cancer (12-16). HGF thus acts as an
autocrine or paracrine growth factor for these tumor cells
(17, 18). TAK-701 is a potent humanized monoclonal anti-
body to HGF that blocks various HGF-induced biological
activities as well as inhibits tumor growth in an autocrine
HGF-MET-driven xenograft model.® To identify strate-
gies or agents capable of overcoming resistance to
EGFR-TKIs induced by HGF, we have now established
sublines of the EGFR mutation-positive human NSCLC
cell line HCC827 that stably express transfected HGF
cDNA. With the use of these cells, we investigated the
effects of TAK-701 on HGF-MET signaling and gefitinib
resistance induced by cell-derived HGF both in vitro
and in vivo.
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