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inhibitory effect of pemetrexed on cell growth (Figure 2B). These
data thus indicated that high TS expression levels reduce the
sensitivity of NSCLC cells to pemetrexed.

Effects of chemotherapeutic agents on DNA synthesis and
apoptosis in TS-overexpressing NSCLC cell lines

We next investigated the effects of TS overexpression on DNA
synthesis and apoptosis in NSCLC cells exposed to pemetrexed
given that the cytotoxic activity of p d is due to ink
of DNA synthesis and subsequent induction of apoptosis. Assay of
BrdU incorporation revealed that pemetrexed inhibited DNA
synthesis in Mock cell lines in a concentration-dependent manner,
whereas this effect was much less pronounced in the
TS-overexpressing lines (Figure 3A). In contrast, the concentra-
tion-dependent inhibition of DNA synthesis by cisplatin was
largely unaffected by forced expression of TS (Figure 3B). An
annexin V binding assay also revealed that the frequency of
apoptosis was markedly increased by pemetrexed in a concentra-
tion-dependent manner in Mock cells, whereas pemetrexed had
little effect on apoptosis m cells overexpressmg TS (Figure 4A) To
confirm that this at of pemetr in
TS-overexpressing cells was due to the forced expressmn of TS, we
depleted the TS-overexpressing cells of TS by transfection with the
TS siRNA and then examined the effect of pemetrexed on
Downregulation of TS exp restored the sensiti-
v1ty of these cells to the proap ic effect of p d. In
contrast to pemetrexed, cisplatin increased the proportion of

apoptotic cells among Mock and TS-overexpressing cells to similar
extents (Figure 4C). These data thus suggested that the effects of
pemetrexed on DNA synthesis and apoptosis are inversely related
to the level of TS expression.

Effects of pemetrexed on the growth of TS-overexpressing
NSCLC cells in vivo

We next investigated whether TS-overexpressing NSCLC cell lines
might exhibit resistance to pemetrexed treatment in xenograft
models. When their tumours became palpable, athymic nude mice
were divided into two groups and treated with vehicle or
pemetrexed for 3-4 weeks. Although pemetrexed significantly
inhibited the growth of tumours formed by Mock cells of the A549,
H1299, or PC9 lines, it did not exhibit such an effect with tumours
formed by the corresponding TS-overexpressing cells (Figure 5).
These data thus suggested that the antitumour effect of pemetrexed
is suppressed by TS overexpression in NSCLC cells, consistent with
our results obtained in vitro.

TS expression in treated with

s of NSCLC p
pemetrexed

To evaluate the relation between the level of TS expression in
NSCLC tumours and the chmcal Tesponse to pemetrexed, we
performed | hemical analysis on
tumour biopsy specimens from 24 patients with advanced NSCLC
treated with pemetrexed combined with platinum agents
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Figure 4 Effects of pemetrexed and cisplatin on apoptosis in NSCLC cells overexpressing TS. (A and €) The indicated NSCLC cell lines were cuttured
for 72h in complete medium containing various concentrations of pemetrexed (A) or cisplatin (C), after which the proportion of apoptotic cells was
assessed by staining with fluorescein isothiocyanate-conjugated annexin V and propidium iodide followed by flow cytometry. (B) The indicated NSCLC cell
lines were cultured for 72 h in complete medium containing the indicated concentrations of pemetrexed with or without nonspecific (control) or TS siRNAs,
after which the proportion of apoptotic cells was assessed as in A and C. All data are means * s.d. of triplicates from experiments that were repeated a total
of three times with similar results. *P<0.05 (Student's two-tailed t-test). NS, not significant.
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(Figure 6A). The characteristics of the patients are shown in
Table 2. Tumours were categorised as either responding (CR or
PR) or non-responding (SD or PD). The level of TS expression for
non-responding groups was significantly (P=0.038) higher than
that for responding groups (Figure 6B). We next carried out ROC
curve analysis to establish the optimal cutoff value for the
HSCORE of TS expression level, yielding a value of 257.5. Patients
with a low level of TS expression (HSCORE<257.5) had a
significantly longer progression-free survival (P=0.014) than did
those with a high level (HSCORE>257.5) (Figure 6C). These data
thus suggested that TS expression level in advanced NSCLC
tumours is inversely correlated with the response to pemetrexed.

TS and d ity
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DISCUSSION

In this study, we have investigated the effects of TS overexpression
on the sensitivity of NSCLC cells to pemﬂrexed Pemetrexed-
resistant lung cancer cell lines established by to
increasing concentrations of pemetrexed were recently shown to
contain increased amounts of TS mRNA compared with parental
cells (Ozasa et al, 2010). Other previous studies have also found
that sensitivity to pemetrexed is inversely related to the level of TS
expression in cancer cell lines (Sigmond et al, 2003; Giovannetti
et al, 2008). These observations have suggested that TS gene
expression is associated with resistance to pemetrexed, but the
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Figure 5 Effect of pemetrexed on the growth of TS-overexpressing NSCLC cells in vivo. Nude mice with tumour xenografts established by subcutaneous
implantation of tumour fragments derived from the indicated NSCLC cell lines were treated with vehicle (control) or pemetrexed (100 mg kg™,
intraperitoneal) on days 1, 8, 15, and 22. Tumour volume was determined at the indicated times after the onset of treatment. Data are means + s.em. of
values from eight mice per group. *P<0.05 for pemetrexed vs the corresponding value for vehicle (Student's two-tailed t-test).
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Figure 6 Relation of TS expression level to tumour response in NSCLC patients treated with pemetrexed and either carboplatin or cisplatin. (A)
Representative sections of carcinomas including cells with the indicated intensities of TS immunostaining. Scale bars, 125um. (B) TS expression level
(HSCORE) for the clinical specimens of 24 patients classified according to tumour response (response = CR or PR, n=7; non-response = SD or PD,
n=17). Horizontal lines indicate mean values. The P value was determined by Student's two-tailed t test. (C) Progression-free survival of the NSCLC
patients according to the expression level of TS in tumour specimens. The P-value was determined with the log-rank test.
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Table 2 Patient characteristics

Characteristic
Sex
Male 17
Female 7
Mean (range) age (years) 66 (38-85)
Chemotherapy
Carboplatin+pemetrexed 23
Cisplatin+pemetrexed |
Tumor histology
Adenocarcinoma 21
Squamous cell |
Other 2
Disease stage
13 7
v 17
Tumor response
CR+PR 7
SD 13
PD 4

possible effect of pemetrexed on the expression levels of apoptosis-
related molecules in both Mock and TS-overexpressing cells, but
we found that pemetrexed did _not substantially alter the
bund: of such 1 g that of XIAP (data not
shown), which we prevnous]y identified as having a key role in TS
depletion-induced apoptosis in NSCLC cells (Takezawa et al,
2010). The precise mechanism by which pemetrexed induces
apoptosis thus remains to be determined.
Previous studies have ined the possible relation b TS
expression level and the response to pemetrexed in cancer patients
(Gomez et al, 2006; Righi et al, 2010, Uramoto et al, 2010). In a

phase II trial of p y for d breast
cancer (Gomez et al, 2006), 61 pauents were treated thh
pemetrexed and evaluable for r This study led a

potential association between a high level of TS mRNA and a poor
response to pemetrexed treatment. Another study evaluated TS
expression level unmunohlstuchemxcal]y by means of the HSCORE
system in 60 pati with heli treated either
with the combination of pemetrexed and platinum, or with
pemetrexed alone (Righi et al, 2010). A significant inverse
correlation was found between TS expression level and time to
progression, or overall survival. Finally, no significant correlation
between the abundance of TS mRNA and clinical outcome was
for five NSCLC panents treated with the combination of

Abbreviations: CR=complete response; PD = progressive disease; PR = partial
response; SD = stable disease.

mechanism by which a high level of TS expression might result in a
reduced sensitivity to pemetrexed has remained unclear. Thyml-

PP

P an with d alone (Uramoto
et al, 2010), a]t.hough the small sample number precluded any
definitive conclusion. In this study, we found that a high level of
TS expression in human NSCLC tumours was significantly
associated with a reduced tumour response and a shorter
pmgressnon -free sumval in 24 patients treated with pemetrexed

dylate synthase has a central role in the b th of
thymidylate, an essential precursor for DNA sy'n(hesns (Carreras
and Santi, 1995). We have previously shown that TS expression
level differs among lung cancer cell lines, and that RNA
interference-mediated depletion of TS in such cell lines resulted
in growth suppression through inhib of DNA hesis and
induction of apoptosis in a manner independent of the original
level of TS activity (Tal et al, 2010). P d exerts its
cytotoxic effects through inhibition of multiple DNA synthesis-
related enzymes including TS. We have now shown that
pemetrexed inhibited DNA synthesis and induced apoptosis in
NSCLC cell lines; however, it fmled to induce such effects in the
cor ding cells engineered to press TS. Forced expres-
sion of TS also abolished the antitumour effect of pemetrexed in
xenograft models. Our data suggest that pemetrexed did not fully
inhibit TS activity in TS-overexpressing cells, given that DNA
synthesis remained active after pemetrexed exposure. They further
suggest that the observed reduction in the sensitivity of
TS-overexpressing cells to pemetrexed may result from sustained
activity of TS in the presence of the drug. We also examined the
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Role of ERK-BIM and STAT3-Survivin Signaling Pathways in ALK
Inhibitor-Induced Apoptosis in EML4-ALK-Positive Lung Cancer

Ken Takezawa', Isamu Okamoto', Kazuto Nishio?, Pasi A. Janne®, and Kazuhiko Nakagawa'

Abstract
Purpose: EML4-ALK (echinoderm microtubule-associated protein-like 4 anaplastic lymphoma kinase)
was recently identified as a transforming fusion gene in non-small cell lung cancer. The purpose of the
present study was to characterize the mechanism of malignant transformation by EML4-ALK.
Experimental Design: We established NIH 3T3 cells that stably express variant 1 or 3 of EML4-ALK and
examined the signaling molecules that function downstream of EML4-ALK.
Results: Forced expression of EML4-ALK induced marked activation of extracellular signal-regulated
kinase (ERK) and STAT3, but not that of AKT. Inhibition of ERK or STAT3 signaling resulted in substantial
ion of the of cells either variant of EML4-ALK, suggesting that these
li h function d of EML4-ALK in lung cancer cells. The specific ALK inhibitor
TAE684 mduced apoptosis that was accc ied both by lation of BIM, a proapoptotic member of
the Bcl-2 family, and by d. ion of survivin, a ber of the inhibitor of apoptosis protein (IAP)
famlly, in EML4-ALK- expressmg NIH 3T3 cells as well as in H3122 human lung cancer cells harboring
EMIA4-ALK. Dep of BIM and 0 p of survivin each inhibited TAE684-induced
apoptosis, suggesting that both lation of BIM and d lation of survivin contribute to TAE684-
induced apoptosis in EML4-ALK-positive lung cancer cells. Furthermore, BIM and survivin expression was
found to be independently regulated by ERK and STAT3 signaling pathways, respectively.
Conclusions: ALK inhibitor-induced apoptosis is medmed both by BIM upregulation resulting from
inhibition of ERK signaling as well as by survivin do lting from inhibition of STAT3

2140

signaling in EML4-ALK-positive lung cancer cells. Clin Cancer Res; 17(8); 2140-8. ©2011 AACR.

Introduction

Lung cancer is the leading cause of cancer deaths
worldwide. Given that the efficacy of conventional che-
motherapeutic agents with regard to improving clinical
outcome in lung cancer patients is limited, target-based
therapies are being pursued as potential treatment alter-
natives. Somatic mutations in the tyrosine kinase domain
of the epidermal growth factor receptor (EGFR) have been
associated with tumor responsiveness to EGFR tyrosine
kinase inhibitors (TKI) in a subset of individuals with
non-small cell lung cancer (NSCLC; refs. 1-3). Such
findings suggest that the use of molecularly targeted
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therapy in genetically defined subsets of cancer patients
may prove to be an effective strategy for the treatment of
many cancers including NSCLC. Given that lung cancer is
a common type of cancer, the identification of even small
subsets of lung cancer patients harboring specific genetic
abnormalities will translate into the provision of large
cohorts for targeted therapy.

A recent study identified a potential driver mutation in
NSCLC: fusion of the echinoderm microtubule-associated
protein-like 4 gene (EML4) with the anaplastic lymphoma
kinase gene (ALK), which results in the production of a
fusion protein (EML4-ALK) consisting of the NH ,-terminal
portion of EML4 and the COOH-terminal region of ALK
(4). ALK was originally discovered as the result of char-
acterization of chromosomal translocations that lead to the
expression of fusion proteins consisting of the COOH-
terminal kinase domain of ALK and the NH,-terminal
portion of nucleophosmin (NPM) in patients with ana-
plastic large cell lymphoma (5, 6). Various break and
fusion points within the EML4 locus in NSCLC cells give
rise to different isoforms of EML4-ALK, which appear to be
present in 5% to 10% of NSCLC cases (4, 7-14). The most
common EML4-ALK variants are 1 and 3, which together
account for about 60% of EMLA-ALK-positive lung cancer
cases (14). All EML4-ALK isoforms undergo constitutive
oligomerization mediated by the coiled coil domain of the

Clin Cancer Res; 17(8) April 15, 2011

(R American Association for Cancer Research

Downloaded from clincancerres.aacrjournals.org on May 11, 2011
Copyright © 2011 American Association for Cancer Research



Published OnlineFirst March 17, 2011; DOI:10.1158/1078-0432.CCR-10-2798

Mechanism of Apoptosis Induced by ALK Inhibition

Translational Relevance

EMI4-ALK (echinoderm microtubule-associated pro-
tein-like 4 anaplastic lymphoma kinase) was recently

37°C. U0126 and LY294002 were obtained from Cell
Signaling Technology and TAE684 was from ShangHai
Biochempartner.

Cell N

identified as a transforming fusion gene in no 11
cell lung cancer (NSCLC), and several selective inhibi-
tors of the kinase activity of ALK, such as crizotinib, are
currently undergoing clinical trials for the treatment of
EMI4-ALK-positive NSCLC. Identification of the slgnal-
ing path ible for malij n
by EMI4-ALK Wlll likely enhance further development
of ALK-targeted therapy for NSCLC patients. We have
now shown that both ERK (extracellular signal-regu-
lated kinase) and STAT3 pathways are the principal
mediators of EML4-ALK signaling, and we further iden-
tified the mediators of apoptosis induced by ALK inhi-
bition. Our preclinical data provide both insight into
the pathogenesis of EML4-ALK-positive lung cancer and
a potential basis for the development of biomarkers for
the efficacy of ALK-targeted therapy in patients with this
condition.

EML4 portion, which confers marked transforming activity
both in vitro and in vivo (4, 15).

ALK inhibitors have been found to suppress the growth
of and to induce apoptosis in EML4-ALK-positive lung
cancer cells, suggesting that ALK inhibition is a potential
strategy for the treatment of NSCLC patients with this
molecular abnormality (9, 16). Indeed, a selective inhibitor
of the kinase activity of ALK, crizotinib, is currently under-
going clinical trials and has shown high efficacy in NSCLC
patients with EML4-ALK (17). However, the downstream
signaling pathways that regulate the proliferation or survi-
val of EML4-ALK-positive lung cancer cells have remained
to be well established, and the key mediators of ALK
inhibitor-induced apoptosis have not been fully deter-
mined. In the present study, we constructed expression
vectors for EML4-ALK variants 1 and 3 and then established
cells stably expressing these proteins. With the use of these
cells, we examined the signaling molecules that function
downstream of EML4-ALK. We further mvesugated the
molecular mech derlyi i ed
apoptosis in EML4-ALK-positive lung cancer cells.

Materials and Methods

Cell culture and reagents

NIH 3T3 cells as well as the human cancer cell lines
H2228 and Karpas299 were obtained from American
Type Culture Collection. H3122 cells were obtained as
previously described (9). NIH 3T3 cells were cultured in
Dulbecco’s modified Eagle’s medium (Sigma) supple-
mented with 10% FBS and 1% penicillin-streptomycin.
H2228, Karpas299, and H3122 cells were cultured in
RPMI 1640 medium (Sigma) 1 d with 10%
FBS and 1% penicillin-streptomycin. All cells were main-
tained under a humidified atmosphere of 5% CO, at

A cDNA for EML4-ALK variant 1 was cloned into
pDNR-Dual (Becton Dickinson) as previously described
(9)- A full-length cDNA fragment encoding EML4-ALK
variant 3b was obtained from H2228 cells by reverse
transcription and the PCR with the primers EAV-F
(5’'-AAGCTTCGCAAGATGGACGGTTTCGCCGGCAGTC-
3') and EAV-R (5-GCGGCCGCTCAGGGCCCAGGC-
TGGTTCATGCT-3'). Amplification products were verified
by sequencing after their cloning into the pCR-Blunt II-
TOPO vector (Invitrogen). The EML4-ALK variant 1 or 3b
cDNA was excised from pCR-Blunt II-TOPO and trans-
ferred to either pcDNA3.1-Hygro(+) (Invitrogen) or
pMZs (Cell Biolabs). A pBabe-puro vector encoding
CA-STAT3 with a COOH-terminal FLAG tag was kindly
provided by ]. Bromberg (18). A pQCXIH-survivin vector
was constructed as previously described (19). All expres-
sion vectors were introduced into NIH 3T3 cells as pre-
viously described (20, 21).

Immunoblot analysis

Cells were washed twice with ice-cold PBS and then lysed
in a solution containing 20 mmol/L Tris-HCI (pH 7.5), 150
mmol/L NaCl, 1 mmol/L EDTA, 1% Triton X-100, 2.5
mmol/L sodium p; hosph 1 mmol/L phenylmethyl
sulfonyl fluoride, and leupeptin (1 pg/mL). The protein
concentration of cell lysates was determined with the Brad-
ford reagent (Bio-Rad), and equal amounts of protein were
subjected to SDS-PAGE on a 7.5% or 12% gel. The separated
proteins were transferred to a nitrocellulose membrane,
which was then exposed to 5% nonfat dried milk in PBS
for 1 hourat room temperature before incubation overnight
at 4"C with primary antibodies. Rabbit polyclonal antibo-
dies to human phosphorylated ALK (pY1608), to ALK,
to phosphorylated extracellular signal-regulated kinase
(ERK), to ERK, to phosphorylated STAT3, to STAT3, to
phosphorylated AKT, to AKT, to PARP, to BIM, to Mdl-1,
to Bcl-xL, to X-linked inhibitor of apoptosis (XIAP), and to
FLAG were ob d from Cell Signaling Technology; those
to survivin were from Novos; and those to B-actin were from
Sigma. All antibodies were used at a 1:1,000 dilution, with
the exception of those to B-actin (1:200). The membrane
was then washed with PBS containing 0.05% Tween 20
before incubation for 1 hour at mom temperature with

dish peroxidase-cc d goat antibodies to rab-

bit IgG (Slgma) Immune complexes were finally detected
with chemiluminescence reagents (GE Healthcare).

Cell growth inhibition assay

Cells were plated in 96-well, flat-bottomed plates and
cultured for 24 hours before exposure to various concen-
trations of drugs for 72 hours. TetraColor One (5 mmol/L
tetrazolium monosodium salt and 0.2 mmol/L 1-methoxy-
5-methyl ph inium methyl ikagaku) was then
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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).

RNA interference

Cells were plated at 50% to 60% confluence in 6-well
plates or 25-cm” flasks and then incubated for 24 hours
before transient transfection for the indicated times with
siRNAs mixed with the Lipofectamine reagent (Invitrogen).
The siRNAs specific for STAT3 mRNA (STAT3-1, 5'-
UCAUUGACCUUGUGAAAAA-3’; STAT3-2, 5'-GCAAAAA-
GUUUCCUACAAA-3'), ALK mRNA (ALK-1, 5'-ACACC-
CAAAUUAAUACCAA-3'; ALK-2, 5'-UCAGCAAAUUCAA-
CCACCA-3'), ERK mRNA (ERK-1, 5'-CAAGAGGAUUGAA-
GUAGAA-3'; ERK-2, 5'-UCAGCCCCUUUGAGCACCA-3'),
or BIM mRNA (BIM-1, 5-GGAGGGUAUUUUUGAAUAA-
3'; BIM-2, 5'-AGGAGGGUAUUUUUGAAUA-3') as well as
a nonspecific siRNA (5'-GUUGAGAGAUAUUAGAGUU-
3') were obtained from Nippon EGT. The cells were then
subjected to immunoblot analysis or the annexin V-bind-
ing assay. All data presented were obtained with STAT3-1,
ALK-1, ERK-1, or BIM-1 siRNAs, but similar results were
obtained with STAT3-2, ALK-2, ERK-2, and BIM-2 siRNAs.

Annexin V-binding assay
Binding of annexin V to cells was measured with the use
of an Annexin-V-FLUOS Staining kit (Roche). Cells were

harvested by exposure to trypsin-EDTA, washed with
PBS, and centrifuged at 200 x g for 5 minutes. The cell
pellets were resuspended in 100 pL of Annexin-V-FLUOS
labeling solution, incubated for 10to 15 minutesat 15°Cto
25°C, and then analyzed for fluorescence with a flow
cytometer (FACSCalibur) and Cell Quest software (Becton
Dickinson).

Statistical analysis

Quantitative data are presented as means + SD and were
analyzed by Student’s 2-tailed t test. A value of P < 0.05 was
considered statistically significant.

Results

O ic EMI4-ALK i
and STAT3 signaling pathways
To study the function of oncogenic EML4-ALK, we estab-
lished f d mouse fibroblast (NIH 3T3) cells
that either stably express EML4-ALK variant 1 or 3 (3T3/
EAV1 and 3T3/EAV3 cells, respectively) or stably harbor the
corresponding empty vector (3T3-Mock cells). Immunoblot
analysis revealed that EML4-ALK variant 1 or 3 was detected
with antibodies to ALK at positions corresponding to mole-
cular sizes of about 120 and 90 kDa, respectively, in the
transfected cells (Fig. 1A). The kinase activity of the EMLA-
ALK variants was activated as revealed by immunoblot

kinase activates ERK

H3122 Karpas299
(EMLA-ALK) (NPM-ALK)

SIRNA: Con ALK Con ALK
i " |<120 kDa
- | < B0 kDa

pERK — =

ERK [&= = ==

P-STATS |ow —= e
T 11
P-AKT (e ses s

Actin

Figure 1. Effects of stable forced expression of EML4-ALK variant 1 or 3 on signaling pathways. A, the indicated stably transfected NIH 3T3 cell lines were
lysed and subjected to immunoblot analysis with antibodies to the indicated proteins. B, the indicated cell lines were plated in semisolid medium

supplemented with 10% FBS and incubated for 3 to 4 weeks, after which the cells were stained with 0.005% crystal violet and the number of colonies per field
of view (FOV) was counted. Data are means + SD from 3 independent experiments. C, cells (5 x 10% of the indicated lines were injected subcutaneously into
the axilla of 5-week-old female athymic nude mice. At 18 days after the injection, the large tumors that formed at the injection site for 3T3/EAV1 or 3T3/EAV3

cells were

with 5 mice per cell line. D,

lines were on)

D
or ALK siRNAs for 48 hours, after which cell lysates were subjected to immunoblot analysis with antibodies to the indicated proteins.
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analysis with antibodies specific for the Tyr' °**-phosphory-
lated form of ALK. Consistent with previous observations
(4, 15), the 3T3/EAV cells exhibited transforming activity
both in vitro (Fig. 1B) and in vivo (Fig. 1C). We also found
that phosphorylation of both the mitogen-activated protein
kinase (MAPK) ERK and STAT3 was markedly increased in
the cells expressing either variant of EML4-ALK compared
with that in 3T3-Mock cells, whereas the phosphorylation
level of the kinase AKT was not affected by expression of
EMIL4-ALK (Fig. 1A). To exclude the possibility that these
results were due to nonspecific effects of transfection, we
depleted both 3T3/EAV1 and 3T3/EAV3 cells of EML4-ALK
by RNA interference (RNAi) with ALK siRNA. The phos-
phorylation of both ERK and STAT3, but not that of AKT,

was markedly suppressed by depletion of EML4-ALK
(Fig. 1D). Moreover, similar depletion of endogenous
EMLA4-ALK variant 1 in the lung cancer cell line H3122
resulted in marked inhibition of the phosphorylation of
ERK and STAT3 without an effect on that of AKT (Fig. 1D). In
contrast, the phosphorylation of ERK, STAT3, and AKT was
inhibited by ALK siRNA in the NPM-ALK-positive lym-
phoma cell line Karpas299 (Fig. 1D), in which activation
of the phosphoinositide 3-kinase (PI3K)-AKT signaling
pathway has been shown to contribute to malignant trans-
formation (22-25). Together, these data suggested
that either variant 1 or 3 of EML4-ALK activates ERK and
STATS3 signaling pathways but not the PI3K-AKT signaling
pathway.

*
A 8
H
£
L]
H
Figure 2. Effects of inhibition of g
ERK, PI3K, or STAT3 signaling on &
the growth of cells expressing T %
EML4-ALK. A, the indicated cell
lines were incubated in complete B

medium for the indicated times,
after which cell viability was
assessed as described in the
“Materials and Methods" section.
Data are expressed relative to the
absorbance value for 3T3-Mock
cells at time 0. B and C, cells were
incubated in complete medium
with or without 10 umol/L U0126 vz’ — 4 — +
(B) or 10 pmol/L LY294002 (C) for
72 or 24 hours, after which cell
viability was assessed (left) or cell C
lysates were subjected to
immunoblot analysis with
antibodies to the indicated
proteins (right), respectively.

D, cells were transfected with
nonspecific or STAT3 siRNAs for
72 or 48 hours, after which cell
viability was assessed (left) or cell
lysates were subjected to
immunoblot analysis with
antibodies to the indicated
proteins (right), respectively. The D
abundance of B-actin was
examined as a loading control. All
Qquantitative data are means + SD "
from 3 independent experiments.
*, P < 0.05 versus the
corresponding value for 3T3-
Mock cells or for the indicated
comparisons. NS, not significant.
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EML4-ALK promotes cell proliferation through ERK
and STAT3 signaling pathways

We next examined the effect of EML4-ALK on cell
proliferation. Both 3T3/EAV1 and 3T3/EAV3 cells prolif-
erated significantly faster than did 3T3-Mock cells
(Fig. 2A). To determine the role of intracellular signaling
pathways in this action of EML4-ALK, we first examined
the effects of chemical inhibitors. We found that U0126,
an inhibitor of the ERK kinase MEK, had little effect on
the growth of 3T3-Mock cells but that it significantly
inhibited the proliferation of both 3T3/EAV1 and 3T3/
EAV3 cells at a concentration (10 pmol/L) that resulted in
marked inhibition of ERK phosphorylation (Fig. 2B).
These data thus suggested that the MEK-ERK signaling

h it to the regulation of cell proliferation
by EML4 ALK. We also found that the specific PI3K
inhibitor LY294002 had no significant effect on the
growth of 3T3-Mock cells or on that of 3T3/EAV1 and
3T3/EAVS3 cells at a concentration (10 pmol/L) at which
the phosphorylation of AKT was largely abolished
(Fig. 2C). To examine the effect of STAT3 inhibition on
cell proliferation in cells expressing EML4-ALK, we trans-
fected the cells with an siRNA specific for STAT3 mRNA.
Transfection of 3T3-Mock, 3T3/EAV1, or 3T3/EAV3 cells
with STAT3 siRNA resulted in marked depletion of STAT3
(Fig. 2D). Whereas such depletion of STAT3 did not affect
the proliferation of 3T3-Mock cells, it significantly inhib-
ited that of 3T3/EAV1 and 3T3/EAV3 cells (Fig. 2D). A

L o £
TAEG84 (umollL)

3T3-Mock

3T3/EAV1

Apoptotic cells (%)
8

3T3/EAV3

3T3-Mock
— 3ITHEAVH

ITVEAVE

W2

Figure 3. Effects of TAE684 on cell
growth, apoptosis, an
intracellular signaling in cells
expressing EML4-ALK. A, the
indicated cell lines were cultured
for 72 hours in complete medium
containing various concentrations
of TAEG84, after which cell viability
was assessed. Data are
expressed as percent survival and
are means + SD of triplicates from
an experiment that was repeated a
total of 3 times with similar results.
B, cells were incubated for 48
hours in serum-free medium with
30 nmol/L TAEE84 or 0.01%
dimethyl sulfoxide (DMSO, vehicle
control), after which the proportion
of apoptotic cells was determined
by staining with fluorescein
isothiocyanate (FITC)-conjugated
annexin V and propidium iodide
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second siRNA targeted to a different region of STAT3
mRNA yielded similar results (data not shown). These
observations thus suggested that EML4-ALK promotes cell
proliferation through both MEK-ERK and STAT3 signal-
ing pathways but not through the PI3K-AKT signaling
pathway.

Effects of ALK inhibition on cell growth and
intracellular signaling in EML4-ALK-positive lung
cancer cells

To investigate the effects of inhibition of the kinase
activity of ALK on cell growth and intracellular signaling
in cells expressing EML4-ALK, we used TAE684, a selective
and highly potent ALK inhibitor (26). The human lung
cancer cell line H3122 expresses endogenous EML4-ALK
variant 1 and its growth was found to be highly sensitive
to TAE684 (Fig. 3A). Treatment with TAEG84 also induced
a large increase in the number of apoptotic H3122 cells,
as led with an V-binding assay (Fig. 3B).
Consistent with these results, both 3T3/EAV1 and 3T3/
EAV3 cells exhibited a sensitivity to TAEG684 that was
about 100 times as great as that of 3T3-Mock cells
(Fig. 3A), and the level of apoptosis induced by this drug
was markedly greater in both 3T3/EAV1 and 3T3/EAV3
cells than in 3T3-Mock cells (Fig. 3B). Inmunoblot ana-
lysis revealed that TAE684 inhibited the phosphorylation
of EML4-ALK in 3T3/EAV1, 3T3/EAV3, and H3122 cells at
a concentration (30 nmol/L) at which it substantially
inhibited the growth of these cells (Fig. 3C). We further
found that TAE684 inhibited the activation of ERK and
STAT3, without affecting that of AKT, in all 3 of these cell
lines (Fig. 3C). These data thus suggested that the ALK
inhibitor induced growth suppression and apoptosis in
EMLA-ALK-positive lung cancer cells, and that these
effects were accompanied by inhibition of ERK and STAT3
signaling pathways but not by that of the PI3K-AKT
signaling pathway.

Effects of ALK inhibition on the expression of
apoptosis-related proteins in EML4-ALK-positive lung
cancer cells

Given that TAE684 induced apoptosis in cells expressing
EMIL4 ALK, we examined the effects of this drug on the

of ap is-related p in such cells.

TAE684 induced cleavage of PARP, a characteristic of
apoptosis, in H3122 cells as well as in 3T3/EAV1 and
3T3/EAV3 cells (Fig. 4A). TAE684 also increased the abun-
dance of BIM, a proapoptotic member of the Bcl-2 family of
proteins, in cells expressing EML4-ALK, whereas the
amounts of the Bcl-2 family members Mcl-1 and Bcl-xL
remained unaﬂ'ecled (Fig. 4A). In contrast, TAE684
induced d ion of the expression of ivin,
a member of the IAP family, in cells expressing EML4-
ALK, whereas the expression of XIAP, another IAP family
member, remained unaffected (Fig. 4A). To investigate
the possible roles of the ERK and STAT3 signaling path-
ways in the induction of BIM and downregulation of
survivin by TAE684, we examined the effects of EML4-
ALK, ERK, or STAT3 depletion by RNAi in 3T3/EAV1, 3T3/
EAV3, and H3122 cells. Similar to the effects of TAE684
(Fig. 3C), depletion of EML4-ALK with an ALK siRNA
resulted in inhibition of both ERK and STAT3 phosphor-
ylation in all 3 cell lines (Fig. 4B). The amount of BIM was
increased as a result of EML4-ALK or ERK depletion but
was not affected by STAT3 depletion (Fig. 4B). In contrast,
the expression of survivin was inhibited by depletion of
EML4-AKT or STAT3 but not by that of ERK (Fig. 4B).
Similar results were obtained with a second set of ALK,
ERK, and STAT3 siRNAs targeted to different regions of
the corresponding mRNAs (da&a not shown). These data
thus suggested that ALK i results in up
of BIM expression through inhibition of the ERK signal-
ing pathway as well as in downregulation of survivin
expression through inhibition of the STAT3 signaling
pathway.
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Role of ERK-BIM and STAT3-survivin signaling
pathways in TAE684-induced is in cells
expressing EML4-ALK

To investigate further whether induction of BIM is
related to TAE684-induced apoptosis, we transfected
3T3/EAV3 or H3122 cells with an siRNA specific for
BIM mRNA. Such transfection largely blocked BIM induc-
tion by TAE684 (Fig. 5A). Staining with annexin V
revealed that RNAi-mediated attenuation of BIM induc-
tion resulted in significant inhibition of TAE684-induced
apoptosis in both cell lines (Fig. 5A), implicating upre-
gulation of BIM expression in the induction of apoptosis

pop

vector encoding a FLAG epitope-tagged constitutively
active (CA) form of human STAT3. Expression of CA-
STAT3 increased the abundance of survivin (Fig. 5B),
consistent with the notion that survivin expression is
upregulated by activation of STAT3 signaling. Further-
more, expression of CA-STAT3 inhibited the downregula-
tion of survivin induced by TAE684, without affecting
BIM induction (Fig. 5B), and it significantly inhibited
TAE684-induced apoptosis (Fig. 5B). These data sug-
gested that inhibition of the STAT3 signaling pathway
contributes to TAE684-induced apoptosis in EML4-ALK-
positive cells. To confirm that TAE684-induced apoptosis

by TAE684 in EML4-ALK-positive cells. We ob d

diated by STAT3 inhibition was attributable to down-

similar results with a second siRNA targeted to a diff

sequence within BIM mRNA (data not shown). Given that
TAEG84 inhibited STAT3-survivin signaling in cells
expressing EML4-ALK, we next investigated the contribu-
tion of such ling to TAE684-induced apoptosis by
transfecting 3T3/EAV3 or H3122 cells with an expression

lation of we transfected 3T3/
EAV3 or H3122 cells with an expression vector for human
survivin. Survivin overexpression resulted in substantial
inhibition of the TAE684-induced downregulation of
survivin in both 3T3/EAV3 and H3122 cells (Fig. 5C),
and this effect was associated with significant inhibition
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Figure 5. Effects of BIM depletion as well as forced

(¢ )

TAEG84 in 3T3/EAV3 or H3122 cells. A, cells

) or BIM siRNASs for 24 hours and then incubated in complete medium with 30 nmol/L. TAE684 or DMSO vehicle for 48

hours, after which cells either were lysed and subjected to immunoblot analysis with antibodies to the indicated proteins or were evaluated for apoptosis by
staining with annexin V and Pl followed by flow cytometry. B, cells were transfected with an expression vector for FLAG-tagged CA-STAT3 or with the
corresponding empty vector for 24 hours and were then incubated with or without 30 nmol/L TAE684 for 48 hours and analyzed as in A. C, cells were
transfected with an expression vector for survivin or with the corresponding empty vector for 24 hours and were then incubated with or without 30 nmol/L.
TAEB84 for 48 hours and analyzed as in A. All quantitative data are means + SD from at least 3 independent experiments. *, P < 0.05 for the indicated
comparisons.
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of TAEG684-induced apoptosis (Fig. 5C). These resul!s thus

suggested that inhibition of STAT3-survivin si by

EMI4- ALK-posmve lung cancer cells. With the use of
RNAi-medi ion of ERK, we also found that

TAE684 contributes substantially to the induction of
apoptosis by this drug. Collectively, our results thus
suggested that inhibition of both the ERK-BIM and
STAT3-survivin signaling pathways contributes to the
induction of apoptosis associated with ALK inhibition
in EML4-ALK-positive lung cancer cells.

Discussion

EML4-ALK was only recently identified as a transforming
fusion gene in NSCLC (4). Although EMLA4-ALK was shown
to possess marked oncogenic activity both in vitro and in
vivo (4, 15), the signaling patt underlying mali
transformation by the fusion protein have remained
unclear. We have now shown that phosphorylation of both
ERK and STAT3 was similarly and markedly increased in
NIH 3T3 cells by forced expression of either variant 1 or
variant 3 of EML4-ALK, whereas phosphorylation of AKT
remained unaffected. Similar effects were observed in dif-
ferent clones of these cells stably transfected with a vector
for either variant of EML4-ALK (data not shown). We
further showed that the growth of both 3T3/EAV1 and
3T3/EAV3 cells was significantly attenuated by inhibition
of ERK or STAT3 signaling but not by that of PI3K signaling.
NPM-ALK has also been shown to activate ERK and STAT3
signaling pathways (6, 27-33), both of which are thought
to be essential downstream mediators of the oncogenic
action of NPM-ALK. In the present study, we found that
ALK siRNA markedly abrogated the phosphorylation of
AKT in the NPM-ALK-positive lymphoma cell line Kar-
pas299, consistent with previous results implicating activa-
tion of PI3K-AKT signaling in malignant transformation by
NPM-ALK (22-25). In contrast, we found that ALK siRNA
did not suppress AKT phosphorylation in the EML4-ALK-
positive lung cancer cell line H3122. Together, our
results thus suggest that both ERK and STAT3 signaling
pathways, rather than the PI3K signaling pathway,
are the principal downstream pathways activated by
EMLA-ALK in lung cancer cells. Oncogenic ALK fusion
proteins therefore may activate downstream pathways in
amanner dependent on the fusion partner (Supplementary
Fig. S1).

Preclinical studies have shown that treatment of NSCLC
cell lines expressing EML4-ALK with ALK inhibitors sup-
presses cell proliferation and induces apoptosis (9, 34),
although the underlying mechanisms of these effects were
not well characterized. We have now shown that TAE684, a
specific inhibitor of the kinase activity of ALK, significantly
inhibited the phosphorylation of ERK and STAT3, but not
that of AKT, in EML4-ALK-positive lung cancer cells, sup-
porting the notion that ERK and STAT3 signaling pathways
function downstream of EML4-ALK. BIM is a key proapop-
totic member of the Bcl-2 family of proteins and initiates
apoptosis signaling by binding to and antagonizing the
function of prosurvival members of the Bcl-2 family (35).
We found that TAE684 induced upregulation of BIM in

BIM expression is regulated by the ERK signaling pathway.
We further showed that knockdown of BIM by RNAi
resulted in significant inhibition of TAE684-induced apop-
tosis in EML4-ALK-positive cells, suggesting that BIM
induction mediated by inhibition of the ERK pathway plays
a pivotal role in ALK inhibitor-induced apoptosis in EML4-
ALK-positive lung cancer cells. These findings are consis-
tent with the previous observation that inhibition of the
ERK pathway contributes to EGFR-TKI-induced BIM upre-
gulation, which is essential for the induction of apoptosis
by these agents, in EGFR mutation-positive NSCLC cells
(36-38).

Survivin is a member of the IAP family and protects
against apoptosis by either directly or indirectly inhibiting
the activation of effector caspases (39). We have now
shown that TAE684 inhibited the expression of survivin
in EML4-ALK-positive lung cancer cells. Furthermore,
depletion of STAT3 resulted in downregulation of survivin

whereas ion of a c ly active
form of STAT3 resulted in upregulation of survivin expres-
sion. These data indicate that expression of survivin is
regulated primarily through the STAT3 signaling pathway,
consistent with the results of a previous study (40). We
further found that expression of CA-STAT3 blocked the
TAEG684-induced downregulation of survivin, indicating
that ALK inhibition results in survivin downregulation
through inhibition of the STAT3 signaling pathway. Forced
expression of either CA-STAT3 or survivin attenuated
TAEG684-induced apoptosis in 3T3/EAV3 or H3122 cells,
suggesting that inhibition of STAT3-survivin signaling con-
tributes to ALK inhibitor-induced apoptosis in EML4-ALK-
positive lung cancer cells. Our present data thus suggest
that ALK i —induced is mediated both by
upregulation of BIM !hmugh mhlbitjon of the ERK path-
way and by downregulation of survivin through inhibition
of the STAT3 pathway in EML4-ALK-positive lung cancer
cells.

In conclusion, our results have identified both ERK and
STAT3 signaling path as key medi of the trans-
forming activity of EML4-ALK in lung cancer cells positive
for this fusion protein. We further demonstrated that
inhibition of both ERK-BIM and STAT3-survivin signaling
pathways is responsible for ALK inhibitor-induced apop-
tosis in these cells. Our results thus provide a basis for the
further development of ALK-targeted therapy in EML4-
ALK-positive lung cancer patients.
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Introduction: A feasibility study was performed to examine the safety and toxicity profile of daily gefitinib
(250mg) administration with concurrent definitive thoracic radiation therapy (TRT) in patients with
unresectable non-small cell lung cancer (NSCLC) of stage I1l.

Methods: Patients received a 14-day induction therapy with gefitinib at 250 mg daily. TRT was initiated
on day 15 in 2-Gy fractions administered five times weekly to a total dose of 60 Gy. The primary end
point of the study was the rate of treatment completion. Mutation status of the epidermal growth factor
receptor gene (EGFR) was evaluated for patients with available tumor specimens.

Results: Nine eligible patients enrolled in the study received induction gefitinib monotherapy. Two
patients were unable to begin TRT because of the development of progressive disease during the first
2 weeks of the protocol. Three of the remaining seven patients treated with gefitinib and concurrent TRT
were unable to complete the planned treatment (two because of pulmonary toxicity and one because
of progressive disease), and the study was therefore closed according to the protocol definition. Tumor
samples were available for eight patients. EGFR mutations (deletion in exon 19) were detected in two
patients, both of whom achieved a partial response and exhibited an overall survival of >5 years.
Conclusions: Our results do not support further trials of gefitinib and TRT for unselected NSCLC patients.
This therapeutic strategy may hold promise, however, for locally advanced NSCLC in patients with sen-

sitizing EGFR mutations.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Lung cancer remains the most common cause of cancer-related
mortality worldwide [1]. Non-small cell lung cancer (NSCLC) is a
heterogeneous disease that accounts for ~80% of lung cancer cases,
and about one-third of individuals with newly diagnosed NSCLC
present with locally advanced disease not amenable to curative
resection [2]. The current standard of care for patients with unre-
sectable locally advanced NSCLC is concurrent chemotherapy and
definitive thoracic radiation therapy (TRT); however, most treated
individuals experience disease recurrence, with the 5-year survival
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School of Medicine, 377-2 Ohno-higashi, Osaka-Sayama, Osaka 589-8511, Japan.
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rate being only ~20% [3-5]. Further improvement in treatment out-
come for patients with locally advanced NSCLC will require the
development of more effective combined-modality therapies.

The expression and activity of the epidermal growth factor
receptor (EGFR) are important determinants of radiation sensi-
tivity in several cancers including NSCLC [6-9]. Irradiation of
tumor cells has been shown to activate EGFR via ligand-dependent
and ligand-independent mechanisms, possibly accounting for the
radiation-induced acceleration of tumor cell repopulation and
the development of radioresistance [9,10]. Such radiation-induced
activation of EGFR-dependent processes provides a rationale for
combined treatment with radiation and EGFR inhibitors. Indeed,
preclinical models have shown that EGFR inhibition enhances
the antitumor activity of radiation [11-14]. Gefitinib is a small-
molecule tyrosine kinase inhibitor (TKI) of EGFR that competes
with ATP for binding to the tyrosine kinase pocket of the recep-
tor, thereby inhibiting receptor tyrosine kinase activity and EGFR

Please cite this article in press as: Okamoto I, et al. Single-agent gefitinib with concurrent radiotherapy for locally advanced non-small cell lung
cancer harboring mutations of the epidermal growth factor receptor. Lung Cancer (2010), doi:10.1016/j.lungcan.2010.08.016
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signaling pathways [15]. Although several clinical studies have
examined the use of gefitinib in patients with advanced or
metastatic NSCLC [15-17], no data have been available regarding
the efficacy of single-agent gefitinib combined with TRT in indi-
viduals with locally advanced NSCLC. We have now performed a
feasibility study of gefitinib with concurrent TRT in patients with
locally advanced NSCLC in order to establish the safety and toxicity
profile of this therapeutic strategy. Midway through this study, the
discovery of somatic mutations in EGFR and of the association of
such mutations with a high response rate to EGFR-TKIs had a pro-
found impact on the treatment of metastatic NSCLC [18-20]. We
therefore examined the potential relation between the presence
of EGFR mutations as detected in diagnostic biopsy specimens and
treatment outcome.

2. Materials and methods
2.1. Eligibility criteria

Patients with pathologically confirmed unresectable NSCLC
of stage Il were eligible for enrollment in the study, whereas
those with T3N1 disease, contralateral mediastinal lymph node
metastasis, malignant pleural effusion, pericardial effusion, or
pleural dissemination were excluded. Additional eligibility crite-
ria included no previous disease treatment, the presence of any
measurable lesion, an Eastern Cooperative Oncology Group per-
formance status score of 0-1, an age of <75 years, no history
of malignancy within the previous 5 years, a leukocyte count of
>4000/u.L, a platelet count of >100,000/pL, a hemoglobin level
of >9g/dL, serum aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) levels of <501U/L, a serum creatinine con-
centration of <1.2 mg/dL, and an arterial oxygen pressure (PaO, ) of
>70 mm Hg. Patients were excluded if they had interstitial pneu-
monitis, uncontrolled diabetes mellitus, or any serious underlying
disease or complications. Staging workup included a chest radio-
graph, computed tomography (CT) scans of the chest and abdomen,
either a CT scan or magnetic resonance imaging of the brain, and
a radioisotopic bone scan. All subjects provided written informed
consent to participation in the study, which was approved by
the Institutional Review Board of each participating center (Kinki
University School of Medicine and Yokohama Municipal Citizen's
Hospital) and was performed in accordance with the Declaration of
Helsinki.

2.2. Gefitinib therapy

Patients started taking 250 mg of gefitinib per day orally 14 days
before initiation of TRT and continued doing so during TRT. At the
completion of TRT, patients were maintained on gefitinib at 250 mg
daily until evidence of disease progression or toxicity for up to 1
year. In the event of development of toxicities of grade 2 or higher,
gefitinib was postponed until the toxicities had improved to grade
1 orlower. In the case that cessation of TRT was warranted, gefitinib
was withheld until resumption of the remainder of the concurrent
phase of the treatment. If patients experienced toxicities of grade
3 or higher or any grade of pneumonitis related to gefitinib, the
treatment was terminated.

2.3. Radiation therapy

TRT was administered from day 15 of gefitinib using a linear
accelerator photon beam of 6-MV or more. Three-dimensional (3D)
treatment planning systems using computed tomography were
used at both hospitals. Lung inhomogeneity correction was not per-
formed in dose calculation. Radiation doses were specified at the
center of the target volume.

The primary tumor and involved nodal disease received 60 Gy
in 2-Gy fractions over 6 weeks. The initial 40 Gy was delivered to
clinical target volume 1 (CTV1), and the final 20 Gy was delivered
to a reduced volume defined as clinical target volume 2 (CTV2).
CTV1 included the primary tumor, ipsilateral hilum, and mediasti-
nal nodal areas from the paratracheal (#2) to subcarinal lymph
nodes (#7). The contralateral hilum was not included in CTV1. The
supraclavicular areas were not to be treated routinely, but could
be treated when supraclavicular nodes were involved. For the pri-
mary tumors and the involved lymph nodes of 1 cm in the shortest
diameter, a margin of 1.5-2 cm was added. CTV2 included only the
primary tumor and the involved lymph nodes with a margin of
0.5-1 cm. The spinal cord was excluded from the fields for CTV2 by
appropriate methods such as the oblique opposing method. Appro-
priate PTV margin and leaf margin were added for CTV1 and CTV2.

The objectives were to restrict the relative volume of the nor-
mal lung treated with a dose of >20 Gy (V20) to <35%, and the
maximum spinal cord dose was restricted to <44 Gy. If patients
experienced grade 3/4 esophagitis or dermatitis, pyrexia of 38°C
or more, or a decrease in Pa02 of >10 mm Hg compared to base-
line, TRT was withheld until esophagitis or dermatitis improved
to grade 2 or clinically acceptable toxicity level. If patients expe-
rienced grade 1 or more pneumonitis related to gefitinib, TRT was
terminated.Assessment of toxicity and responseAll eligible patients
who received any portion of the treatment regimen were consid-
ered assessable for toxicity and response. A CT scan of the chest was
performed within 14 days of initiation of study treatment and was
repeated on day 14 of gefitinib monotherapy in order to exclude
individuals with disease progression or pneumonitis related to gefi-
tinib. Chest X-rays, complete blood counts, and blood chemistry
analysis were performed weekly until completion of TRT. Toxic-
ities were assessed with the use of the National Cancer Institute
Common Terminology Criteria for Adverse Events v2.0. Treatment
response was evaluated according to the Response Evaluation Cri-
teriain Solid Tumors[21]. The initial tumor response was defined as
the best response recorded within 3 months after the start of treat-
ment. Progression-free survival (PFS) and overall survival (OS) were
calculated from the date of registration in the study until the first
documented instance of disease progression or death, respectively,
with the use of the Kaplan-Meier method. Follow-up assessments
included a posttreatment CT scan at 4-12 weeks after completion
of TRT.

2.5. Study design and statistical considerations

The primary end point of the study was the rate of treatment
completion. Complete treatment delivery was defined as comple-
tion of the planned 60 Gy of TRT within 63 days and administration
of gefitinib for >3 weeks during TRT. We selected a 90% completion
rate as a desirable target level and a 75% completion rate as unin-
teresting with an alpha error of 0.1 and a power of 0.8, resulting in
arequirement for 28 patients. If 24 or more treatment completions
were achieved among the 28 total assessable patients, the treat-
ment was considered worthy of further consideration. Secondary
end points included estimation of the objective response rate as
well as of PFS and OS.

2.6. Analysis of EGFR mutation

Tumor specimens (embedded in paraffin) were collected during
previous diagnostic procedures. EGFR mutations that confer sen-
sitivity to EGFR-TKIs were identified by the PCR-Invader method
(BML, Tokyo, Japan). Some patients had already died before the
initiation of our genetic analysis, preventing us from obtain-
ing informed consent. The Institutional Review Boards therefore
approved our study protocol with the conditions that samples
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— Table 2
é 3 g 3 Toxicity of induction gefitinib monotherapy (n=9).
2 Sa
] ks Toxicity Grade
& S2S 8
Q Zd3d 1 2 3 4
= Hematologic
k= Leukopenia 1 0 0 0
5 Neutropenia 0 0 0 0
E [maadnatnn Anemia 4 0 0 0
g |ewwngpgpegs Thrombocytopenia 1 0 0 0
Febrile neutropenia NA NA 0 0
7 Nonhematologic
‘g Fever 1 0 0 0
E Fatigue 0 1 0 0
= i s i B G PGS & Dry skin 1 0 0 0
£ |ov<¥radogn~= Skin rash 5 0 0 0
Elevated AST 2 0 0 0
T NA, not applicable.
2
s | 2
g i would be processed anonymously and analyzed only for somatic
5 _ 2 T E_F__ mutations (not germline mutations) and that the study would be
£ g2g5 ZEEEE g publicly disclosed, according to the Ethical Guidelines for Human
E BRS ShoR® Genome Research published by the Ministry of Education, Cul-
g EEREEEEE ture, Sports, Science, and Technology, the Ministry of Health, Labor,
a 338z535833 and Welfare, and the Ministry of Economy, Trade, and Industry of
Japan.
g
2% 3. Results
22
24
ELRGEEERERR 3.1. Patient characteristics
E § Between August 2003 and January 2005, nine eligible patients
g 2 were enrolled in the study at the two participating centers (Table 1).
2Eloo8f8o8oe The patients included one women and eight men, with a median
=8|zz=¥sz5z2 P 4 8 £
age of 63 years (range, 56-71). Five patients had stage IlIA dis-
8
_ ease and four had stage I1IB disease. Histological subtypes included
£F adenocarcinoma in six patients, squamous cell carcinoma in one
= patient, large cell carcinoma in one patient, and unspecified
Eg|°3888°838¢% NSCLC in one patient. Eight of the nine patients were current
smokers.
35
5 z 3.2. Toxicity
5=
=5
E ; R - Safety analysis included all nine patients who received at least
SI|TP2ge2" R one dose of gefitinib. All adverse events were monitored continu-
ously during treatment and for 2 years after the end of treatment.
'}‘-fa Five patients did not complete the planned trial therapy and subse-
; Sogosysoy quent enrollment was stoppgd according to the protocol deﬁpition
z E g E §Z g § § § (Table 1). Two subjects (patients 1 and 6) showed progression of
their primary lung tumors on planned CT evaluation on day 14 of
5 |z E] gefitinib monotherapy and were thus unable to start TRT according
€8 ig eegzee E to the protocol. Patient 2 manifested acutely deteriorating dysp-
c: 2 E %< § § § 3 § 2 nea and hypoxemia with a-PaO, of 46.0 mm Hg after 24 days of
1;; = =< =S gefitinib therapy and 34 Gy of radiotherapy. A CT scan of the chest
2. |zeegee po revealed diffuse ground-glass opacities that were consistent with
¢|§ |g2g8cg E¢ the known pulmonary toxicity of gefitinib. Discontinuation of gefi-
E 2 [g8888% ¢ tinib and radiotherapy and initiation of steroid treatment resulted
P :E: % % % % % % % % inimprovement of the patient’s condition. Patient 8 presented with
€ 2 |ZZS=IsSE g == pneumonitis of grade 1 at 23 days after initiation of gefitinib. This
5 “ FBRAIRFZRST condition was interpreted as a gefitinib-related toxicity, and the
2. patient had gefitinib withdrawn but continued with radiotherapy
__'_5 % Ssss5sSsess|d up Fo 60Gy v_vithout further toxicity. V20 parameters in the twp
E|® |BRZEEATEE|2E patients (patients 2 and 8) who suffered from pulmonary toxi-
-] B cities were 25 and 20%, respectively. Patient 9 discontinued the
- 2 g g trial treatment after 46 Gy of radiotherapy because of enlargement
25|% g of the primary lung lesion at 50 days after initiation of gefitinib
SE|€ |ramenonvalg il :
eE zZ administration.
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Table 3
Acute toxicity during concurrent gefitinib and TRT (n=7).
Toxicity Grade
1 2 3 4

Hematologic
Leukopenia 3 1 0 0
Neutropenia 1 0 0 0
Anemia 1 1 0 0
Thrombocytopenia 2 0 0 0
Febrile neutropenia NA NA 0 0

Nonhematologic
Esophagitis 5; 1 0 0
Skin rash 4 1 0 0
Elevated ALT (1] 2 3 0
Elevated AST 1 1 3 0
Fatigue 3 1 0 0
Anorexia 1 1 0 0
Fever 1 1 0 0
Dry skin 2 0 0 0
Pneumonitis 1 0 1 0

NA, not applicable.

The incidence of adverse events of all grades during the entire
treatment period is shown in Tables 2 and 3. Although esophagitis
and skin rash were most commonly encountered, these conditions
were only of grade 1 or 2. Toxicities of grade 3 occurred in four
patients: an increase in the serum levels of hepatic transaminases
in three patients and pneumonitis in one patient. No hematologic
toxicities of grade 3 or 4 were observed. There were no treatment-
related deaths.

3.3. Treatment outcomes

At the time of analysis, two patients were still alive and seven
patients had died. Eight patients had progressed, four experienc-
ing local progression, three distant progression, and one local and
distant progression (Table 1). All four patients who completed the
planned treatment schedule experienced a partial response at the
end of combined treatment, with a PFS of 4.5, 14.6, 19.6, and >73.6
months. Three of these four patients were alive >60 months without
local recurrence from entry into the study.

3.4. EGFR mutation analysis

Tumor specimens were available for eight of the nine patients
enrolled in the study and were successfully tested for EGFR muta-
tions. Sensitizing EGFR mutations were detected in two individuals
(patients 5 and 7), both of whom completed the planned trial treat-
ment and exhibited an OS of >5 years.

4. Discussion

In this study, we sought to investigate the tolerability and safety
of gefitinib when combined with definitive TRT in patients with
locally advanced NSCLC. Given that five of the first nine patients
enrolled in the study were unable to complete the planned treat-
ment (two developing pulmonary toxicity and three progressive
disease), the combination of gefitinib with TRT was not considered
feasible in unselected patients according to the protocol definition
and the study was closed.

Life-threatening interstitial lung disease (ILD) related to gefi-
tinib has previously been identified as the most problematic
toxicity of this drug, with an incidence thought to be ~4% and
with about one-third of the cases being fatal in Japan [22,23]. The
predictive risk factors for ILD development include male sex, smok-
ing, and the existence of idiopathic pulmonary fibrosis [22]. In the
present study, two male smokers experienced pneumonitis (one

1. Okamoto et al. / Lung Cancer xxx (2010) xxx-xxx

of the grade 3 and one of the grade 1) during concurrent gefitinib
administration and TRT, both cases necessitating discontinuation
of gefitinib treatment. It remains unclear whether TRT increases
the risk for development of gefitinib-related ILD. We have recently
completed a multicenter single-arm trial [Japan Clinical Oncology
Group (JCOG) 0402] consisting of induction cisplatin and vinorel-
bine followed by gefitinib and concurrent TRT in patients with
locally advanced NSCLC [5]. Eligibility for enrollment in the JCOG
trial, the criteria for which were changed midway through the
study to reduce the risk of gefitinib-induced ILD, was limited to
individuals with adenocarcinoma who were either never-smokers
or former light-smokers. Safety data for concurrent gefitinib and
TRT in such selected patients are eagerly awaited. With the excep-
tion of pulmonary adverse events possibly resulting from gefitinib
treatment, the combination of gefitinib and TRT did not show any
unexpected toxicity, with no marked increase in radiation-induced
toxicities, in the present study. Other recent studies that incorpo-
rated EGFR-TKIs into chemoradiation for locally advanced NSCLC
also showed that such combination therapy was safe and feasible
[24-26].

In the present study, gefitinib monotherapy was instigated 2
weeks before the onset of concurrent TRT because of concern about
the relatively high risk for development of gefitinib-induced ILD
during the initial exposure to the drug [22,23]. The study protocol
also required assessment of antitumor effect after the induction
gefitinib monotherapy, and, indeed, two patients were withdrawn
before the start of concurrent TRT because of the development
of progressive disease. This approach was adopted to avoid inef-
fective therapy given that platinum-based chemotherapy with
concurrent TRT has been established as the standard treatment
for locally advanced NSCLC [3]. At the time the trial was initi-
ated, clinical data showing the association between sensitizing
EGFR mutations and response to EGFR-TKIs were unavailable. Sev-
eral prospective clinical trials of EGFR-TKI treatment for NSCLC
patients with EGFR mutations have subsequently revealed radio-
graphic response rates of 55-91% [27-36]. Furthermore, EGFR
mutations are more frequent in females, individuals with no his-
tory of smoking, and patients with adenocarcinoma, all of which
characteristics are associated with a low risk of gefitinib-induced
ILD [22,37,38]. These findings suggest that patient selection on the
basis of EGFR mutation status can minimize the risk of gefitinib-
related ILD and maximize the efficacy of gefitinib combined with
TRT.

Unique to our present study is the post hoc analysis of EGFR
mutation. We detected EGFR mutations in two of the eight patients
with available tumor specimens, and both of these individuals
survived for >5 years. These two EGFR mutation-positive patients
(patients 5 and 7) presented with brain metastasis as the first
site of treatment failure, consistent with previous reports that
the brain is a frequent site of recurrence after curative mul-
timodality approaches for locally advanced NSCLC [39]. Patient
5 were treated with gamma knife radiosurgery for his solitary
brain metastasis at 19.6 months after the start of protocol treat-
ment; however he died of meningeal carcinomatosis with an
overall survival of 67.5 months. Patient 7 received gamma knife
radiosurgery for brain metastases and thereafter remained well
without recurrence. It is noted that both of these EGFR mutation-
positive patients have never experienced local progression. These
clinical courses differ from those of metastatic EGFR mutation-
positive NSCLC, for which most tumors are initially responsive to
EGFR-TKIs but almost invariably develop resistance to the drug,
leading to recurrence and death. Preclinical studies have shown
that NSCLC cells harboring EGFR mutations have a predominantly
radiosensitive phenotype associated with a delay in the repair
of radiation-induced DNA damage, defective radiation-induced
arrest of DNA synthesis or mitosis, and a pronounced increase
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in the frequency of radiation-induced apoptosis [40]. Given these
radiosensitivity characteristics, EGFR mutation-positive NSCLC
patients treated with radiotherapy may avoid the emergence of
resistance to gefitinib. The implications of these findings for opti-
mal design of future trials of molecularly based combined-modality
treatments including EGFR-TKIs and radiotherapy are under
consideration.

In conclusion, the combination of gefitinib with TRT for locally
advanced NSCLC is not recommended for unselected patients
because of concerns with efficacy and toxicity. We did, however,
observe that EGFR mutation-positive patients had a favorable clin-
ical outcome with this combination therapy. We have recently
completed phase IIl trials in EGFR mutation-positive patients with
advanced NSCLC and found that first-line gefitinib monother-
apy was associated with a significantly better response rate and
PFS compared with platinum-based chemotherapy [41]. Although
the number of patients in the current study was too small
to be able to draw firm conclusions, our preliminary findings
suggest that TRT combined with gefitinib in place of platinum-
based chemotherapy is a potential option for the treatment
of patients with locally advanced NSCLC who have sensitizing
EGFR mutations. Further development of EGFR-TKI treatment
in combination with TRT in molecularly selected patients is
warranted.
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The cancer stem cell marker CD133 is a predictor
of the effectiveness of S1+ pegylated interferon «-2b therapy
against advanced hepatocellular carcinoma
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Abstract

Background Combination therapy with the oral fluoro-
pyrimidine anticancer drug S1 and interferon is reportedly
effective for the treatment of advanced hepatocellular
carcinoma (HCC), but selection criteria for this therapy
have not been clarified. In this study, we attempted to
identify factors predicting the effectiveness of this combi-
nation therapy.

Methods  Pathological specimens of HCC were collected
before treatment from 31 patients with advanced HCC who
underwent S14 pegylated-interferon (PEG-IFN) a-2b
therapy between January 2007 and January 2009. In these
pathological specimens, the expression levels of CD133,
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thymidylate synthase (TS), dihydropyrimidine dehydroge-
nase (DPD), and interferon-receptor 2 (IFNR2) proteins were
determined by Western blot assay. The presence or absence
of p53 gene mutations was determined by direct sequencing.
The relationships between these protein expression levels and
the response rate (RR), progression-free survival (PFS), and
overall survival (OS) were evaluated.

Results  The CD133 protein expression level was signifi-
cantly lower in the responder group than in the nonres-
ponder group. Comparing the PFS and OS between
high- and low-level CD133 expression groups (n = 13 and
18, respectively) revealed that both parameters were sig-
nificantly prolonged in the latter group. The expression
levels of TS, DPD, and IFNR2 protein and the presence of
p53 gene mutations did not correlate with the RR.
Conclusions CD133 was identified as a predictor of the
therapeutic effect of S14+ PEG-IFN «-2b therapy against
advanced HCC.

Keywords 5-Fluorouracil - Pegylated interferon -
CD133 - Cancer stem cell - Hepatocellular carcinoma

Abbreviations

SFU 5-Fluorouracil

DPD Dihydropyrimidine dehydrogenase
HCC Hepatocellular carcinoma
IFNR2 Interferon-receptor 2

NR Nonresponder

oS Overall survival

PD Progressive disease
PEG-IFN  Pegylated interferon

PFS Progression-free survival
PR Partial response

RR Response rate
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