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Materials and Methods

Cell culture and reagents

The EGFR mutant NSCLC cell lines HCC827 (del
E746_A750) and the human glioblastoma cell line
UB7MG were obtained from the American Type Culture
Collection. HCC827 GRS (del E746_A750/MET ampli-
fied) was generated and characterized as described pre-
viously (6). We screened all sublines of HCC827 for the
presence of EGFR mutations by direct DNA sequencing
of exons 18 to 21 and MET amplification by fluorescence
in situ hybridization analysis with a probe specific for
MET and a control probe for the centromere of chromo-
some 7 as described previously (19, 20) for this study. All
cells were passaged for <3 months before the renewal
from frozen, early-passage stocks obtained from the
indicated sources. Cells were regularly screened for my-
coplasma with the use of a MycoAlert Mycoplasma De-
tection Kit (Lonza). HCCB827 cells were cultured under a
humidified atmosphere of 5% CO, at 37°C in RPMI 1640
medium (Sigma) supplemented with 10% fetal bovine
serum. HCC827 GR5 cells were cultured in RPMI 1640 me-
dium supplemented with 10% fetal bovine serum and
1 pmol/L gefitinib. UB7MG cells were cultured in DMEM
(Gibco) supplemented with 10% fetal bovine serum. TAK-
701 was kindly provided by Takeda Pharmaceutical Co.
Ltd., gefitinib was obtained from AstraZeneca, and
PHA-665752 was from Tocris Bioscience.

Cell transfection

A full-length cDNA fragment encoding human HGF
was obtained from U87MG cells by reverse transcription
and PCR with the primers HGF-F (5-GCGGCCGCAG-
CACCATGTGGGTGACCAAA-3) and HGF-R
(5-CGGGATCCCTATGACTGTGGTACCTTATAT-3). The
amplification product was verified by sequencing after
its cloning into the pCR-Blunt II-TOPO vector (Invitro-
gen). The HGF cDNA was excised from pCR-Blunt II-
TOPO and transferred to the pQCXIH retroviral vector
(Clontech). Retroviruses encoding HGF were then pro-
duced and used to infect HCC827 cells as described
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Figure 1. The structure of gefitinib.

(21). Cells stably expressing HGF were then isolated by
selection with hygromycin at 500 pg/mL (InvivoGen).

E linked i

y assay for HGF

Cells (5 x 105) were seeded in 6-well plates, cultured
overnight in complete medium, and then incubated in
serum-free medium for 24 hours, after which the latter
medium was collected and assayed for HGF with a Hu-
man HGF Quantikine ELISA Kit (R&D Systems). A stan-
dard curve for the enzyme-linked immunosorbent assay
(ELISA) was generated with the supplied reagents, and
HGF concentration was determined as the average value
from triplicate samples.

Cell growth inhibition assay

Cells were transferred to 96-well flat-bottomed plates
and cultured for 24 hours before exposure for 72 hours
to various concentrations of gefitinib, TAK-701, or
PHA-665752, as indicated. Tetra Color One (5 mmol/L
tetrazolium 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 Multis-
kan Spectrum instrument (Thermo Labsystems). Absor-
bance values were expressed as a percentage of that for
untreated cells.

Annexin V binding assay

The 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 10 to 15 minutes at
15°C to 25°C, and then analyzed for fluorescence with a
flow cytometer (FACSCalibur) and Cell Quest software
(Becton Dickinson).

Immunoblot analysis

Cells were washed twice with ice-cold PBS and then
lysed with 1x cell lysis buffer (Cell Signaling Technology)
consisting of 20 mmol/L Tris-HCI (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 sodium pyrophos-
phate, 1 mmol/L p-glycerophosphate, 1 mmol/L
NazVO;, leupeptin (1 pg/mL), and 1 mmol/L phenyl-
methylsulfonyl fluoride. The protein concentration of cell
lysates was determined with a bicinchoninic acid protein
assay kit (Thermo Fisher Scientific), and equal amounts
of protein were subjected to SDS-PAGE on 7.5% gels
(Bio-Rad). The separated proteins were transferred to a
nitrocellulose 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
EGFR (phosphotyrosine-1068), to phosphorylated MET
(phosphotyrosine-1349), to phosphorylated or total forms
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Figure 2. Characterization of HCC827 isogenic cell lines. A, HCC827 isogenic cell lines (HCC827, HCC827-Mock, HCC827-HGF1 and -HGF2, and
HCCB827 GRS) were cultured overnight in medium containing 10% serum and then incubated for 24 hours in serum-free medium, after which the culture
supematants were collected and assayed for HGF with an ELISA. Data are means + SD from three independent experiments. B, HCCB27 iscgenic cell
lines were cultured in medium containing 10% serum for 72 hours in the presence of various concentrations of gefitinib, 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 untreated cells. Data are
means + SD from three independent experiments. C, HCC827 isogenic cell lines were incubated for 1 hour with or without gefitinib (100 nmol/L) in medium
containing 10% serum, after which the cells were lysed and subjected to immunoblot analysis with antibodies to phosphorylated (p-) or total forms of

EGFR, MET, AKT, or ERK, or with those to B-actin (loading control).

of AKT, and to phosphorylated extracellular signal-
regulated kinase (ERK) were obtained from Cell Signal-
ing Technology; those to total ERK were from Santa
Cruz Biotechnology; those to total EGFR and to total
MET were from Zymed/Invitrogen; and those to 3-actin
were from Sigma. The membrane was then washed with
PBS containing 0.05% Tween 20 before incubation for 1
hour at room temperature with horseradish peroxidase-
conjugated secondary antibodies (GE Healthcare). Im-
mune complexes were finally detected with ECL Western
blotting detection reagents (GE Healthcare).

Growth inhibition assay in vivo

All animal studies were done in accordance with the
Recommendations for Handling of Laboratory Animals
for Biomedical Research compiled by the Committee on
Safety and Ethical Handling Regulations for Laboratory
Animal Experiments, Kinki University. The ethical proce-

dures followed met the requirements of the United
Kingdom Coordinating Committee on Cancer Research
guidelines (22). HCC827 cells were implanted s.c. into
the right hind leg of 6-week-old female athymic nude
mice (BALB/c nu/nu; CLEA Japan). Tumor volume was
determined from caliper measurement of tumor length
(L) and width (W) according to the formula LW?/2, Treat-
ment was initiated when tumors in each group of ani-
mals achieved an average volume of 300 to 400 mm?®.
Treatment groups (each containing five mice) consisted
of vehicle control, TAK-701 alone, gefitinib alone, and
TAK-701 plus gefitinib. The mice were injected with
TAK-701 (5 mg/kg) i.p. twice a week for 7 weeks; control
animals received PBS as vehicle. Gefitinib (50 mg/kg)
was administered by oral gavage daily for 49 days; con-
trol animals received a 0.5% (w/v) aqueous solution of
hydroxypropylmethylcellulose as vehicle. Both tumor
size and body weight were measured twice per week.
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Statistical analysis (HCC827), HCC827-Mock, or HCC827 GRS cells was un-
The data, presented as means + SD or SE, were ana- detectable (Fig. 2A). To assess the effects of gefitinib on
lyzed with Student's two-tailed ¢ test, with P < 0.05 con- cell growth, we exposed these five cell lines to various
sidered statistically significant. concentrations of the drug and then measured cell viabil-
ity. HCC827 GR5 as well as HCC827-HGF1 and -HGF2
Results cells showed a reduced sensitivity to gefitinib com-
pared with HCC827 and HCC827-Mock cells, with me-
Cell-derived HGF ind gefitinib i in dian inhibitory concentrations of ~10 pmol/L apparent
EGFR mutation-positive NSCLC cells for the former cell lines compared with ~0.1 pmol/L
To investigate whether cell-derived HGF induces gefi- for the latter (Fig. 2B). To investigate possible differ-
tinib resistance in NSCLC cells with an EGFR mutation, ences in signal transduction among these cell lines,
we established HCC827 cells (which are EGFR mutation we examined the effects of gefitinib on EGFR, MET,
positive) that stably express human HGF (HCC827-HGF1 AKT, and ERK phosphorylation by immunoblot analy-
and -HGF?2 cells) or stably harbor the corresponding sis (Fig. 2C). In the parental cells, gefitinib markedly in-
empty vector (HCC827-Mock cells). The secretion of hibited the phosphorylation of EGFR, AKT, and ERK.
HGEF from these cell lines as well as from the parental In contrast, in the resistant cells (HCC827 GR5, and

(HCC827) cells and from an HCC827 subline with MET HCC827-HGF1 and -HGF2), gefitinib alone had no ef-
amplification (HCC827 GR5) was examined with the use fect on AKT and ERK phosphorylation, although it sub-
of an ELISA. We found that HCC827-HGF1 and -HGF2 stantially reduced the level of EGFR phosphorylation.
cells released large amounts of HGF into the culture These data suggest that sustained AKT and ERK signal-
medium, whereas the secretion of HGF from parental ing in the presence of gefitinib contributes to gefitinib
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Figure 3. Effects of the combination of gefitinib and either TAK-701 or PHA-665752 on the growth of gefitinib-resistant NSCLC cells. A to C, HCC827 GRS
cells (A), HCC827-HGF1 cells (B), and HCC827-HGF2 cells (C) were cultured for 72 hours in medium containing 10% serum, various concentrations of
gefitinib, and either PHA-665752 (500 nmol/L) or TAK-701 (50 pg/mL), after which cell viability was assessed. Data are means + SD from three independent
experiments. D, HCC827-Mock or HCC827-HGF2 cells were incubated in the absence or presence of gefitinib (1 umol/L) or TAK-701 (50 pg/mL) for

48 hours in medium containing 10% serum. The proportion of apoptotic cells was then assessed by staining with Annexin V followed by flow cytometry.
Data are means + SD from three independent experiments. *P < 0.001; n.s., not significant.
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Figure 4. Effects of the combination of gefitinib and either TAK-701 or PHA-665752 on cell signaling in gefitinib-resistant NSCLC cells. HCC827 cells,
HCCB827 GRS cells, and HCC827-HGF2 cells were incubated for 6 hours in medium containing 10% serum in the absence or presence of gefitinib

(1 pmol/L), PHA-665752 (500 nmol/L), or TAK-701 (50 pg/mL), as indicated. Cell lysates were then prepared and subjected to immunoblot analysis with
antibodies to phosphorylated or total forms of EGFR, MET, AKT, or ERK, or with those to B-actin.

resistance in HCC827-HGF1 and -HGF?2 cells as well as
in HCC827 GR5 cells.

TAK-701 al
induced by HGF

To investigate the roles of MET and HGF in gefitinib
resistance in HCC827 GR5 as well as in HCC827-HGF1
and -HGF2 cells, we exposed the cells to the MET-TKI
PHA-665752 or to TAK-701, a humanized monoclonal

gefitinib resi:

antibody to HGF, in combination with gefitinib. Com-
bined treatment with PHA-665752 and gefitinib was
previously shown to result in substantial growth inhibi-
tion in HCC827 GR5 (MET amplification—positive) cells
(6). We found that the combination of gefitinib and
TAK-701 did not affect the growth of HCC827 GR5 cells
(Fig. 3A). In HCC827-HGF1 and -HGF2 cells, however,
TAK-701 and PHA-665752 each restored the sensitivity
of cell growth to inhibition by gefitinib (Fig. 3B and C).

Figure 5. Effects of the combination
of TAK-701 and gefitinib on the
growth of gefitinib-resistant NSCLC
cells in vivo. Nude mice with tumor
xenografts established by s.c.
injection of HCC827-Mock (A) or
HCCB827-HGF2 (B) cells were
treated for 7 weeks with vehicle
(control), gefitinib (50 mg/kg),
TAK-701 (5 mg/kg), or both drugs,
as described in Materials and
Methods. Tumor volume was
determined at the indicated times
after the onset of treatment. Data are
means + SE from five mice per
group. P < 0.001 for comparison

of gefitinib versus gefitinib plus
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In addition, staining with Annexin V revealed that gefiti-
nib alone induced a marked increase in the frequency of
apoptosis in HCC827-Mock cells but elicited a much
smaller effect in HCC827-HGF?2 cells (Fig. 3D). However,
treatment with both gefitinib and TAK-701 triggered an
increase in the number of Annexin V-positive HCC827-
HGE2 cells similar in extent to that induced by gefitinib
alone in HCC827-Mock cells. These results thus indicate
that TAK-701 restores gefitinib-induced apoptosis in
HCC827-HGF?2 cells.

To examine the effects of gefitinib, PHA-665752, and
TAK-701 on cell signaling in the parental, HCC827
GRS5, and HCC827-HGF?2 cell lines, we again did immu-
noblot analysis (Fig. 4). Consistent with previous obser-
vations (6), PHA-665752 in combination with gefitinib
inhibited MET, AKT, and ERK phosphorylation in
HCCB827 GRS cells. We further found that TAK-701 alone
did not inhibit MET phosphorylation, and thus the com-
bination of TAK-701 and gefitinib did not abrogate AKT
and ERK phosphorylation in HCC827 GR5 cells. In
HCC827-HGF2 cells, however, TAK-701 as well as
PHA-665752 inhibited MET phosphorylation, and the
combined treatment with TAK-701 and gefitinib fully
suppressed ERK and AKT phosphorylation. These results
indicate that HGF-induced gefitinib resistance is mediat-
ed by HGF-MET signaling and is abrogated by treatment
with TAK-701 in HCC827-HGF cells.

Cell-derived HGF ind gefitinib resi in
NSCLC cells and TAK-701 restores the sensitivity of
tumor growth to inhibition by gefitinib in vivo

To examine the possible induction of gefitinib resis-
tance by tumor cell-derived HGF and the efficacy of
combined treatment with TAK-701 and gefitinib in vivo,
we generated xenografts in nude mice by injection of
HCC827-Mock or HCC827-HGF2 cells. We found that,
whereas gefitinib markedly inhibited the growth of
HCC827-Mock xenografts (Fig. 5A), HCC827-HGF2
xenografts were substantially resistant to gefitinib
(Fig. 5B). TAK-701 alone had a minimal effect on tumor
growth in both HCC827-Mock and HCC827-HGF2 xeno-
graft models. However, the combination of gefitinib and
TAK-701 induced marked regression of HCC827-HGF2
xenografts. These results thus suggest that HGF pro-
duced by NSCLC tumors harboring an EGFR mutation
induces gefitinib resistance, and that TAK-701 abrogates
such HGF-induced gefitinib resistance in vivo.

Discussion

In the present study, we established HGF-overexpressing
sublines of HCC827 cells and showed that these sublines
are resistant to gefitinib both in vitro and in vivo. To inves-
tigate whether the resistance of HCC827-HGF cells to ge-
fitinib is attributable to HGF-MET signaling, we examined
the effects of the MET-TKI PHA-665752 and of TAK-701, a
humanized monoclonal antibody to HGF, on signal trans-
duction and cell growth. In both HCC827-HGF1 and

-HGF2 cells as well as in HCC827 GR5 cells, which are
positive for MET amplification, gefitinib alone did not in-
hibit AKT or ERK phosphorylation, whereas gefitinib in
combination with PHA-665752 markedly suppressed the
phosphorylation of these signaling molecules. Consistent
with these results, PHA-665752 restored the sensitivity of
cell growth to inhibition by gefitinib in HCC827-HGF cells
as well as in HCC827 GR5 cells. These results indicate that
the gefitinib resistance of these cell lines is mediated by
MET signaling. TAK-701 has been shown to potently in-
hibit HGF binding to MET in cancer cells and xenograft
models dependent on autocrine HGF-MET signaling.®
TAK-701 did not inhibit the phosphorylation of MET in
HCCB827 GRS cells, suggesting that the activation of
MET in these cells is not dependent on HGF. Indeed,
we were not able to detect the secretion of HGF from
HCC827 GR5 cells. In contrast, TAK-701 suppressed
MET phosphorylation, and thus the combination of
TAK-701 and gefitinib markedly inhibited both AKT and
ERK signaling in HCC827-HGF cells, resulting in their
growth inhibition. These results indicate that autocrine
HGEF-MET signaling contributes to gefitinib resistance in
HCCB827-HGF cells. Similar ligand-mediated gefitinib re-
sistance has been described previously, with insulin-like
growth factor having been found to rescue cells expressing
wild-type EGFR from gefitinib-induced inhibition of cell
growth (23). These observations suggest that ligand-
dependent receptor tyrosine kinase (RTK) activation
(by HGF or insulin-like growth factor), as well as ligand-
independent RTK activation (by MET amplification), plays
a pivotal role in the development of resistance to gefitinib.
Further studies should reveal whether other ligand-RTK
combinations contribute to gefitinib resistance.

We found that the baseline levels of both MET expres-
sion and MET phosphorylation in HCC827-HGF cells
were lower than those in HCC827 GR5 cells (Fig. 2C),
whereas HCC827-HGF cells were resistant to gefitinib to
the same extent as HCC827 GRS cells in vitro (Fig. 2B).
These results suggest that phosphorylated MET activates
downstream signaling through different pathways in
HCC827 GR5 and HCC827-HGF cells. MET was recently
shown to signal through ERBB3 in MET amplification—
positive NSCLC cells (6) or through Grb2-associated
binder 1 (Gab1) in NSCLC cells with HGF-induced gefiti-
nib resistance (24). Further studies are required to inves-
tigate whether the biological properties of NSCLC cells or
the abilities of drugs to overcome gefitinib resistance are
affected by differences in RTK downstream signaling.

In our HCC827-HGF xenograft model, we showed that
HGF secreted from EGFR mutation—positive NSCLC cells
drives tumor growth even in the presence of gefitinib, and
that combination therapy with TAK-701 and gefitinib was

© Kitahara O, Nishizawa S, Ito Y, Toyoda Y, Misumi Y, Sato S, Inaoka T,
Klakamp SL, Kokubo T, Hori A. TAK-701, a humanized monoclonal
antibody to human hepatocyte growth factor, exhibits promising antitu-
mor effects on multiple tumor types. In preparation.
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able to greatly inhibit the growth of HCC827-HGF tumors.
These results indicate that interruption of HGF-MET sig-
naling with TAK-701 represents a powerful strategy to ab-
rogate gefitinib resistance induced by HGF derived from
tumor cells. HGF was previously shown to be expressed
predominantly by adenocarcinoma cells in NSCLC speci-
mens, although a low level of HGF staining was also
apparent in stromal cells (25). Furthermore, marked ex-
pression of HGF has been detected in most lung cancers
with intrinsic or acquired resistance to gefitinib (10, 26).
These data suggest that our autocrine model systems
based on stable overexpression of HGF are clinically rele-
vant and should prove useful for the establishment of
strategies to overcome gefitinib resistance. HGF is also
produced by stromal cells of various tumor types (13,
27, 28). Indeed, HGF derived from fibroblasts injected into
nude mice together with EGFR mutation—positive NSCLC
cells induced gefitinib resistance in the NSCLC cells in vivo
(29). Further studies are required to clarify the major
source of HGF that contributes to gefitinib resistance in
patients with EGFR mutation-positive lung cancer. Given
that TAK-701 inhibits HGF binding to MET, TAK-701 may
reverse gefitinib resistance induced by HGF derived not
only from tumor cells but also from stromal cells.

In conclusion, we have shown that autocrine activation
of MET by HGF confers resistance to gefitinib, and that
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Abstract

The molecular mechanism by which epidermal growth factor receptor-tyrosine kinase inhibitors (EGFR-TKI)
induce apoptosis in non-small cell-lung cancer (NSCLC) cells that are positive for activating mutations of the
EGFR remains unclear. In this study, we report the effects of the EGFR-TKI gefitinib on expression of the
antiapoptotic protein survivin that have functional consequences in EGFR mutation-positive NSCLC cells.
Immunoblot analysis revealed that gefitinib dow lated survivin exp likely through inhibition of the
PI3K-AKT signaling pathway, in NSCLC cells positive for EGFR mutation. Stable overexpression of survivin
attenuated gefitinib-induced apoptosis and also inhibited the antitumor effect of gefitinib in human tumor
xenografts. Furthermore, the combination of survivin overexpression with inhibition of the gefitinib-induced
upregulation of the proapoptotic protein BIM attenuated gefitinib-induced apoptosis to a greater extent than
either approach alone. Our results indicate that downregulation of survivin plays a pivotal role in gefitinib-
induced apoptosis in EGFR mutation-positive NSCLC cells. Furthermore, they suggest that simultaneous
interruption of the PI3K-AKT-survivin and MEK-ERK-BIM signaling pathways is responsible for EGFR-TKI-

induced apoptotic death in these cells. Cancer Res: 70(24); 10402-10. ©2010 AACR.

Introduction

Survivin is a member of the inhibitor of apoptosis (IAP)
family of proteins and has been shown to inhibit caspases
and to prevent caspase-mediated cell death (1-3). Survivin is
abundant in many types of cancer cells but not in the
corresponding normal cells (4, 5). In nonmalignant prolif-
erating cells, the expression of survivin is regulated in a cell
cycle-dependent manner (6, 7). The upregulation of survivin
expression in tumors does not seem to be dependent solely
on the cell cycle, however, given that it occurs in tumor cells
that are not actively cycling (4, 8, 9). Indeed, growth factors
have been found to regulate survivin expression in endothe-
lial cells and neuroblastoma cells (10, 11). Although expres-
sion of survivin has been demonstrated in non-small cell-
lung cancer (NSCLG; refs. 12-14), the mechanism by which
such expression is regulated in NSCLC cells has remained
unknown.
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The epidermal growth factor receptor (EGFR) is a receptor
tyrosine kinase that is abnormally amplified or activated in a
variety of tumors including NSCLC, and it has therefore been
identified as an important target in cancer treatment (15-17).
Inhibitors of the tyrosine kinase activity of EGFR (EGFR-TKI),
which compete with ATP for binding to the tyrosine kinase
pocket of the receptor, have been extensively studied in
patients with NSCLC (18, 19). Several prospective clinical
trials have revealed marked antitumor activity of EGFR-TKIs
in NSCLC patients with EGFR mutations. The therapeutic
benefit of these drugs is much greater than that historically
observed with standard cytotoxic chemotherapy for advanced
NSCLC. NSCLC cells with EGFR mutations manifest activation
of the PI3K (phosphatidylinositol 3-kinase)-AKT and MEK-
ERK (extracellular signal-regulated kinase) signaling pathways
under the control of EGFR, and exposure of such cells to
EGFR-TKIs blocks signaling by both pathways and induces
apoptosis (20-22). The precise molecular mechanism by
which EGFR-TKIs induce apoptosis has remained unclear,
however. We have therefore now examined the effect of the
EGFR-TKI gefitinib on survivin expression as well as further
investigated the 1 of gefitinib-induced apoptosis
in EGFR mutation-positive NSCLC cells.

Materials and Methods

Cell culture and reagents

The human NSCLC cell lines PC9, HCC827, NCI-H1975
(H1975), A549, and H1299 were obtained from American Type
Culture Collection. The NSCLC line PC9/ZD was obtained as
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described previously (23). All cells were cultured under a
humidified atmosphere of 5% CO, at 37°C in RPMI 1640
medium (Sigma) supplemented with 10% fetal bovine serum.
Gefitinib was obtained from Kemprotec, U0126 and LY294002
were from Cell Signaling Technology and BEZ235 and
AZD6244 were from ShangHai Biochempartner.

Immunoblot analysis

Cells were washed twice with ice-cold PBS and then lysed in
asolution 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
pyrophosphate, 1 mmol/L phenylmethylsulfonyl fluoride, and
leupeptin (1 pug/mL). The protein concentration of the cell
lysates was determined with the use of the Bradford reagent
(Bio-Rad), and equal amounts of protein were subjected to
SDS-PAGE on a 7.5% gel. The separated proteins were trans-
ferred to a nitrocellulose membrane, which was then exposed
to 5% nonfat dried milk in PBS for 1 hour at room temperature
before incubation overnight at 4°C with primary antibodies.
Rabbit polyclonal antibodies to human phosphorylated EGFR
(pY1068), to XIAP, to phosphorylated and total AKT, to
phosphorylated and total ERK, to poly(ADP-ribose) polymer-
ase (PARP), to caspase-3, and to BIM were obtained from Cell
Signaling Technology; those to survivin were from Santa Cruz
Biotechnology; those to cIAP-1 were from R&D Systems; and
those to B-actin were from Sigma. Mouse monoclonal anti-
bodies to EGFR were obtained from Invitrogen. All antibodies
were used at a 1:1,000 dilution, with the exception of those to
B-actin (1:200). The nitrocellulose membrane was then
washed with PBS containing 0.05% Tween 20 before incuba-
tion for 1 hour at room temperature with horseradish perox-
idase-conjugated goat antibodies to rabbit (Sigma) or mouse
(Santa Cruz Biotechnology) immunoglobulin G. Immune com-
plexes were finally d d with chemilumi reagents
(Perkin-Elmer Life Science).

Gene silencing

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 small
interfering RNAs (siRNA) mixed with the Lipofectamine
reagent (Invitrogen). The siRNAs specific for AKT (AKT-1,
5'-CCAGGUAUUUUGAUGAGGA-3'; AKT-2, 5-CAACCGC-
CAUCCAGACUGU-3'), survivin (survivin-1, 5'-GAAGCA-
GUUUGAAGAAUUA-3;  survivin-2,  5-AGAAGCAGUUU-
GAAGAAUU-3'), or BIM (BIM-1, 5-GGAGGGUAUUUUU-
GAAUAA-3') mRNAs as well as corresponding scrambled
(control) siRNAs were obtained from Nippon EGT.

Annexin V binding assay

The 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 10 to 15 minutes at 15°C to 25°C, and then

analyzed for fluorescence with a flow cytometer (FACSCali-
bur) and Cell Quest software (Becton Dickinson).

Cell cycle analysis

Cells were harvested, washed with PBS, fixed with 70%
methanol, washed again with PBS, and stained with propi-
dium iodide (0.05 mg/mL) in a solution containing 0.1%
Triton X-100, 0.1 mmol/L EDTA, and RNase A (0.05 mg/mL).
The stained cells were then analyzed for DNA content with
a flow cytometer and Modfit software (Verity Software
House).

Establishment of cells stably overexpressing survivin

A full-length cDNA fragment encoding human survivin was
obtained from HCC827 cells by reverse transcription and PCR
with the primers survivin-forward (5-GCGGCCGCGGCGGC-
ATGGGTGCCCCGACGTTG-3') and survivin-reverse (5-GGA-
TCCTCAATCCATGGCAGCCAGCTGCTCG-3'). The ampli-
fication product was verified by sequencing after its cloning
into the pCR-Blunt II-TOPO vector (Invitrogen). The survivin
cDNA was excised from pCR-Blunt II-TOPO and transferred to
the pQCXIH retroviral vector (Clontech). Retroviruses encod-
ing survivin were then produced and used to infect PC9 and
HCCB827 cells as described (24). Cells stably expressing survivin
were then isolated by selection with hygromycin at 300 pg/mL
(Invivogen).

Growth inhibition assay in vivo

All animal studies were performed in accordance with the
Recommendations for Handling of Laboratory Animals for
Bi dical Research piled by the Committee on Safety
and Ethical Handling Regulations for Laboratory Animal
Experiments, Kinki University (Osaka, Japan). The ethical
procedures followed conformed to the guidelines of the Uni-
ted Kingdom Coordinating Committee on Cancer Prevention
Research. Tumors cells (5 x 10°) were injected subcutaneously
into the axilla of 5- to 6-week-old female athymic nude mice
(BALB/c nu/nu; CLEA Japan). Treatment was initiated when
tumors in each group of 6 mice achieved an average volume of
200 to 400 mm®. Treatment groups consisted of vehicle control
and gefitinib (10 or 25 mg/kg). Gefitinib was administered by
oral gavage daily for 4 weeks, with control animals receiving a
0.5% (w/v) aqueous solution of hydroxypropylmethylcellulose
as vehicle. Tumor volume was determined from caliper mea-
surements of tumor length (L) and width (W) according to the
formula LW?/2. Both tumor size and body weight were mea-
sured twice per week.

Statistical analysis

Quantitative data are presented as means + SE from 3
independent experiments or for 6 animals per group unless
indicated otherwise. The significance of differences in the
percentage of Annexin V-positive cells was evaluated with the
unpaired 2-tailed Student's ¢ test. P < 0.05 was considered
statistically significant.
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Figure 1. Effects of gefitinib on the expression of IAP family proteins in human NSCLC cells. PC9, HCC827, PC9/ZD, H1975, A549, or H1299 cells
were incubated in complete medium and in the presence of the indicated concentrations of gefitinib for 24 hours. Cell lysates were then prepared
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Results

Gefitinib downregul. survivin exp in EGFR

mutation-positive NSCLC cell lines

We first examined the effects of the EGFR-TKI gefitinib on
the expression of IAP family members in a subset of NSCLC
cell lines (PC9, HCC827, PC9/ZD, H1975, A549, and H1299) by
immunoblot analysis (Fig. 1). PC9 and HCC827 cells harbor an
EGFR allele with an activating mutation, whereas A549 and
H1299 cells express wild-type EGFR and PC9/ZD and H1975
cells harbor an EGFR allele with both an activating mutation
and a mutation (T790M) that confers resistance to EGFR-
TKIs. In PC9 and HCC827 cells, gefitinib induced the dephos-
phorylation of EGFR and reduced the abundance of survivin in
a concentration-dependent manner. In contrast, in cells
expressing wild-type EGFR or harboring the T790M resistance
mutation, gefitinib did not affect the phosphorylation level of
EGFR or the expression of survivin. The expression of other
IAP family members, including XIAP and cIAP-1, was not
substantially affected by gefitinib in any of the cell lines
examined. These data thus showed that gefitinib downregu-
lated survivin expression in NSCLC cells with an activating
mutation of EGFR.

Inhibition of the PI3K-AKT pathway results in survivin
downregulation in EGFR mutation-positive cells

To identify the signaling pathway (or pathways) respon-
sible for downregulation of survivin by gefitinib, we exam-

ined the effects of specific inhibitors of MEK (U0126 and
AZD6244) and PI3K (LY294002 and BEZ235) in EGFR muta-
tion-positive NSCLC cells (PC9 and HCC827). Each of the
PI3K inhibitors reduced the abundance of survivin, whereas
the MEK inhibitors had no such effect (Fig. 2A), suggesting
that the regulation of survivin expression is mediated by
PI3K rather than by MEK in EGFR mutation-positive NSCLC
cells. Given that the protein kinase AKT is an important
downstream target of PI3K, we examined whether the PI3K-
dependent survivin expression is also dependent on AKT.
Depletion of AKT by transfection of cells with 2 different
siRNAs specific for AKT mRNA (AKT-1 and AKT-2 siRNA)
resulted in downregulation of survivin expression in both
PC9 and HCC827 cells (Fig. 2B). These results thus suggested
that gefitinib might regulate survivin expression through
inhibition of the PI3K-AKT signaling pathway in EGFR
mutation-positive NSCLC cells.

Knockdown of survivin exp ion ind poptosis in
EGFR mutation-positive cells

To investigate whether downregulation of survivin by gefi-
tinib is related Lo gefitinib-induced apoptosis, we transfected
PC9 or HCC827 cells with 2 independent siRNA specific for
survivin mRNA (survivin-1 and survivin-2 siRNAs). Depletion
of survivin resulted in generation of the cleaved forms of both
caspase-3 and PARP in both cell lines (Fig. 3A). Staining with
Annexin V also revealed that the proportion of apoptotic cells
was markedly increased by transfection with the survivin
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Figure 2. Effects of inhibition of MEK or PI3K signaling pathways on
survivin expression in EGFR mutation-positive NSCLC cells. A, PC9 or
HCCB827 cells were incubated in the absence (control, 0.1% dimethyl
sulfoxide) or the presence of gefitinib (1 umol/L), LY294002 (20 pmol/L),
BEZ235 (0.2 pmol/L), U0126 (20 pmol/L), or AZD6244 (0.2 pmol/L) for
24 hours, after which cell lysates were prepared and subjected to

analysis with anti to (p) or total
forms of AKT or ERK, to survivin, or to B-actin. B, Cells were transfected (or
not) with 2 different AKT (AKT-1 or AKT-2) or scrambled (control)
siRNAs for 48 hours, lysed, and subjected to immunoblot analysis with
antibodies to AKT, to survivin, or to B-actin. All data are representative
of 3 independent experiments.

siRNAs (Fig. 3B). In addition, depletion of survivin resulted in
an increase in the size of the sub-G, (apoptotic) cell popula-
tion, as revealed by flow cytometry (Fig. 3C). These data
suggested that downregulation of survivin induces apoptosis
in EGFR mutation-positive NSCLC cells.

Overexpression of survivin inhibits gefitinib-induced
poptosis in EGFR ion-p cells in vitro

To examine further the role of survivin in gefitinib-
induced apoptosis, we established PC9 and HCC827 sublines
(PC9S7, PC9S8, HCC82756, and HCC827S7) that stably over-
express survivin as a result of retroviral infection. The
abundance of survivin in these sublines was substantially
greater than that in cells infected with the empty virus (PC9-
Mock and HCC827-Mock; Fig. 4A). In addition, gefitinib
markedly reduced the level of survivin expression in PC9-
Mock and HCC827-Mock cells but not in the corresponding
sublines overexpressing survivin (Fig. 4B). Immunoblot ana-

of survivin overexpression (Fig. 4D). The survivin-overex-
pressing sublines, however, showed a smaller time-depen-
dent increase in the size of the sub-G; cell population than
did cells infected with the empty virus. These results thus
further indicated that downregulation of survivin by gefiti-
nib contributes to the proapoptotic action of this drug in
EGFR mutation-positive NSCLC cells.

Overexpression of survivin inhibits the antitumor effect
of gefitinib on EGFR ion—positive cells in vivo

To investigate whether the antitumor effect of gefitinib on
EGFR mutation-positive NSCLC cells might be affected by
survivin overexpression in vivo, we injected HCC827-Mock
cells or cells of the survivin-overexpressing subline HCC82757
into nude mice for elicitation of the formation of solid tumors.
When the tumors became palpable (200-400 mm®), mice were
divided into 3 groups and treated with vehicle (control) or
gefitinib at a daily dose of 10 or 25 mg/kg by oral gavage for 4
weeks. Gefitinib treatment at either dose eradicated tumors in
mice injected with HCC827-Mock cells (Fig. 5A and C). In
contrast, tumors in mice injected with survivin-overexpres-
sing cells were not eradicated by gefitinib even at the dose of
25 mg/kg per day, although tumor growth was partially
inhibited by gefitinib in a dose-dependent manner (Fig. 5B
and C). These results showed that survivin overexpression
inhibits the antitumor effect of gefitinib on EGFR mutation-
positive NSCLC cells in vivo.

Effect of of BIM induction on gefitinik
induced apoptosis in EGFR ion-positive cells
overexpressing survivin

Survivin overexpression did not completely eliminate gefi-
tinib-induced apoptosis in PC9 and HCC827 cells, suggesting
that other signaling pathways might contribute to this pro-
cess. Induction of the proapoptotic BH3-only protein BIM has
been found to be important for EGFR-TKI-induced apoptosis
in EGFR mutation-positive lung cancers, and inhibition of the
EGFR-MEK-ERK signaling pathway is required for BIM induc-
tion (25-27). We therefore examined whether survivin over-
expression in combination with specific inhibition of BIM
induction results in an additive antiapoptotic effect in EGFR
mutation-positive NSCLC cells. We transiently transfected
survivin-overexpressing sublines of PC9 or HCC827 cells with
an siRNA specific for BIM mRNA. Transfection with the BIM
siRNA specifically inhibited the induction of BIM expression
by gefitinib in both mock-infected and survivin-overexpres-
sing sublines (Fig. 6A). Staining with Annexin V further
revealed that the ion of survivin p
and attenuation of BIM induction resulted in a greater level
of inhibition of gefitinib-induced apoptosis than that observed
with either approach alone (Fig. 6B). These data were
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Figure 3. Effect of survivin depletion on is in EGFR mutation—positive NSCLC cells. A, PC9 or HCC827 cells were transfected (or not) with

2 different survivin (survivin-1 or survivin-2) or scrambled (control) siRNAs for 48 hours, after which cell lysates were prepared and subjected to immunoblot
analysis with antibodies to survivin, to PARP, to caspase-3, or to B-actin. Bands corresponding to the cleaved (cl) forms of caspase-3 and PARP are

indicated. Data are representative of 3 independent experiments. B, cells were with survivin or siRNAs for 72 hours, after
which the proportion of ic cells was ined by staining with in isothi j Annexin V and propidium iodide followed by
flow cytometry. Data are means + SE from 3 independent experiments. *, P < 0.05 versus the corresponding value for cells transfected with the
scrambled siRNA. C, cells were with survivin or siRNAs for 48 hours, fixed, stained with propidium iodide, and analyzed for cell cycle
distribution by flow cytometry. Data are means of tripli from i i that were repeated 3 times.
confirmed with a second BIM siRNA to rule out off-target of EGFR-TKI-induced apoptosis in EGFR mutation-positive
effects (Supplementary Fig. 1). These results thus suggested cells have remained unidentified. We have now found that
that both survivin downregulation and BIM induction con- gefitinib downregulated survivin expression in EGFR muta-
tribute independently to gefitinib-induced apoptosis in EGFR tion-positive NSCLC cells but not in NSCLC cells expressing
mutation-positive NSCLC cells. wild-type EGFR or EGFR with the T790M resistance mutation.
With the use of specific PI3K inhibitors and siRNAs specific for
Discussion AKT mRNA, we further showed that the downregulation of
survivin expression by gefitinib is likely mediated through
EGFR-TKIs induce marked clinical responses in patients inhibition of PI3K-AKT signaling. Human epidermal growth
with NSCLC positive for activating mutations of EGFR (1-3). In factor receptor 2 (HER2)-targeting agents such as lapatinib
vitro experiments have shown that EGFR-TKIs induce a sub- and trastuzumab were previously found to induce downre-
stantial level of apoptosis in NSCLC cell lines expressing gulation of survivin through inhibition of the PI3K-AKT path-
mutant EGFRs (4). However, the key downstream mediators way in breast cancer cells positive for HER2 amplification
Cancer Res; 70(24) December 15, 2010 Cancer Research

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



DOI:10.1158/0008-5472.CAN-10-2438

Role of Survivin in EGFR-TKI-Induced Apoptosis

A B PCY Hecs27
PC9 HCC827 Mok §7 S8 Mok 6 S8
Gefitinib (umol/L): — e —
001100110041 001100110011
P Mock S7 S8 P Mock S6 S7 pEGFR i
Survivin | L —— | i[i;?
s e
e E=ses=ess)
R E—— )
PARP-[ = e eam=| (e = —
o-PARP-L_ == T S ST =
chcaspase-3-[ — = IS e
Actin [= s i e |
C D
* 80
z © PC9-Mock PCa-Mock PCoS7 PCoS8
3 60 = PCoS7 100 100 100
» @ PCIS8 g £ g
2 c® cw cw®
g 40 3 60 F 60 5 60 «G2-M
g a 2 2 8
= 2 g w0 2 40 g 40 «GO-G1
H 2 2 ) 2 2 *sub-GO
' 4 o o o
<0 0 0 0
024h4gh 024h4gh 024h4gh
Time (h)
= 60 HCCB27-Mock HCCB2758 HCes2787
& £ HCCB27-Mack 100 100 100
-
2 © HCC82756 5 g 2
° 404 &m HCC82757 5 80 5 80 iy
2 T 60 T 60 T 60 *G2-M
7 g £ 1
g 2 2 2 s
;L g 40 g 4 g 40 *G0-G1
< ) 2 2 3 2 *sub-Go
x o o o
2 0 0 0
<C( 024h48h 024h48h 024h48h
0 24 48
Time (h)

Figure 4. Effect of survivin overexpression on gefitinib-induced apoptosis in EGFR mutation-positive NSCLC cells in vitro. A, parental (P) PC9 or
HCC827 cells or corresponding sublines either stably overexpressing survivin (PC8S7, PC9S8, HCC827S6, and HCC827S7) or infected with the empty
retrovirus (PC9-Mock and HCCB827-Mock) were cultured overnight in complete medium, after which cell lysates were prepared and subjected to
analysis with ies to survivin or to B-actin. B, PC9 or HCC827 isogenic cell lines were incubated in the presence of the indicated
concentrations of gefitinib for 48 hours, after which cell lysates were prepared and subjected to immunoblot analysis with antlbodlss to phosphoryla(ed (p)or
total forms of EGFR, AKT, or ERK, to survivin, to PARP, to caspase-3, or to B-actin. Data in A and B are of 3
C, PC9 or HCC827 isogenic cell lines were incubated with gefitinib (0.1 umol/L) for the indicated times, after which the proportion of apoptotic cells was
determined by staining with Annexin V and propidium iodide followed by flow cytometry. Data are means + SE from 3 independent experiments.
*, P < 0.05 versus the corresponding value for cells infected with the empty retrovirus. D, PC9 or HCC827 isogenic cell lines were incubated with
gefitinib (0.1 pmol/L) for the indicated times and then analyzed for cell cycle distribution by flow cytometry. Data are means of triplicates from
representative experiments that were repeated 3 times.

(28, 29). Given that downregulation of survivin through inhibi-
tion of the PI3K-AKT pathway was induced by EGFR-TKIs in
EGFR mutation-positive NSCLC cells and by HER2-targeting
agents in breast cancer cells positive for HER2 amplification,
the expression of survivin is likely dependent on PI3K-AKT
signaling that operates downstream of receptor tyrosine
kinases and is essential for cell survival. This hypothesis is
further supported by the observation that transfection of
EGFR mutation-positive NSCLC cells with an siRNA specific

for EGFR mRNA resulted in marked inhibition of survivin
expression, whereas transfection of cells expressing wild-type
EGFR had no such effect (Supplementary Fig. 2). The PI3K-
AKT pathway has been implicated in the regulation of survivin
expression by cytokines, growth factors, and chemotherapeu-
tic drugs (8, 10, 30). Although no direct correlation has been

blished between d lation of survivin and inhibi-
tion of EGFR signaling, these previous findings support the
notion that inhibition of the EGFR-PI3K-AKT pathway
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Figure 5. Effect of gefitinib on the growth of EGFR mutation—positi

NSCLC cells o]

ing survivin in vivo. A and B, nude mice with tumor

by injection of HCC827-Mock or HCC827S7 cells, respectively, were treated daily for 4 weeks with vehicle (control)
or gefmnlb (10 or 25 mg/kg). Tumor volume was determined at the indicated times after the onset of treatment. Data are means + SE of values from
6 mice per group. C, representative mice showing tumors at the end of the 4-week treatment period.

contributes to downregulation of survivin expression by
EGFR-TKIs in EGFR mutation-positive NSCLC cells.
Survivin has been implicated in resistance of cancer cells to
apoptosis, although the effect of survivin expression on gefi-
tinib-induced apoptosis in EGFR mutation-positive NSCLC
cells has not previously been examined. We have now shown
that survivin overexpression inhibited gefitinib-induced apop-
tosis in such cells. Inhibition of the PI3K-AKT and MEK-ERK
pathways was previously found to account for much of the
proapoptotic activity of EGFR-TKIs in EGFR mutation-posi-
tive NSCLC cells (31). We further found that overexpression of
survivin resulted in inhibition of apoptosis induced by a
combination of PI3K and MEK inhibitors in such cells (Sup-
plementary Fig. 3). Increased AKT activity as a result either of
the loss of PTEN or of expression of a constitutively active

form of AKT was pr ly found to be iated with a
reduced sensitivity to EGFR-TKIs in EGFR mutation-positive
NSCLC cells (32). However, the principal molecular target
underlying the response to inhibition of PI3K-AKT signaling
by EGFR-TKIs has remained to be elucidated. In the present
study, we show that the sensitivity of EGFR mutation-positive
NSCLC cells to EGFR-TKIs depends, at least in part, on
survivin downregulation through inhibition of the PI3K-
AKT pathway. In our xenograft model, we showed that survi-
vin overexpression inhibited the antitumor effect of gefitinib
on EGFR mutation-positive NSCLC cells. The extent of the
clinical benefit of EGFR-TKIs varies among NSCLC patients
harboring activating EGFR mutations, and the efficacy of these
drugs is limited by either de novo resistance or resistance
acquired after the onset of therapy (33). Although several
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Role of Survivin in EGFR-TKI-Induced Apoptosis

Figure 6. Effect of the
combination of survivin
overexpression and inhibition of
BIM induction on gefitinib-
induced apoptosis in EGFR
mutation-positive NSCLC cells.
A, cells stably overexpressing
survivin (PC9S7 and HCC827S6)
or infected with the empty
retrovirus (PC9-Mock and
HCCB827-Mock) were transfected
with BIM (BIM-1) or scrambled
siRNAs for 24 hours and then
incubated for 24 hours in
complete medium with or without

A PC9 HCC827

Survivin overexpression: - - =+ o+ o+ P ST .
BIM-1 siRNA: - - o+ - =+ - -+ _— _ +
Gefitinib:

Survivin

BIM-g,
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BIM-¢
Actin

gefitinib (0.1 umol/L). Cell lysates B
were then prepared and subjected 80+ 50
to immunoblot analysis with 9 £
antibodies to survivin, to BIM, or to @ * @ *
B-actin. Data are representative of o 604 > |
3 independent experiments. o * © 40 T *
B, cells transfected as in (A) were g = 2
incubated for 48 hours in the % 404 ]

o Q <]
absence or presence of gefitinib Q | Q X
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the proportion of apoptotic cells £ 209 £
by staining with Annexin V and 2 2
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from 3 independent experiments. " Lo -+ - % - =% o+
*, P < 0.05 for the indicated BlM-1 siIRNA:
comparisons. Gefitinib: - + + + + - + + + +

PC9 HCcs27

mechanisms of acquired resistance have been described, it bute independently to gefitinib-induced apoptosis in such
remains of clinical concern that molecular markers for cells (Fig. 7).
prediction of de novo resistance to these drugs have not been In conclusion, we have shown that the EGFR-TKI gefitinib
well delineated (23, 34-38). It will therefore be of interest to downregulated survivin expression, likely through inhibition

determine whether increased survivin expression in tumors is

clinically useful as a negative predictive marker of sensitivity
to EGFR-TKIs in patients with EGFR mutation-positive

NSCLC.

Our observations revealed that survivin overexpression did
not completely abolish gefitinib-induced apoptosis, suggest- / \
ing that another proapoptotic regulator activated after EGFR
inhibition might contribute to EGFR-TKI-induced apoptotic Inhibition of PI3K pathway Inhibition of MEK pathway
cell death. Previous studies have shown that gefitinib induces
BIM expression via inhibition of the MEK-ERK pathway and

that BIM induction plays a key role in EGFR-TKI-induced

apoptosis in EGFR mutation-positive NSCLC cells (25-27). We Downregulation of survivin BIM induction
have now shown that inhibition of both survivin downregula-

tion and BIM induction attenuated gefitinib-induced apopto- \ /

sis to a greater extent than did inhibition of either process

alone. The recent p

1 study st
tion of a PI3K inhibitor and a MEK inhibitor, but neither agent
alone, induced substantial growth inhibition in EGFR muta-

ing that the bina-

tion-positive NSCLC cells (31) supports the notion that both Figure 7. Proposed model for the intracellular signaling underlying
the PI3K-AKT-survivin and MEK-ERK-BIM pathways contri- EGFR-TKI-induced apoptosis in EGFR mutation-positive NSCLC cells.
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of PI3K-AKT signaling, and that this effect plays a key role in
gefitinib-induced apoptosis. Moreover, we found that survivin
downregulation and BIM induction are independently
required for EGFR-TKI-induced apoptosis. Our results thus
show that simultaneous upstream interruption of the PI3K-
AKT-survivin and MEK-ERK-BIM pathways mediates EGFR-
TKI-induced apoptosis.
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Objective: To determine the pharmacokinetics and safety of RADOO1 (everolimus) in
Japanese patients with advanced solid tumors.

Methods: An open-label, non-randomized, dose-escalation Phase | study of RAD001 admi-
nistered continuously once daily in a 28-day cycle was performed. The study had a ‘3 + &
design, with three patients recruited to each of three successive cohorts treated with RAD001
at 2.5, 5.0 or 10.0 mg/day.

Results: The pharmacokinetics of RAD001 in Japanese patients were similar to those pre-
viously determined in Caucasians. The drug safety profile was consistent with that of a mam-
malian target of rapamycin inhibitor. No dose-limiting toxicities were observed. One patient
with esophageal cancer and one with gastric cancer treated with RAD0O1 at 10 mg/day
showed marked tumor responses.

Conclusions: Treatment of Japanese cancer patients with RAD0O1 may be undertaken with
the expectation that previously determined pharmacokinetic and safety profiles apply. The
drug may hold promise for treatment of esophageal and gastric cancer.

Key words: Phase I study — pharmacokinetics — mTOR — RADO0I — everolimus

INTRODUCTION

Mammalian target of rapamycin (mTOR) is an intracellular
protein kinase that mediates cellular responses to growth
factors, nutrients and changes in energy status and thereby
plays an important role in the regulation of cell growth, cell
division and angiogenesis. It controls ribosome biosynthesis
and the transcription of genes for many proteins that
participate in the cell cycle, metabolism, nutrient transport
or utilization, or the response to hypoxia. Various signaling
defects upstream of mTOR, some of which are relatively
common, have been identified in cancer cells and result in
loss of cell growth control, unrestrained proliferation, tumor

angiogenesis, and other malignant characteristics. Defects in
mTOR itself have not been identified in cancer, rendering
this kinase both a well-situated and stable target for thera-
peutic intervention in cancers driven by defects in the
mTOR signaling pathway (1-3).

RADOO1 (everolimus) blocks the mTOR pathway by
forming a complex with the immunophilin FK506-binding
protein-12, which also binds mTOR with high affinity. This
drug has exhibited antitumor activity with a variety of
cancer cells both in vitro (4—9) and in vivo (10—12). In
addition, the anticancer effects of RAD00I complement
those of chemotherapy, radiation, hormonal agents and tar-
geted therapeutics (13—15). RADO01 inhibits tumor growth
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dependent on angiogenesis by inhibiting the production of
angiogenic growth factors and thereby reducing the prolifer-
ation of neovascular endothelial cells (3). Phase I studies of
RADO01 have shown sustained inhibition of mTOR activity
in tumor tissue at oral doses of >20 mg weekly or 5—10 mg
daily (16). Continuous daily dosing with RAD001 has been
found to result in a more profound and sustained inhibition
of mTOR than that achieved with an intermittent weekly
schedule (17,18).

We have now performed a Phase I trial of RAD001 admi-
nistered daily to Japanese patients with advanced solid
tumors. The purpose of our study was to assess the pharma-
cokinetics, safety and tolerability of escalating oral doses of
RADO001 in this patient population. An additional objective
included evaluation of antitumor activity.

‘We herein report that RADOO1 can be safely administered
at daily doses up to 10 mg to Japanese patients with
advanced solid malignancies. A dosage of 10 mg/day is rec-
ommended for further development.

PATIENTS AND METHODS
PATIENT POPULATION

Japanese individuals >20 years of age with a histologically
confirmed diagnosis of an advanced tumor refractory to or
unsuitable for existing standard therapy were included in the
study if they had >1 measurable lesion, a life expectancy of
>3 months, and adequate or acceptable renal [serum creati-
nine concentration of <1.5x the upper limit of normal
(ULN)], liver (serum bilirubin concentration of <1.25x
ULN, serum transaminase activity of <3x ULN and serum
albumin concentration of >3.5 g/dl) and bone marrow
(absolute neutrophil count of >1500/mm?>, platelet count of
>1 x 10°/mm? and hemoglobin concentration of >9 g/dl)
function. Patients with tumors or metastases in the central
nervous system, uncontrolled infection, gastrointestinal
impairment disease, active bleeding diathesis, other concur-
rent or uncontrolled medical disease, or a history of coagu-
lation disorders as well as those under treatment with strong
inhibitors or inducers of isoenzyme CYP3A4 were excluded
from the study. All subjects provided written informed
consent to participation in the study, which was approved by
the Institutional Review Board of each participating center
and was performed in accordance with the Declaration of
Helsinki and Good Clinical Practice guidelines.

StupY DESIGN

The study was an open-label, non-randomized, dose-
escalation Phase T trial of RADO0I administered on a con-
tinuous once-daily schedule in a 28-day cycle to adult
Japanese patients, with continuation of therapy after 28 days
in the absence of progressive disease. The primary objective
was to evaluate the tolerability/safety and dose-limiting tox-
icity (DLT) of RADOOI, up to the dose level of 10 mg/day

which is being used in the global study. The study had a
‘3 4 3” design, with three patients recruited to each of three
successive cohorts treated with RADOOI at 2.5, 5.0 or
10.0 mg/day. Patients were allowed to receive a higher
RADOO1 dose, at the investigator’s discretion, if the higher
dose had been confirmed as tolerable. Treatment was discon-
tinued in the event of progressive disease, DLT, a dose delay
of >14 days (or >42 days for hematologic DLTs), or with-
drawal of consent. A DLT was defined as a hematologic
(anemia, leukopenia, thrombocytopenia or neutropenia) or
non-hematologic adverse event with a grade of >3 or a lab-
oratory abnormality with a grade of >3 that occurred within
the first 4 weeks of treatment and was suspected to be
related to RADOO1. Standard antiemetic prophylaxis and
anti-hyperlipidemia therapy were allowed. Recruitment was
permitted for Cohort 2 if DLTs were observed in 0/3 or <1/
6 patients in Cohort 1, and for Cohort 3 if DLTs were
observed in 0/3 or <1/6 patients in Cohort 2. DLTs in >2/6
patients in Cohort 1 would result in study discontinuation;
DLTs in >2/6 patients in Cohort 2 or 3 would result in
additional patient enrollment in Cohorts 1 and 2, respect-
ively. The maximum-tolerated dose was defined as the dose
at which two or more patients experienced a DLT in the first
cycle.

ASSESSMENTS

Blood samples for pharmacokinetic analysis were collected
on days 1 and 15 of cycle 1 at 0, 1, 2, 4, 6, 8 and 24 h
after RADOOI ad ation. Blood ples for

of the trough concentration (Cy,;,) of RADO00l were
obtained i diately before ad ation of the next dose
on days 2, 8, 11, 15 and 16 of cycle 1 and on day 1 of
cycle 2 as well as at the end of the study. Pharmacokinetic
parameters of RAD0OI determined for each cohort included
the maximum blood concentration (Cy,x), time of
maximum concentration (f,«), area under the concen-
tration-versus-time curve from time 0 to 24 h after drug
administration (AUC,, dosing interval) and apparent sys-
temic clearance (CL/F). Drug safety and tolerability were
assessed according to the NCI Common Terminology
Criteria for Adverse Events (CTCAE) scale, version 3.0.
Patients were monitored for adverse events throughout the
study. Tumor volume was evaluated every 2 months and at
the end of the study according to RECIST. Data were
recorded for up to 28 days after discontinuation of
treatment.

STATISTICS

The number of patients in each proposed cohort was based
on the standard ‘3 + 3’ design for dose-escalation studies.
A total of 9—18 patients were planned to assess the safety
and tolerability of RADOO1, depending on observed toxici-
ties. Descriptive statistics were used for evaluation of safety,
efficacy and pharmacokinetic outcomes.



RESULTS
PATIENT CHARACTERISTICS

Between November 2005 and December 2006, nine patients
with advanced, refractory solid tumors were enrolled in the
study at the two participating centers (Kinki University
School of Medicine and National Cancer Center Hospital
East) (Table 1). The median age was 64 years (range, 49—74).
All patients had received prior chemotherapy for their
disease, and most of them had previously undergone cancer-
related surgery. The median durations of RADOO1 therapy
were 57 days in the 2.5 mg/day cohort, 42 days in the 5 mg/
day cohort and 98 days in the 10 mg/day cohort. Treatment
was discontinued in all nine patients as a result of either pro-
gressive disease (n = 4), toxicities (n = 2), consent withdra-
wal (n = 2) or death (n = 1, hemorrhage). All patients were
evaluable for drug safety and pharmacokinetics.

SAFETY

DLTs were not observed for any patient in the first cycle of
treatment (28 days). Overall, the most common adverse
events of all grades were thrombocytopenia (56% of
patients), leukopenia (33%), anorexia (44%) and rash (44%)
(Table 2). One patient with colon cancer and both lung and
liver metastases was treated at the RAD0O1 dose of 5 mg/
day experienced grade 2 pneumonitis after 142 days of
therapy. The patient developed cough, and computed tomo-
graphic scan of the chest revealed new ground-glass opaci-
ties. The patient was hospitalized with PaO, of 72.7 mmHg.

Table 1. Patient characteristics

Characteristic No. of patients
Sex
Male 4
Female 5
Performance status (ECOG)
0 5
1 4
Previous therapy
Surgery 8
Chemotherapy 9
Radiotherapy 3
Tumor type
Colorectal cancer 3
Lung cancer 3

Esophageal cancer |
Gastric cancer 1

Thyroid cancer 1

The median (range) age was 64 (49—74) years. ECOG, Eastern Cooperative
Oncology Group.
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Table 2. Number of patients with adverse events in all courses thought to
be attributable to RADO01

Adverse event RADO01 dose (mg/day) Total

25(n=3) 5(m=3) 10 (n=3)

Gl/2 G3/4 Gl/2 G3/4 Gl/2 G4
3 0 5

o

Thrombocytopenia 0 0
Leukopenia 1

Neutropenia 1

- o o

Ancmia 0

[ A VI N

Anorcxia 1

Rash 0

o w
- © © © o ©

Stomatitis 1
Nausea |

Mucosal inflammation

N o o o

Diarrhea

o o o
o o N

Fatigue

Weight decreased 1
Elevated ALT or AST

o © o
L I S i N N N N

o
o o

Hyperglycemia

o o o o

Hemorrhage

© o o

Pneumonitis

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
Hypertension 1 0
0

© © ©c 0o o0 o o © 0 00 o © o o o

© © © © o o
© o o

Glucosc tolcrance impaired 0

Includes all adverse events occurring in two or more patients or were
>Grade 2. G, grade; ALT, alaninc aminotransfcrase; AST, aspartate
aminotransferase.

Steroid treatment and discontinuation of RADOOI1 resulted in
marked improvement of the patient within days. All toxici-
ties of Grade 3 or 4 occurred at the dose of 10 mg/day, but
none occurred in the first cycle and therefore did not qualify
as DLTs. One patient with advanced esophageal carcinoma
at a dose of 10 mg/day developed Grade 3 fatigue and sto-
matitis on day 58 and RAD001 was interrupted. The study
drug was restarted on day 66 at a reduced dose of 5 mg/day.
On day 71, the patient visited the hospital because of hemor-
rhage from the right supraclavicular tumor which was a
metastatic focus. Although the patient was treated as an inpa-
tient, the Grade 4 hemorrhage could not be controlled and
the patient died on day 78. Since RAD001 markedly dimin-
ished the size of the patient’s metastatic focus, the cause of
death was hemorrhage from either the right supraclavicular
metastatic focus or the enriched vessels. The study drug did
not seem to be the direct cause of hemorrhage. The other
two patients in the 10 mg/day cohort took RAD001 for >3
months. One patient with colorectal cancer was treated with
10 mg/day and experienced Grade 3 hyperglycemia on day
98. The patient was determined to have progressive disease
on the same day. Another patient in the 10 mg/day cohort
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did not have any Grade 3 or 4 toxicities and discontinued
RADO01 due to disease progression on day 154.

PHARMACOKINETICS

Pharmacokinetic parameters of RAD00! are summarized in
Table 3. The C,,.x of RAD001 was apparent 2 h after admin-
istration of a single dose of the oral drug (Table 3 and
Fig. 1A). The Cp,;, of RADOO1 indicated that a steady state
was attained after ~8 days of repeated once-daily oral
dosing (Fig. 1B). Determination of the AUC, on days 1 and
15 revealed that the exposure to RADO001 achieved after
multiple dosing was about twice that achieved after a single

Table 3. Pharmacokinetic parameters of RAD001

Phase I clinical and pharmacokinetic study of RAD00!

dose (Table 3). On day 1, Cinax and AUC, increased almost
dose-proportionally. At steady state (day 15), Cpax and
AUC, increased with increment of dose but dose-
proportionality was not clear due to large inter-individual
variability in the 5 mg/day cohort.

TuMoR RESPONSE

Among seven patients evaluable for tumor response, obvious
tumor shrinkage was observed in two patients treated at the
dose level of 10 mg/day. A 60-year-old male with advanced
esophageal carcinoma who had been treated with seven prior
chemotherapy regimens started treatment with RAD001 at

RADO0! dose (mg/day)

25(n=3) 5(n=3) 10(n=3)
Day 1
Imax (h)
Median 1.98 1.00 2.00
Range 0.98-2.00 1.00-1.95 1.92-2.00
Cinax (ng/ml) 15.1 4248 315 +3.40 494+ 148
AUC, (ng h/ml) 852+ 187 211 £50.0 401 +51.6
Day 15
Lmax (h)
Median 1.92 1.98 2.02
Range 1.00-1.98 1.93-1.98 2.00-2.20
Crnax (ng/ml) 168+ 1.33 576+ 176 65.9 4 1.40
AUC, (ng h/ml) 134 +24.1 543 + 189 7+ 113
CL/F (I/h) 19.1 £3.26 9.94 +321 143+£223

Data are means + SD unless indicated otherwise. 7y, time of maximum concentration; Ciex, maximum blood concentration; AUC,, area under the
concentration-versus-time curve from time 0 to 24 h after drug administration; CL/F, apparent systemic clearance.
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Figure 1. Pharmacokinetics of RADOOI. (A) Blood concentration of RAD001 after administration of a single oral dose (2.5, 5 or 10 mg) on day | of cycle 1.
Data are means + SD. (B) Blood trough concentration (Cyy;,) of RAD001 during continuous oral dosing for 29 days (cycle 1). Data are means + SD.



