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arrest and the induction of casp:
cancer cells.

Our investigation of the mechanism by which TS depletion led
to caspase-dependent apoptosis revealed that elimination of TS
resulted in downregulation of XIAP, a member of the IAP family of
proteins. Activation of the mitochondrial signalling pathway for
apoptosis results in mhlbmon of IAP proteins and consequent
pr of ¢ d is (Hengartner, 2000;
Takasawa et al, 2005 Yu et al, 2007) We also found that TS
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. resulted in the release of mitochondrial proteins, includ-
ing cytochrome ¢, Smac/Diablo, and Omi/HtrA2, into the cytosol,
suggestive of a link between activation of the mitochondrial pathway
and downregulation of XIAP in lung cancer cells depleted of TS.
Activation of the mitochondrial pathway is induced by a variety of
stimuli including DNA damage (Hengartner, 2000). Given that TS
depletion induced DNA double-strand breakage, our data suggest
that loss of TS may contribute to activation of the mitochondrial
pathway of apoptosis. We found that TS depleﬁun did not affect the
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Figure 5 Effects of TS depletion on the expression of Bcl-2 and IAP
family members and on the release of mitochondrial proteins into the
cytosol in lung cancer cells. (A) The indicated cell lines were transfected
with nonspecific (NS) or TS-1 siRNAs for 72 h, after which cell lysates were
prepared and subjected to immunoblot analysis with antibodies to the
indicated proteins. (B) SBC-3 cells were transfected with NS or TS-|
siRNAs for 24, 48, or 72h, after which a cytosolic fraction was prepared
and subjected to immunoblot analysis with antibodies to cytochrome c,
Smac/Diablo, Omi/HtrA2, and B-actin. Transfection with the NS siRNA
had no substantial effects on the abundance of Bcl-2 or IAP family proteins
or on the release of mitochondrial proteins into the cytosol, compared with
untreated cells.

S-phase arrest induced by DNA damage or inhibition of DNA
synthesis in tumour cells (Mazumder et al, 2000; Leonce et al,
2001; Lu et al, 2009; Sankar et al, 2009). The effects of TS depletion
on the abundance of cyclin E and c-Myc therefore likely contribute
to the associated S-phase arrest and caspase-dependent apoptosis
in lung cancer cells. Our present data thus suggest that the
antiproliferative effect of TS depletion is attributable to S-phase
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level of the IAP protein survivin. Further study will thus
be needed to elucidate the precise mechanism by which XIAP is
downregulated specifically in TS-depleted cells.

In conclusion, we have shown that the almost complete
elimination of TS activity with an RNAi-based approach resulted
in an apparently universal antiproliferative effect in lung cancer
cells that was attributable to S-phase arrest and the induction of
apoptosis. High levels of TS expression have been suggested to
predict resistance to TS-targeted agents such as 5-fluorouracil
(Joh et al, 2003; Showalter et al, 2008). The new TS-targeted
agent pemetrexed was found to have low activity in the treatment
of SCLC (Ceppi et al, 2006; Socinski et al, 2009), possibly as a
result of a high level of TS expression in such tumours. Our results
now suggest that TS depletion inhibits the growth of lung cancer
cells including SCLC cells with a high original activity of TS.
This apparent discrepancy may be explained by the fact that
5-fluorouracil and pemetrexed inhibit TS activity by only ~60%
(van Triest et al, 1997, 1999; Codacci-Pisanelli et al, 2002;
Giovannetti et al, 2008), whereas our siRNA-based method inhibit
TS activity almost completely. Our present results thus suggest that
novel TS-targeted agents with an increased inhibitory efficacy
might prove beneficial for the treatment of lung cancer regardless
of histotype. They further provide a rationale for future clinical
investigation of the therapeutic efficacy of TS-targeted agents for
lung cancer patients.

Supplementary Information accompanies the paper on British
Journal of Cancer website (http://www.nature.com/bjc)
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Abstract

Most non-small cell lung cancer (NSCLC) tumors with activating mutations of the epidermal growth factor
receptor (EGFR) are initially responsive to first-generation, reversible EGFR tyrosine kinase inhibitors (TKI)
such as gefitinib, but they sub itly develop resistance to these drugs through either acquisition of an
additional T790M mutation of EGFR or amplification of the proto-oncogene MET. We have now investigated
the effects of combination treatment with thymidylate synthase (TS)-targeting drugs and the second-
generation, irreversible EGFR-TKI BIBW2992 on the growth of NSCLC cells with the T790M mutation. The
effects of BIBW2992 on EGFR signaling and TS expression in gefitinib-resi NSCLC cells were examined
by immunoblot analysis. The effects of BIBW2992 and the TS-targeting agents S-1 (or 5-fluorouracil) or pe-
metrexed on the growth of gefitinib-resistant NSCLC cells were examined both in vitro and in vivo. The com-
bination of BIBW2992 with 5-fluorouracil or pemetrexed synergistically inhibited the proliferation of NSCLC
cells with the T790M mutation in vitro, whereas an antagonistic interaction was apparent in this regard be-
tween gefitinib and either of these TS-targeting agents. BIBW2992 induced downregulation of TS in the
gefitinib-resistant NSCLC cells, implicating depletion of TS in the enhanced antitumor effect of the combina-
tion therapy. The combination of BIBW2992 and either the oral fluoropyrimidine S-1 or pemetrexed also in-
hibited the growth of NSCLC xenografts with the T790M mutation to an extent greater than that apparent
with either agent alone. The addition of TS-targeting drugs to BIBW2992 is a promising strategy to overcome
EGFR-TKI resistance in NSCLC with the T790M mutation of EGFR. Mol Cancer Ther; 9(6); 1647-56. ©2010 AACR.

Introduction

Somatic mutations of the epidermal growth factor receptor
(EGFR) gene are associated with a therapeutic response
to EGFR tyrosine kinase inhibitors (TKI) in individuals
with non-small cell lung cancer (NSCLC; 1-3). However,
most such patients ultimately develop resistance to these
drugs. Among patients with NSCLC who develop resis-
tance to the first-generation EGFR-TKIs gefitinib or erlo-
tinib, ~50% have tumors with a secondary T790M
mutation in exon 20 of EGFR and ~20% have tumors that
manifest amplification of the proto-oncogene MET (4-6).
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The identification of strategies or agents capable of over-
coming acquired resistance to EGFR-TKIs is thus an
important clinical goal.

Gefitinib and erlotinib act as ATP mimetics and revers-
ible inhibitors at the tyrosine kinase domain of EGFR. In
contrast, second-generation, irreversible EGFR-TKIs not
only act as ATP mimetics but also covalently bind to
Cys”” of EGFR, which allows them to inhibit EGFR
phosphorylation even in the presence of a T790M second-
ary mutation. Irreversible EGFR-TKIs including BIBW2992
have been found to be effective in inhibiting the growth of
NSCLC cells with the T790M mutation of EGFR both in vitro
and in vivo (7-9). On the basis of these preclinical evalua-
tions, various clinical trials are currently under way to
determine the efficacy of these drugs in NSCLC patients.

S-1 is an oral fluoropyrimidine derivative that is also
currently under evaluation for the treatment of NSCLC
as a thymidylate synthase (TS)-targeted agent (10-12).
A new antifolate drug, pemetrexed, has also been shown
to inhibit tumor growth by targeting TS and is widely
used in clinical settings (13, 14). We have previously
shown that gefitinib-induced downregulation of TS and
E2F1, a transcription factor that regulates expression of
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Table 1. IC5, values of BIBW2992 and gefitinib
for inhibition of the growth of NSCLC cells in vitro

a well-established index of the interaction between two
drugs (19). CI values of <1, 1, and >1 indicate syner-
gistic, additive, and antagonistic effects, respectively.

T . Tvei

Cell line ICsp (Wmol/L)
BIBW2992 Gefitinib

T790M (-)

PC9 <0.001 0.031

HCcs27 <0.001 0.011
T790M (+)

PC9/ZD 0.41 >5

H1975 0.22 >5

NOTE: Data are means of triplicates from representative
experiments repeated a total of three times.

the TS gene, is responsible for the enhanced antitumor
effect of combined treatment with S-1 (15, 16). However,
an enhanced antitumor effect of this combination therapy
on the growth of NSCLC cells harboring the T790M mu-
tation of EGFR was not apparent as a result of continu-
ous activation of EGFR and sustained expression of TS
during gefitinib exposure. We have now investigated
the potential efficacy of combined therapy with an irre-
versible EGFR-TKI and TS-targeted agents for the treat-
ment of NSCLC with the T790M mutation of EGFR.

Materials and Methods

Cell culture and reagents

The human NSCLC cell lines PC9, PC9/ZD, HCC827,
and NCI-H1975 (H1975) were obtained as described pre-
viously (16-18). All cells were cultured under a humidi-
fied atmosphere of 5% CO, at 37°C in RPMI 1640 (Sigma)
supplemented with 10% fetal bovine serum. BIBW2992 was
kindly provided by Boehringer Ingelheim Pharma; gefitinib
was obtained from AstraZeneca; and 5-fluorouracil
(5-FU), S-1, and pemetrexed were from Wako. U0126
and LY294002 were obtained from Cell Signaling Technology.

Growth inhibition assay in vitro

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 phenazinium methylsulfate; Seikagaku) was
then added to each well, and the cells were incubated
for 3 hours at 37°C before measurement of absorbance
at 490 nm with a Multiskan Spectrum instrument
(Thermo Labsystems). Absorbance values were ex-
pressed as a percentage of that for untreated cells,
and the concentration of tested drugs resulting in
50% growth inhibition (ICsp) was calculated. Data were
analyzed by the median-effect method (CalcuSyn soft-
ware, Biosoft) to determine the combination index (CI),

Y

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 pyrophosphate, 1 mmol/L phenyl-
methylsulfonyl fluoride, and leupeptin (1 ug/mL). The
protein concentration of cell lysates was determined with
the Bradford reagent (Bio-Rad), and equal amounts of
protein were subjected to SDS-PAGE on a 7.5% gel. The
separated proteins were transferred to a nitrocellulose
membrane, which was then exposed to 5% nonfat dried
milk in PBS for 1 hour at room temperature before incuba-
tion overnight at 4°C with rabbit polyclonal antibodies to
human phosphorylated EGFR (pY1068, 1:1,000 dilution;
Cell Signaling Technology), phosphorylated AKT
(1:1,000 dilution; Cell Signaling Technology), AKT
(1:1,000 dilution; Cell Signaling Technology), phosphory-
lated extracellular signal-regulated kinase (ERK; 1:1,000
dilution; Santa Cruz Biotechnology), ERK (1:1,000 dilu-
tion; Santa Cruz Biotechnology), E2F1 (1:1,000 dilution;
Santa Cruz Biotechnology), TS (1:1,000 dilution; Santa
Cruz Biotechnology), or B-actin (1:500 dilution; Sigma)
or with mouse monoclonal antibodies to EGFR (1:1,000 di-
lution; Zymed). The membrane was then washed with
PBS containing 0.05% Tween 20 before incubation for
1 hour at room temperature with horseradish peroxidase-
conjugated goat antibodies to rabbit (Sigma) or mouse
(Santa Cruz Biotechnology) immunoglobulin G. Immune
complexes were finally detected with chemiluminescence
reagents (Perkin-Elmer Life Science).

Cell growth (% control)

10 102 100 100 100
BIBW2992 (pmol/1.)

Figure 1. Effect of BIBW2992 on the growth of NSCLC cell lines in vitro.
The indicated NSCLC cell lines were cultured for 72 h in complete
medium ing various ions of after which cell
viability was assessed as described in Materials and Methods. Points,
mean of triplicates from experiments that were repeated a total of three
times with similar results; bars, SD.
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Combination Therapy with BIBW2992 and S-1 or Pemetrexed
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Figure 2. Effects of the combination of TS inhibitors (5-FU or pemetrexed) with EGFR-TKIs (gefitinib or BIBW2992) on the growth of gefitinib-sensitive
NSCLC cell lines in vitro. A and B, sensitizing EGFR mutation-positive NSCLC (PC9 and HCC827) cells were incubated for 72 h with gefitinib (A) or
BIBW2992 (B) together with 5-FU or pemetrexed at the indicated molar concentration ratios, after which cell viability was measured. The interaction
between the two drugs in each combination was evaluated on the basis of the C, which is plotted against fractional growth inhibition. Data are means of
triplicates from experiments that were repeated a total of three times with similar results. C, cells were incubated for 24 h with gefitinib or BIBW2992 at
the indicated concentrations in complete medium, after which cell lysates were prepared and j to i analysis with antibodies to
phosphorylated (p) or total forms of EGFR, AKT, or ERK as well as with those to E2F1, TS, or -actin (loading control).
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Figure 3. Effects of the combination of TS inhibitors (5-FU or pemetrexed) with EGFR-TKIs (gefitinib or BIBW2992) on the growth of gefitinib-resistant
NSCLC cell lines in vitro. A and B, cells with a secondary T790M mutation of EGFR (PC9/ZD and H1975) were incubated for 72 h with gefitinib (A) or
BIBW2992 (B) together with 5-FU or pemetrexed at the indicated molar concentration ratios, after which cell viability was measured and Cl was plotted
against fractional growth inhibition. Data are means of triplicates from experiments that were repeated a total of three times with similar results. C, cells
were incubated for 24 h with gefitinib or BIBW2992 at the indicated concentrations in complete medium, after which cell lysates were prepared and
subjected to immunoblot analysis as in Fig. 2C.
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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 10 to 15 minutes
at 15° to 25°C, and then analyzed for fluorescence with a
flow cytometer (FACSCalibur) and CellQuest software
(Becton Dickinson).

Animals

Male athymic nude mice were exposed to a 12-hour-
light, 12-hour-dark cycle and provided with food and
water ad libitum in a barrier facility. All animal experi-
ments were done with approval of an international Insti-
tutional Animal Care and Use Committee and complied
with the specifications of the Association for Assessment
and Accreditation of Laboratory Animal Care of Japan.

Growth inhibition assay in vivo

Cubic fragments of tumor tissue (~2 by 2 by 2 mm)
were implanted s.c. into the axilla of 5- to 6-week-old
male athymic nude mice. Treatment was initiated when
tumors in each group of eiaght mice achieved an average
volume of 150 to 200 mm®. Treatment groups consisted
of control, S-1 or pemetrexed alone, gefitinib alone,
BIBW2992 alone, the combination of gefitinib and either
S-1 or pemetrexed, and the combination of BIBW2992
and either S-1 or pemetrexed. S-1, gefitinib, and BIBW2992
were administered by oral gavage daily for 28 days; con-
trol animals received a 0.5% (w/v) aqueous solution of
hydroxypropylmethylcellulose as vehicle. Pemetrexed
was administered i.p. once a week. Tumor volume was de-
termined from caliper measurements of tumor length (L)
and width (W) according to the formula LW?/2. Both tu-
mor size and body weight were measured twice per week.

Statistical analysis
Data were analyzed by Student's two-tailed ¢ test. A
P value of <0.05 was considered statistically significant.

Results

An additional T790M mutation reduces the
sensitivity of itizing EGFR ion-positive
NSCLC cells to BIBW2992

We first examined the ability of BIBW2992 to inhibit
the proliferation of human NSCLC cells with an EGFR
mutation. Both PC9 and HCC827 cells harbor an in-frame
deletion in exon 19 of EGFR and were found to be highly
sensitive to BIBW2992, with ICs, values of <0.001 pmol/L
(Table 1). Gefitinib also potently inhibited the proliferation
of these two cell lines (Table 1). PC9/ZD cells are a gefitinib-
resistant clone of PC9 and also harbor the T790M
mutation of EGFR, and H1975 cells possess both L858R
and T790M mutations of EGFR. Both of these cell lines

manifested resistance to gefitinib, with an ICs, for this
drug of >5 umol/L (Table 1). Although BIBW2992 inhib-
ited the growth of PC9/ZD and H1975 cells with ICsq
values within the range of achievable serum concentrations
of the drug, these values were ~1,000 times those apparent
for PC9 and HCC827 cells (Fig. 1). These data thus sug-
gested that an additional T790M mutation of EGFR
reduces the sensitivity of NSCLC cells with a sensitizing
EGFR mutation (either an exon 19 deletion or L858R in
exon 21) to BIBW2992.

Synergistic effects of EGFR-TKIs and 5-FU or
pemetrexed in sensitizing EGFR
mutation-positive NSCLC cells

We have previously shown that the combination of ge-
fitinib and S-1 has a synergistic antiproliferative effect on
sensitizing EGFR mutation-positive NSCLC cells, with
downregulation of TS by gefitinib underlying its syner-
gistic interaction with S-1 (16). We used 5-FU instead of
S-1 for in vitro experiments because tegafur, which is a
component of S-1, is metabolized to 5-FU primarily in
the liver. The combined effect of the two drugs was eval-
uated on the basis of the CI. The combination of 5-FU and
gefitinib manifested a synergistic inhibitory effect (CI of
<1.0) on the growth of both PC9 and HCC827 cells (Fig. 2A;
Supplementary Fig. S1; Supplementary Table S1), con-
sistent with the results of our previous study (15). Given
that pemetrexed also inhibits tumor growth by targeting
TS, we examined the effect of the combination of this drug
with gefitinib on the proliferation of PC9 and HCC827
cells. We again obtained a CI value of <1.0 for both cell
lines (Fig. 2A; Supplementary Fig. S1; Supplementary

£
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Figure 4. Effects of the combination of BIBW2992 and either 5-FU or

pemetrexed on apoptosis in NSCLC cells. H1975 or HCC827 cells were
for 72 h with , 5-FU, or at their ICso

values, after which the proportion of apoptotic cells was assessed by

staining with FITC-conjugated Annexin V and propidium iodide followed

by flow cytometry. Columns, mean of triplicates from an experiment

that was repeated a total of three times with similar results; bars, SD.

*, P < 0.0, for the combination of BIBW2992 plus 5-FU versus 5-FU

alone; **, P < 0.05, for the ination of plus.

versus pemetrexed alone.
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Table S1). We further examined the effects of the combina-
tion of the irreversible EGFR-TKI BIBW2992 with either
5-FU or pemetrexed, finding that each drug combination
showed a synergistic antiproliferative effect in sensitizing
EGFR mutation-positive NSCLC cells (Fig. 2B; Supple-
mentary Fig. S1; Supplementary Table S1).

To investigate the underlying mechanism of the syner-
gistic growth-inhibitory effects of these various drug
combinations, we examined the effects of gefitinib and
BIBW2992 on the expression of the transcription factor
E2F1 and TS as well as on the phosphorylation of EGFR
and downstream signaling molecules in sensitizing EGFR
mutation-positive NSCLC cell lines. Immunoblot analysis
revealed that the phosphorylation of EGFR, the protein ki-
nase AKT, and the mitogen-activated protein kinase
(MAPK) ERK as well as the expression of E2F1 and TS
were markedly inhibited by gefitinib or BIBW2992 in
a concentration-dependent manner (Fig. 2C). These data
thus suggested that not only reversible EGFR-TKIs
(gefitinib) but also irreversible EGFR-TKIs (BIBW2992)
downregulate the expression of TS, resulting in a synergistic
antiproliferative interaction with 5-FU or pemetrexed in
sensitizing EGFR mutation-positive NSCLC cells.

Synergistic effects of BIBW2992 and 5-FU
or pemetrexed in NSCLC cells with the
T790M mutation

We examined the combined effects of gefitinib and
either 5-FU or pemetrexed on the growth of NSCLC cell
lines with a secondary T790M mutation of EGFR. We
found that gefitinib and either 5-FU or pemetrexed man-
ifested an antagonistic interaction (CI of >1.0) in their
effects on the growth of both PC9/ZD and H1975 cells
(Fig. 3A; Supplementary Fig. 52; Supplementary Table S1).
In contrast to gefitinib, the combination of BIBW2992
and either 5-FU or pemetrexed exhibited a synergistic
growth-inhibitory effect (CI of <1.0) in these cells (Fig. 3B;
Supplementary Fig. S2; Supplementary Table S1). We next
examined the effects of gefitinib and BIBW2992 on the ex-
pression of E2F1 and TS as well as on the phosphorylation
of EGFR, AKT, and ERK in NSCLC cell lines with a sec-
ondary T790M mutation of EGFR. Immunoblot analysis
revealed that BIBW2992, but not gefitinib, markedly
inhibited the expression of E2F1 and TS as well as the phos-
phorylation of EGFR, AKT, and ERK in a concentration-
dependent manner in PC9/ZD or H1975 cells (Fig. 3C).
The combination of BIBW2992 with either 5-FU or peme-
trexed thus had a synergistic antiproliferative effect even
in gefitinib-resistant NSCLC cells harboring the T790M

mutation, and this effect correlated with downregulation
of TS expression.

Enhanced induction of apoptoesis by the binati
of BIBW2992 and either 5-FU or pemetrexed in
NSCLC cells with EGFR mutations

To investigate the mechanism of the synergistic growth
inhibition induced by the combination of BIBW2992 and
either 5-FU or pemetrexed in NSCLC cells with a second-
ary T790M mutation of EGFR, we examined the effects of
each agent alone and in combination on apoptosis. An
assay based on the binding of Annexin V to the cell sur-
face revealed that the frequency of apoptosis was mark-
edly greater for H1975 cells (harboring both L858R and
T790M mutations) treated with the combination of
BIBW2992 and either 5-FU or pemetrexed than for those
treated with either agent alone (Fig. 4). Such combination
therapy also induced apoptosis to a significantly greater
extent in HCC827 cells (harboring only an exon 19 dele-
tion) compared with either monotherapy (Fig. 4). These
data thus suggested that the combination of BIBW2992
and either 5-FU or pemetrexed exhibits an enhanced
proapoptotic effect in sensitizing EGFR mutation-positive
NSCLC cells with or without the T790M mutation.

Effects of combined treatment with BIBW2992
and either S-1 or pemetrexed on the growth of
gefitinib-resistant NSCLC cells with the
T790M mutation in vivo

We next investigated whether combined treatment
with BIBW2992 and either S-1 or pemetrexed might
exhibit an enhanced effect on the growth of gefitinib-
resistant NSCLC (H1975) cells with the T790M mutation
of EGFR in vivo. When their tumors became palpable,
mice were divided into nine groups and treated with ve-
hicle, S-1 or pemetrexed alone, gefitinib alone, BIBW2992
alone, both gefitinib and either S-1 or pemetrexed, or
both BIBW2992 and either S-1 or pemetrexed for 4 weeks.
Combination therapy with gefitinib and S-1 did not ex-
hibit an enhanced effect on the growth of tumors formed
by H1975 cells (Fig. 5A and E), consistent with our pre-
vious findings (16). Combination therapy with gefitinib
and pemetrexed also did not exhibit an enhanced antitumor
effect (Fig. 5C and F). In contrast, combination therapy with
BIBW2992 and either S-1 or pemetrexed inhibited the
growth of H1975 tumors to a significantly greater extent
than did treatment with either drug alone (Fig. 5B, D, E,
and F). All of the treatments were well tolerated by the mice,
with no signs of toxicity or weight loss during therapy (data

Figure 5. Effects of combination therapy with S-1 or peme(rexed and either gefitinib or BIBW2992 on the growth of NSCLC cells harboring the T790M mutation

of EGFR in vivo. Nude mice with tumor

of tumor

formed by H1975 cells were treated daily for 4 wk by oral

by s.
gavage with vehicle (control), S-1 (10 mg/kg), or either gefitinib (50 mg/kg A) or BIBW2992 (10 mg/kg; B) alone or together with S-1 (10 mg/kg). Alternatively,
the mice were treated with vehicle (control), pemetrexed (100 mg/kg, i.p., on days 1, 8, 15, and 22), or either gefitinib (50 mg/kg; C) or BIBW2992 (10 mg/kg; D) alone
or together with pemetrexed (100 mg/kg). Tumor volume was determined at the indicated times after the onset of treatment. Points, mean of values from eight

mice per group; bars, SE. *, P < 0.05, for the combination of S-1 plus

either S-1 or alone; **, P < 0.05, for the combination of pemetrexed

plus BIBW2992 versus either pemetrexed or BIBW2992 alone. Final tumor volume relative to that in the vehicle-treated (control) group for combined therapy
with S-1 and either gefitinib or BIBW2992 (E) or with pemetrexed and either gefitinib or BIBW2992 (F) was also calculated. *, P < 0.05. ns, not significant.
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Figure 6. Effects of MEK or PI3K inhibitors on E2F1 and TS expression in NSCLC cells. Cells were incubated for 24 h with vehicle (DMSO, control),
gefitinib (1 pmol/L), BIBW2992 (1 pmol/L), U0126 (10 pmol/L), or LY294002 (20 pmol/L for HCC827 and H1975; 50 pmol/L for PCS and PC9/ZD) in complete
medium, after which cell lysates were prepared and subjected to immunoblot analysis with antibodies to E2F1, TS, or B-actin.

not shown). These findings thus suggested that combina-
tion therapy with BIBW2992 and either S-1 or pemetrexed
exhibited an enhanced antitumor effect in vivo with gefitinib-
resistant xenografts harboring the T790M mutation of
EGFR, consistent with the results obtained in vitro.

Role of phosphoinositide 3-kinase in the effects
of EGFR-TKIs on E2F1 and TS expression in
NSCLC cells

To investigate the mechanism underlying the down-
regulation of E2F1 and TS by EGFR-TKIs, we examined
the effects of specific inhibitors of the ERK kinase
MAPK/ERK kinase (MEK) or phosphoinositide 3-kinase
(PI3K) on E2F1 and TS expression. The amounts of both
E2F1 and TS in EGFR mutation—positive NSCLC cells
were reduced by treatment with the PI3K inhibitor
LY294002 but were not affected by that with the MEK in-
hibitor U0126 (Fig. 6). These results thus suggested that
EGFR-TKIs regulate E2F1 and TS expression primarily
through inhibition of PI3K signaling rather than through
that of MAPK signaling.

Discussion

We have shown that the sensitivity of sensitizing EGFR
mutation—positive NSCLC cells to the antiproliferative ef-
fect of the irreversible EGFR-TKI BIBW2992 is reduced by
the acquisition of a secondary T790M mutation of EGFR.
Consistent with previous observations (9), we found that
BIBW2992 inhibited the proliferation of NSCLC cells har-
boring the T790M mutation with ICs values within the
clinically achievable range of serum concentrations (20),
whereas gefitinib exhibited no such activity against these
cells. However, the ICs, value for the antiproliferative ef-
fect of BIBW2992 in PC9/ZD cells (which harbor the
T790M mutation) was ~1,000 times that in the parental

PC9 cells (which do not harbor the T790M mutation). In-
deed, NSCLC cells harboring the T790M mutation were
previously found to be more resistant to other irrever-
sible EGFR-TKIs (CL-387,785 and PF00299804) compared
with those without the mutation (8, 21). These observa-
tions thus indicate that an additional T790M mutation
reduces the sensitivity of sensitizing EGFR mutation—
positive NSCLC cells to irreversible EGFR-TKIs, suggest-
ing that the antitumor effects of these drugs may be
limited for the treatment of NSCLC patients. We there-
fore propose that combination therapy with BIBW2992
and cytotoxic agents is likely to be more effective than
treatment with BIBW2992 alone.

We previously showed that the combination of S-1 and
gefitinib has an enhanced antitumor effect on NSCLC
cells regardless of the presence or absence of sensitizing
EGFR mutations, and that downregulation of TS by gefi-
tinib contributes to its enhanced interaction with S-1 (15).
However, gefitinib failed to inhibit the phosphorylation
of EGFR as well as the expression of E2F1 and TS in
NSCLC cells harboring the T790M mutation of EGFR,
resulting in the lack of an enhanced interaction with S-1
(16). These findings suggest that gefitinib-induced down-
regulation of E2F1 and TS is mediated by modulation of
EGEFR signaling. In the present study, we found that
BIBW2992 inhibited EGFR phosphorylation and induced
downregulation of E2F1 and TS even in NSCLC cells
with an additional T790M mutation of EGFR. These data
thus provide further support for the link between EGFR
signaling and the expression of E2F1 and TS. Furthermore,
we have now shown that combination therapy with
BIBW2992 and S-1, as well as that with BIBW2992 and
the new TS-targeted agent pemetrexed, had an enhanced
antitumor effect on NSCLC cells with the T790M muta-
tion. A low level of TS expression in human solid tumors
is thought to predict a better response to 5-FU (22-25).
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Pemetrexed sensitivity has also been suggested to corre-
late inversely with TS expression in human cancer (26, 27).
Several preclinical studies also support such an inverse
relation between TS expression and sensitivity to TS-targeted
agents, likely reflecting the role of TS as a target for these
drugs (28-31). These observations support the notion that
BIBW2992-induced downregulation of TS underlies, at
least in part, the enhanced antitumor effect of combination
therapy with either S-1 or pemetrexed. Our present data
thus provide a rationale for combination therapy with
BIBW2992 and either S-1 or pemetrexed for NSCLC with
a secondary T790M mutation of EGFR.

Although the mechanism responsible for the down-
regulation of E2F1 and TS by EGFR-TKIs remains
unclear, our results suggest that these effects are mediated
in part through inhibition of PI3K as a consequence of
EGFR inactivation. Consistent with this notion, EGF-
induced activation of PI3K-AKT signaling has previously
been shown to result in E2F1 accumulation and inhibition
of apoptosis, whereas activation of the MAPK pathway
had no such effects (32-35). In the present study, we fur-
ther found that the combination of the PI3K inhibitor
LY294002 and either 5-FU or pemetrexed manifested a
synergistic inhibitory effect (CI of <1.0) on the growth of
EGFR mutation-positive NSCLC cells (Supplementary
Table S2), likely as a result of the observed downregulation
of TS by LY294002. Although the precise mechanism by
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Synergistic Antitumor Effect of S-1 and HER2-Targeting
Agents in Gastric Cancer with HER2 Amplification
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Abstract

Amplification of human epidermal growth factor receptor 2 (HER2) has been detected in 20% to 30% of gastric
cancers and is associated with a poor outcome. Combination therapies with HER2-targeting agents and cy-
totoxic agents are considered a potential therapeutic option for gastric cancer with HER2 amplification. We
have now investigated the effects of combination treatment with the oral fluoropyrimidine S-1 and the HER2-
targeting agents lapatinib or trastuzumab in gastric cancer cells with or without HER2 amplification. We used
5-fluorouracil (SFU) instead of S-1 for in vitro experiments, given that tegafur, a component of S-1, is metab-
olized to 5FU in the liver. The combination of 5FU and HER2-targeting agents synergistically inhibited cell
proliferation and exhibited an enhanced proapoptotic effect in gastric cancer cells with HER2 amplification,
but not in those without it. Lapatinib or trastuzumab also induced downregulation of thymidylate synthase
(TS) expression and activity only in cells with HER2 amplification. The combination of 5FU and TS depletion
by RNA interference also exhibited an enhanced proapoptotic effect in cells with HER2 amplification. These
observations thus suggest that lapatinib-induced or t b-induced downregulation of TS is responsi-
ble, at least in part, for the synergistic antitumor effect of combined treatment with 5FU and HER2-targeting
agents. The antitumor effect of the combination of S-1 and HER2-targeting agents in vivo was also greater
than that of either drug alone. Our preclinical findings thus indicate that the combination of S-1 and
HER2-targeting agents is a promising treatment option for gastric cancer with HER2 amplification. Mol Cancer

1198

Ther; 9(5); 1198-207. ©2010 AACR.

Introduction

Gastric cancer is the second leading cause of cancer
mortality worldwide, with 700,000 confirmed deaths an-
nually (1, 2). Advanced gastric cancer is treated predomi-
nantly by combination chemotherapy that includes
fluoropyrimidine derivatives, but overall survival time
remains <1 year (3, 4). Further improvement in such ther-
apy is therefore warranted. S-1 is a novel oral anticancer
drug that combines tegafur, a prodrug of 5-fluorouracil
(5FU), with 5-chloro-2,4-dihydropyrimidine and potas-
sium oxonate. 5-Chloro-2,4-dihydropyrimidine increases
the plasma concentration of 5FU through competitive
inhibition of dihydropyrimidine dehydrogenase, which
catalyzes 5FU catabolism (5), whereas potassium oxonate
reduces the gastrointestinal toxicity of 5FU (6). Clinical
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trials have revealed response rates of ~30% to 50% for
S-1 in advanced gastric cancer (6-9), and S-1 is now re-
cognized as one of the standard chemotherapeutic drugs
for this condition, especially in East Asia (9-11).

Recent years have seen substantial advances in the de-
velopment of molecularly targeted therapy for various
types of cancer. Amplification of human epidermal growth
factor receptor 2 (HER2) has been detected in 20% to 30%
of gastric cancers and is associated with a poor outcome
and aggressiveness of the disease (12, 13). Targeting of
HER2 is therefore thought to be beneficial for those gastric
cancer patients with HER2 amplification. Clinical trials to
evaluate the efficacy of HER2-targeting agents—including
lapatinib, a dual tyrosine kinase inhibitor of the epidermal
growth factor receptor (EGFR) and HER2, and trastuzu-
mab, a humanized monoclonal antibody to HER2—in
individuals with gastric cancer positive for HER2 amplifi-
cation are under way. However, the development of HER2-
targeted therapy for gastric cancer lags behind that for
breast cancer, for which trastuzumab is now recognized
as a standard therapy for HER2-positive patients. Precli-
nical studies of HER2-targeting agents with gastric cancer
cells positive for HER2 amplification are still limited
(14-17), with further investigations to clarify the efficacy
and mechanism of action of HER2-targeting agents alone
or in combination with cytotoxic drugs being required. We
have now investigated the effects of combination treatment
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with §-1 (or 5FU) and the HER2-targeting agents
lapatinib or trastuzumab in gastric cancer cells with or
without HER2 amplification, and we have further exa-
mined the mechanism of such effects.

Materials and Methods

Cell culture and reagents. Human gastric cancer cell
lines were obtained from the following sources: NCI-
N87 from American Type Culture Collection; MKN-1,
MKN-7, and AZ-521 from Health Science Research
Resources Bank; MKN-28 from Immuno-Biological La-
boratories; and SNU-216 from Korean Cell Line Bank.
All cells were cultured under a humidified atmosphere
of 5% CO, at 37°C in RPMI 1640 (Sigma) supplemen-
ted with 10% fetal bovine serum. The human gastric
cancer line 4-1ST was obtained from Central Institute
for Experimental Animals and was maintained in
BALB/c-nu/nu mice by s.c. injection of tumor pieces.
Lapatinib was obtained from Sequoia Research Pro-
ducts, trastuzumab was from Hoffmann-La Roche,
and 5FU and S-1 were from Wako. Tegafur, gimeracil,
and oteracil, all of which are components of S-1, were
synthesized by Taiho Pharmaceutical.

Fl e in situ hybridizati L The gene
copy number per cell for HER2 was determined by fluo-
rescence in situ hybridization with the use of HER2/neu
(17q11.2-q12) Spectrum Orange and CEP17 (chromosome
17 centromere) Spectrum Green probes (Vysis; Abbott).
Cells were centrifuged onto glass slides with a Shandon
cytocentrifuge (Thermo Electron) and were fixed by
consecutive incubations with ice-cold 70% ethanol for
10 minutes, 85% ethanol for 5 minutes, and 100% ethanol
for 5 minutes. The slides were stored at ~20°C until anal-
ysis. Cells were subsequently subjected to digestion with
pepsin for 10 minutes at 37°C, washed with water, dehy-
drated with a graded series of ethanol solutions, dena-
tured with 70% formamide in 2x SSC for 5 minutes at
72°C, and dehydrated again with a graded series of eth-
anol solutions before incubation with a hybridization
mixture consisting of 50% formamide, Cot-1 DNA, and
labeled DNA in 2x SSC. The slides were washed for
5 minutes at 73°C with 3x SSC, for 5 minutes at 37°C with
4x SSC containing 0.1% Triton X-100, and for 5 minutes
at room temperature with 2x SSC before counter-staining
with antifade solution containing 4',6-diamidino-
2-phenylindole. Hybridization signals were scored in 40
nuclei with the use of a 100x immersion objective lens.
Nuclei with a disrupted boundary were excluded from
the analysis. Gene amplification was defined as a mean
HER2/chromosome 17 copy number ratio of >2.0 (18).

Growth inhibition assay in vitro. Cells were plated in
96-well flat-bottomed plates and cultured for 24 hours
before exposure to various concentrations of drugs for
72 hours. TetraColor One (5 mmol/L tetrazolium mono-
sodium salt and 0.2 mmol /L 1-methoxy-5-methyl phena-
zinium methylsulfate; Seikagaku) was then added to
each well, and the cells were incubated for 3 hours at

37°C before measurement of absorbance at 490 nm with
a Multiskan Spectrum instrument (Thermo Labsystems).
Absorbance values were expressed as a percentage of
that for untreated cells, and the concentration of tested
drugs resulting in 50% growth inhibition (ICsy) was cal-
culated. Data were analyzed by the median-effect method
(CalcuSyn software; Biosoft) to determine the combina-
tion index (CI), a well-established index of the interac-
tion between two drugs (19). CI values of <1, 1, and
>1 indicate synergistic, additive, and antagonistic effects,
respectively.

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, incuba-
ted 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).

Assay of caspase-3 activity. The activity of caspase-3
in cell lysates was measured with the use of a CCP32/
Caspase-3 Fluometric Protease Assay kit (MBL). Fluores-
cence attributable to cleavage of the Asp-Glu-Val-Asp-7-
amino-4-trifluoromethyl coumarin (DEVD-AFC) substrate
was measured at excitation and emission wavelengths of
390 and 460 nm, respectively.

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
pyrophosphate, 1 mmol/L phenylmethylsulfonyl fluo-
ride, and leupeptin (1 pg/mL). The protein concentration
of cell lysates was determined with the Bradford reagent
(Bio-Rad), and equal amounts of protein were subjected
to SDS-PAGE on a 7.5% gel. 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 including those
to phosphorylated AKT (1:1,000 dilution; Cell Signaling
Technology), to AKT (1:1,000 dilution, Cell Signaling Tech-
nology), to phosphorylated extracellular signal-regulated
kinase (ERK; 1:1,000 dilution; Santa Cruz Biotechnology),
to ERK (1:1,000 dilution, Santa Cruz Biotechnology), to
E2F1 (1:1,000 dilution, Santa Cruz Biotechnology), to
thymidylate synthase (TS; 1:1,000 dilution, Santa Cruz
Biotechnology), or to B-actin (1:500 dilution, 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 antibodies to
rabbit IgG (Sigma). Immune complexes were finally
detected with ECL Western Blotting Detection Reagents
(GE Healthcare).

TS activity assay. TS activity was quantified with the
use of a tritiated fluoro-dUMP binding assay (20). Cells
were harvested and disrupted by ultrasonic treatment
in a solution containing 0.2 mol/L Tris-HCl (pH 7.4),
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20 mmol/L 2-mercaptoethanol, 15 mmol/L CMP, and
100 mmol/L NaF. The cell lysate was centrifuged at
1,630 x g for 15 minutes at 4°C, and the resulting super-
natant was centrifuged at 105,000 x g for 1 hour at 4°C. A
portion (50 uL) of the final supernatant was mixed with
50 pL of a solution containing 600 mmol/L NH4HCO;
buffer (pH 8.0), 100 mmol/L 2-mercaptoethanol,
100 mmol/L NaF, and 15 mmol/L CMP. After the addi-
tion of 50 uL of [6-*H]fluoro-dUMP (7.8 pmol, 0.12 uCi)
plus 25 uL of cofactor solution containing 50 mmol/L
potassium phosphate buffer (pH 7.4), 20 mmol/L
2-mercaptoethanol, 100 mmol/L NaF, 15 mmol/L CMP,
2% bovine serum albumin, 2 mmol/L tetrahydrofolic
acid, 16 mmol/L sodium ascorbate, and 9 mmol/L
formaldehyde, the mixture was incubated for 20 minutes
at 30°C. The reaction was terminated by the addition of
100 pL of 2% bovine serum albumin and 275 uL of
1 mol/L HCIOj followed by centrifugation at 1,630 x g
for 15 minutes at 4°C. The resulting pellet was resus-
pended in 2 mL of 0.5 mol/L HCIO,, and the suspension
was subjected to ultrasonic treatment followed by centri-
fugation at 1,630x g for 15 minutes at 4°C. The final pre-
cipitate was solubilized in 0.5 mL of 98% fqrmic acid,
mixed with 10 mL of ACS II scintillation fluid (GE
Healthcare), and assayed for radioactivity.

Gene silencing. Cells were plated at 50% to 60% conflu-
ence in six-well plates or 25-cm? flasks and then incuba-
ted for 24 hours before transient transfection for 48 hours
with small interfering RNAs (siRNA) mixed with the
Lipofectamine reagent (Invitrogen). An siRNA specific
for TS mRNA (5-CAAUCCGCAUCCAACUAUUTT-3’)
and a nonspecific siRNA (control) were obtained from
Nippon EGT.

Animals. Male athymic nude mice were exposed to a
12-h light/12-h dark cycle and provided with food and
water ad libitum in a barrier facility. All animal experi-
ments were done in compliance with the regulations of
the Animal Experimentation Committee of Taiho Phar-
maceutical Co. Ltd.

Growth inhibition assay in vivo. Cubic fragments of
tumor tissue (~2 x 2 x 2 mm) were implanted s.c. into
the axilla of 5-week-old to 6-week-old male athymic nude
mice. Treatment was initiated when tumors in each
group achieved an average volume of 50 to 200 mm?>.
Treatment groups consisted of control, S-1 alone, lapati-
nib alone, trastuzumab alone, and the combination of S-1
and either lapatinib or trastuzumab. Each treatment
group contained seven mice. S-1 and lapatinib were
given by oral gavage daily for 28 days; control animals
received a 0.5% (w/v) aqueous solution of hydroxypro-
pylmethylcellulose as vehicle. Trastuzumab was given
i.p. weekly. Tumor volume was determined from caliper
measurements of tumor length (L) and width (W) accor-
ding to the formula LW?/2. Both tumor size and body
weight were measured twice per week.

Statistical analysis. Unless indicated otherwise, data
are presented as means + SEM from three independent
experiments or for seven animals per group. The un-

paired two-tailed Student's ¢ test was used to evaluate
the significance of differences in the percentage of Annex-
in V-positive cells, relative caspase-3 activity, or tumor
volume. A P value of <0.05 was considered statistically

significant.
Results

Synergistic antiproliferative effect of 5FU and either
lapatinib or trastuzumab in gastric cancer cells positive
for HER2 amplification. We first examined the effect of
the combination of 5FU and either lapatinib or trastuzu-
mab on the growth in vitro of gastric cancer cells positive
or negative for HER2 amplification. We used 5FU instead
of S-1 for in vitro experiments, given that tegafur, a com-
ponent of S-1, is metabolized to 5FU in the liver. The
combined effect of each pair of drugs was evaluated on
the basis of the CI. The combination of 5FU and lapatinib
exhibited a synergistic inhibitory effect (CI < 1.0) on the
growth of cells with HER2 amplification, including NCI-
N87, SNU-216, and MKN-7 cells, but not on that of cells
without HER2 amplification, including AZ-521, MKN-28,
and MKN-1 cells (Fig. 1A and B). A synergistic interac-
tion between 5FU and trastuzumab was also apparent
in cells with HER2 amplification but not in those without
it (Fig. 1C). The combination of 5FU with either lapatinib
or trastuzumab thus exerted a synergistic antiprolifera-
tive effect in gastric cancer cells positive for HER2 ampli-
fication but not in those negative for HER2 amplification.

Enh d induction of apoptosis by the binati.
of 5FU and either lapatinib or trastuzumab in gastric
cancer cells positive for HER2 amplifi To investi-
gate the mechanism of the synergistic growth inhibition
induced by the combination of 5FU and either lapatinib
or trastuzumab, we examined the effects of each agent
alone and in combination on apoptosis in gastric cancer
cells. An assay based on the binding of Annexin V to the
cell surface revealed that the frequency of apoptosis was
markedly greater for HER2 amplification-positive cells
treated with the combination of 5FU and either lapatinib
or trastuzumab than for those treated with either agent
alone (Fig. 2A and B). Such an effect was not apparent
in cells negative for HER2 amplification. To confirm the
results of the Annexin V binding assay, we measured the
activity of caspase-3. Again, the combination of 5FU and
either lapatinib or trastuzumab induced an increase in
caspase-3 activity greater than that apparent with either
agent alone in cells with HER2 amplification but not in
those without it (Fig. 2C). Together, these data thus indi-
cated that the combination of 5FU and either lapatinib or
trastuzumab exhibits an enhanced proapoptotic effect in
gastric cancer cells positive for HER2 amplification but
not in those negative for this genetic change.

gulation by lapatinib or tr b of the
expression and activity of TS in gastric cancer cells
positive for HER2 amplification. To investigate further
the molecular mechanism of the synergistic antiprolifera-
tive effect of the combination of 5FU and HER2-targeting
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Enhanced inhibition of the growth of HER2 amplifica- growth in vivo of gastric cancer cells positive for HER2
tion-positive gastric cancer cells in vivo by combined amplification. Mice with palpable tumors formed by
treatment with S-1 and either lapatinib or trastuzumab. NCI-N87 or 4-1ST cells were divided into groups for
Finally, we investigated the effect of combined treatment treatment with vehicle, S5-1, lapatinib, trastuzumab, or
with S-1 and either lapatinib or trastuzumab on the the combination of 5-1 and either lapatinib or trastuzumab

A N87 (HER2 amplification (+)) AZ-521 (HER2 amplification (-))
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Figure 2. Effect of the combination of 5FU and HER2-targeting agents on apoptosis in gastric cancer cells positive or negative for HER2 amplification.
A, cells were incubated for 72 hours with lapatinib, trastuzumab, or 5FU at their ICsq concentrations unless indicated otherwise: 0.02 pmol/L, 1.5 pg/mL,
and 2.5 pmol/L, respectively, for NCI-N87 cells and 2.0 pmol/L, 200 pg/mL (ICso not determined), and 4.5 pmol/L, respectively, for AZ-521 cells. The
proportion of apoptotic cells was then assessed by staining with FITC- Annexin V and propidium iodide (PI) followed by flow cytometry. B, the
proportion of apoptotic cells in experiments similar to that shown in A was determined. Data are means + SEM from three independent experiments.

C, lysates prepared from cells exposed to drugs as in A for 48 hours were assayed for caspase-3 activity. Data are expressed relative to the corresponding
value for the control condition and are means + SEM from three independent experiments. *, P < 0.05, for the indicated comparisons.
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Figure 3. Effect of HER2-targeting agents on E2F1 and TS expression or activity in gastric cancer cells positive or negative for HER2 amplification. A and B,
cells were incubated with the indicated concentrations of lapatinib for 24 hours (A) or trastuzumab for 48 hours (B), after which cell lysates were prepared
and subjected to immunoblot analysis with antibodies to phosphorylated (p) or total forms of AKT or ERK as well as with those to E2F1, TS, and
B-actin (loading control). C, cells were treated with lapatinib (1 pmol/L) for 24 hours or with trastuzumab (200 pg/mL) for 48 hours, after which cell lysates
were prepared and assayed for TS activity. Data are as a p ge of the ling value for control cells and are means + SEM
from three independent experiments.

for 4 weeks. Combination therapy with S-1 and lapatinib either drug alone. All treatments were well tolerated by
(Fig. 5A) or with S-1 and trastuzumab (Fig. 5B) inhibited the mice, with no signs of toxicity or weight loss during
the growth of tumors formed by NCI-N87 or 4-1ST cells therapy (data not shown). These findings thus suggested
to a significantly greater extent than did treatment with that combination therapy with S-1 and either lapatinib or
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trastuzumab exhibits an enhanced antitumor effect in that HER2-targeting agents inhibit TS activity as well as
gastric cancer xenografts positive for HER2 amplification, TS expression in HER2 amplification—positive gastric
consistent with the results obtained in vitro. cancer cells, but not in cells without HER2 amplification.
Lapatinib is a dual inhibitor of EGFR and HER2, and so
Discussion its downregulation of TS might be attributable to inhibi-
tion of either of these tyrosine kinases. However, given
HER?2 amplification is a frequent molecular abnorma- that trastuzumab downregulated TS expression and ac-
lity in gastric cancer as well as in various other cancers. tivity to an extent similar to that observed with lapatinib,
Trastuzumab is widely used as a standard therapy for the effects of both lapatanib and trastuzumab on TS are
HER2-positive patients with breast cancer, with the drug likely mediated by inhibition of HER2. This conclusion is
showing clinical efficacy both alone and in combination further supported by the observation that transfection of
with chemotherapeutic agents (24, 25). HER2 is thus con- HER2 amplification—positive gastric cancer cells with an
sidered to be a potential target for the treatment of gastric siRNA specific for HER2 mRNA resulted in marked inhi-
cancer positive for HER2 amplification. A recently re- bition of TS expression, whereas transfection with an
ported phase III clinical trial showed a significant gain EGER siRNA had no such effect (data not shown). Down-
in overall survival for HER2-positive patients with ad- regulation of TS by HER2-targeting agents was accompa-
vanced gastric cancer who received combined treatment nied by a reduction in the abundance of E2F1, suggesting
with trastuzumab and fluoropyrimidine-cisplatin com- that this effect on TS results from attenuation of E2F1-
pared with those treated without trastuzumab (26). dependent transcription of the TS gene. Although the
However, there has been limited examination of HER2- mechanism responsible for regulation of TS and E2F1
targeting agents in gastric cancer models, and most remains unclear, our observations indicate that inhibition
such studies have been restricted to cells with HER2 am- of the PI3K-AKT pathway contributes, at least in part, to
plification. Furthermore, the mechanisms of action of the downregulation of TS by HER2-targeting agents.
HER2-targeting agents in combination with cytotoxic Activation of PI3K-AKT signaling has been found to re-
agents have remained unclear. sult in E2F1 accumulation (27, 28), supporting the notion
In the present study, we have shown that the combina- that inhibition of such signaling by HER2-targeting
tion of S-1 (or 5FU) and HER2-targeting agents exerts a agents leads to downregulation of E2F1 and TS. We previ-
synergistic antitumor effect in gastric cancer cells with ously showed that inhibition of EGFR by EGFR~tyrosine
HER? amplification but not in those without it. We found kinase inhibitors results in downregulation of TS and E2F1
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Figure 4. Effect of RNA
interference-mediated depletion of
TS on the proapoptotic action of
5FU in gastric cancer cells positive
for HER2 amplification. A, cells
were transfected with nonspecific
(control) or TS siRNAs for 48 hours,
after which cell lysates were
prepared and subjected to
analysis with
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antibodies to TS and to B-actin.
B, cells were transfected with
nonspecific or TS siRNAs as in A,
replated and incubated for

72 hours in complete medium in
the absence or presence of 5FU at
ICso concentrations (2.5 and

1.5 pmol/L for NCI-N87 and
SNU-216 cells, respectively), and
then evaluated for apoptosis by
staining with Annexin V. C, the
proportion of apoptotic cells in
experiments similar to that in B
was determined. Data are means +
SEM from three independent
experiments. D, cells treated as in
B were lysed and assayed for
caspase-3 activity after exposure
to 5FU for 48 hours. Data are
means + SEM from three
independent experiments. *,

P < 0.05 for the indicated
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Figure 5. Effect of the combination of S-1 and HER2-targeting agents on the growth in vivo of gastric cancer cells with HER2 ampilification. Nude mice
with tumor xenogra i by s.c. ion of NCI-N87 cells were treated for 4 weeks by daily oral gavage with vehicle (control), S-1 (10 mg/kg),
or lapatinib (50 x 2 mg/kg, twice a day; A) or by weekly i.p. administration of trastuzumab (20 mg/kg on days 1, 8, 15, and 22; B), as indicated. Nude
mice with 4-1ST xenografts were similarly treated with vehicle (control), S-1 (8.3 mg/kg), lapatinib (30 x 2 mg/kg, twice a day; A), or trastuzumab (10 mg/kg
on days 1, 8, 15, and 22; B). Tumor volume was determined at the indicated times after the onset of treatment. Data are means + SEM of values from seven
mice per group. *, P < 0.05, for the combination of S-1 plus lapatinib or trastuzumab at 28 days versus the corresponding value for S-1, lapatinib, or
trastuzumab alone.

expression in non-small cell lung cancer cells (29, 30).
Given that downregulation of TS was induced by HER2-

likely dependent on receptor tyrosine kinase signaling,
which is essential for cell survival.

targeting agents in gastric cancer cells with HER2 am-
plification and by EGFR-tyrosine kinase inhibitors in
non-small cell lung cancer cells, the expression of TS is

Downregulation of TS expression has been found to
enhance the efficacy of 5FU, possibly as a direct result
of the decrease in the amount of this protein target of
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