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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, S-1, lapatinib, trastuzumab, or
with S-1 and either lapatinib or trastuzumab on the the combination of -1 and either lapatinib or trastuzumab
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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 ICso 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 Hg/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-conjugated 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 expressed as a percentage of the corresponding value for control cells and are means + SEM
from three independent experiments.

for 4 weeks. Combination therapy with S-1 and lapatinib
(Fig. 5A) or with 5-1 and trastuzumab (Fig. 5B) inhibited
the growth of tumors formed by NCI-N87 or 4-1ST cells
to a significantly greater extent than did treatment with

either drug alone. All treatments were well tolerated by
the mice, with no signs of toxicity or weight loss during
therapy (data not shown). These findings thus suggested
that combination therapy with S-1 and either lapatinib or
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trastuzumab exhibits an enhanced antitumor effect in
gastric cancer xenografts positive for HER2 amplification,
consistent with the results obtained in vitro.

Discussion

HER2 amplification is a frequent molecular abnorma-
lity in gastric cancer as well as in various other cancers.
Trastuzumab is widely used as a standard therapy for
HER?2-positive patients with breast cancer, with the drug
showing clinical efficacy both alone and in combination
with chemotherapeutic agents (24, 25). HER? is thus con-
sidered to be a potential target for the treatment of gastric
cancer positive for HER2 amplification. A recently re-
ported phase III clinical trial showed a significant gain
in overall survival for HER2-positive patients with ad-
vanced gastric cancer who received combined treatment
with trastuzumab and fluoropyrimidine-cisplatin com-
pared with those treated without trastuzumab (26).
However, there has been limited examination of HER2-
targeting agents in gastric cancer models, and most
such studies have been restricted to cells with HER2 am-
plification. Furthermore, the mechanisms of action of
HER2-targeting agents in combination with cytotoxic
agents have remained unclear.

In the present study, we have shown that the combina-
tion of S-1 (or 5FU) and HER2-targeting agents exerts a
synergistic antitumor effect in gastric cancer cells with
HER2 amplification but not in those without it. We found

that HER2-targeting agents inhibit TS activity as well as
TS expression in HER2 amplification-positive gastric
cancer cells, but not in cells without HER2 amplification.
Lapatinib is a dual inhibitor of EGFR and HER2, and so
its downregulation of TS might be attributable to inhibi-
tion of either of these tyrosine kinases. However, given
that trastuzumab downregulated TS expression and ac-
tivity to an extent similar to that observed with lapatinib,
the effects of both lapatanib and trastuzumab on TS are
likely mediated by inhibition of HER2. This conclusion is
further supported by the observation that transfection of
HER2 amplification—positive gastric cancer cells with an
siRNA specific for HER2 mRNA resulted in marked inhi-
bition of TS expression, whereas transfection with an
EGFR siRNA had no such effect (data not shown). Down-
regulation of TS by HER2-targeting agents was accompa-
nied by a reduction in the abundance of E2F1, suggesting
that this effect on TS results from attenuation of E2F1-
dependent transcription of the TS gene. Although the
mechanism responsible for regulation of TS and E2F1
remains unclear, our observations indicate that inhibition
of the PI3K-AKT pathway contributes, at least in part, to
the downregulation of TS by HER2-targeting agents.
Activation of PI3K-AKT signaling has been found to re-
sult in E2F1 accumulation (27, 28), supporting the notion
that inhibition of such signaling by HER2-targeting
agents leads to downregulation of E2F1 and TS. We previ-
ously showed that inhibition of EGFR by EGFR~tyrosine
kinase inhibitors results in downregulation of TS and E2F1
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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 amplification. Nude mice
with tumor xenografts established by s.c. implantation 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 -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-
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

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

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

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

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

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

Materials and Methods

Cell culture and reagents. The human gastric cancer
cell lines SNU1, SNUS5, Hs746T, and AGS were obtained
from the American Type Culture Collection; MKN1,
MKN7, MKN45, NUGC3, and AZ521 were from the
Health Science Research Resources Bank; OKAJIMA,
MKN28, and HSC39 were from Immuno-Biological Lab-
oratories; and SNU216 was from the Korean Cell Line
Bank. HSC58, 58As1, and 58As9 are established cell lines
derived from human scirrhous gastric carcinoma as pre-
viously described (19). All cells were cultured under a
humidified atmosphere of 5% CO, at 37°C in RPMI
1640 (Sigma,) supplemented with 10% fetal bovine serum
and were passaged for <3 mo before the renewal from
frozen, early-passage stocks obtained from the indicated
sources. Cells were regularly screened for Mycoplasma
with the use of a MycoAlert Mycoplasma Detection
kit (Lonza). Dasatinib was kindly provided by Bristol-
Myers Squibb and PHA-665752 was obtained from Tocris
Bioscience.

Immunoblot analysis. Cells were washed twice with
ice-cold PBS and then lysed with 1x Cell Lysis Buffer (Cell
Signaling Technology) containing 20 mmol/L Tris-HCl
(pH 7.5), 150 mmol/L NaCl, 1 mmol/L EDTA (disodium
salt), 1 mmol/L EGTA, 1% Triton X-100, 2.5 mmol /L sodi-
um pyrophosphate, 1 mmol/L B-glycerophosphate,
1 mmol/L NazVOy, leupeptin (1 pg/mL), and 1 mmol/L
phenylmethylsulfonyl fluoride. The protein concentration
of cell lysates was determined with a BCA protein assay
kit (Thermo Fisher Scientific) and equal amounts of pro-
tein were subjected to SDS-PAGE on 7.5 or 12% gels
(Bio-Rad). The separated proteins were transferred to a ni-
trocellulose membrane, which was then incubated with
Blocking One solution (Nacalai Tesque) for 20 minutes at
room temperature before incubation overnight at 4°C with
primary antibodies. Antibodies to phosphorylated c-Src
(Y416), total c-Src, phosphorylated MET (Y1234 /1235,
Y1349), phosphorylated AKT, total AKT, phosphorylated
extracellular signal-regulated kinase (ERK), p27, or poly
(ADP-ribose) polymerase (PARP) were obtained from Cell
Signaling Technology; those to total ERK were from Santa
Cruz Biotechnology; those to total MET were from
Zymed /Invitrogen; and those to 3-actin were from Sig-
ma. The membrane was then washed with PBS contain-
ing 0.05% Tween 20 before incubation for 1 h at room
temperature with horseradish peroxidase-conjugated
antibodies to rabbit or mouse IgG (GE Healthcare). Im-
mune complexes were finally detected with enhanced
chemiluminescence (Amersham) Western Blotting De-
tection Reagents (GE Healthcare).

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

Fluorescence in situ hybridization analysis. MET gene
copy number per cell was determined by fluorescence
in situ hybridization with the use of the LSI D75522
(7q31) Spectrum Orange and chromosome 7 centromere
(CEP7) Spectrum Green probes (Vysis; Abbott). Cells
were centrifuged onto glass slides with a Shandon cyto-
centrifuge (Thermo Electron) and were fixed by consecu-
tive incubations with ice-cold 70% ethanol for 10 minutes,
85% ethanol for 5 minutes, and 100% ethanol for 5 min-
utes. Slides were stored at —20°C until analysis. Cells were
subsequently subjected to digestion with pepsin for
10 minutes at 37°C, washed with water, dehydrated with
a graded series of ethanol solutions, denatured with 70%
formamide in 2x SSC for 5 minutes at 72°C, and dehy-
drated again with a graded series of ethanol solutions be-
fore incubation with a hybridization mixture consisting of
50% formamide, 2x SSC, Cot-1 DNA, and labeled DNA.
The slides were washed for 5 minutes at 73°C with 3x
SSC, for 5 minutes at 37°C with 4x SSC containing 0.1%
Triton X-100, and for 5 minutes at room temperature with
2x SSC before counterstaining with an antifade solution
containing 4',6-diamidino-2-phenylindole. Hybridization
signals were scored in 40 nuclei with the use of a x100 im-
mersion objective lens. Nuclei with a disrupted boundary
were excluded from the analysis. Gene amplification was
defined by a mean MET/chromosome 7 copy number
ratio of >2.2 or by a mean MET copy number of >6 per
cell, corresponding to the previous definition for HER2
amplification (20).

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

Assay of caspase-3 activity. The activity of caspase-3
in cell lysates was measured with a CCP32/Caspase-
3 Fluometric Protease Assay kit (Medical Biological Lab-
oratories). Fluorescence attributable to the cleavage
of the Asp-Glu-Val-Asp-7-amino-4-trifluoromethyl cou-
marin (DEVD-AFC) substrate was measured at excita-
tion and emission wavelengths of 390 and 460 nm,
respectively.

www.aacrjournals.org
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Gene silencing. Cells were plated at 50% to 60% con- (phospho-Y416) in 16 human gastric cancer cell lines
fluence in six-well plates or 25-cm? flasks and were incu- were measured by immunoblot analysis. All the cell lines
bated for 24 hours before transient transfection with expressed detectable levels of total c-Src, whereas all
small interfering RNAs (siRNA) for 48 or 72 hours with lines with the exception of SNU1 and HSC39 manifested
the use of the Lipofectamine RNAiMAX reagent (Invitro- detectable (albeit different) levels of c-Src phosphorylation
gen). siRNAs specific for human c-Src mRNA (5'-CCAC- (Fig. 1A).

CUUUGU-GGCCCUCUATT-3) or human MET mRNA To assess the effects of dasatinib on cell growth, we ex-
(5'-ACAAGAUCGUCAACAAAAATT-3') as well as a " posed the gastric cancer cell lines to various concentra-
nonspecific siRNA (control) were obtained from Nippon tions of the drug and then measured cell viability.
EGT. The cells were then subjected to flow cytometry, im- Seven cell lines were responsive to dasatinib with ICs,
munoblot analysis, or assay of cell growth inhibition. values ranging from approximately 40 to 540 nmol/L,

Statistical analysis. Data were analyzed by Student's whereas nine cell lines remained resistant to dasatinib
two-tailed ! test. A P value of <0.05 was considered sta- at concentrations up to 5 pmol/L (Table 1; Fig. 1B).
tistically significant. SNU1 and HSC39 cells, both of which seemed to lack

activated c-Src, were resistant to dasatinib. For the
Results remaining cell lines positive for phosphorylated c-Src,
there was no apparent correlation between the antiproli-

Effects of dasatinib on the growth of gastric cancer cell ferative effect of dasatinib and the baseline phosphoryla-
lines. The baseline levels of total c¢-Src and activated c-Src tion level of c-Src (Fig. 1A).

r
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Figure 1. Phosphorylation of c-Src or MET and growth-inhibitory effects of c-Src or MET inhibitors in gastric cancer cell lines. A, the indicated gastric cancer
cell lines maintained in a medium containing 10% serum were lysed and subjected to immunoblot analysis with antibodies to phosphorylated (p-) or
total forms of c-Src or MET or to B-actin (loading control). B and C, gastric cancer cell lines were cultured in medium containing 10% serum for 72 hours
in the presence of various concentrations of dasatinib (B) or PHA-665752 (C), after which cell viability was assessed as described in Materials and
Methods. The number of viable cells is expressed as a percentage of the value for nontreated cells. Black and red lines, dasatinib-responsive and
dasatinib-resistant cells, respectively. Points, mean of values from three independent experiments; bars, SD.
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Table 1. ICs, values of dasatinib for inhibition of the growth of gastric cancer cells in vitro
Dasatinib response Cell line Dasatinib IC5, (umol/L) MET activation
Resistant SNU5 >5 +
Hs746T >5 +
MKN45 >5 -
HSC58 >5 -
58As1 >5 +
58As9 >5 +
OKAJIMA >5 +
SNU1 >5
HSC39 >5
Responsive
Moderately responsive AGS 0.54 + 0.12
MKN28 0.50 + 0.11
NUGC3 0.45 + 0.16
MKN7 0.42 + 0.26
MKN1 0.28 + 0.20
Highly responsive AZ521 0.06 + 0.03
SNU216 0.04 = 0.03
NOTE: Data are means + SD of triplicates from experiments that were repeated a total of three times with similar results.

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

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

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

Dasatinib inhibits ERK or AKT signaling in dasatinib-
responsive gastric cancer cell lines but not in dasatinib-
resistant cells. The effects of dasatinib on cell signaling
were evaluated in the gastric cancer cell lines with acti-
vated c-Src. Cells were exposed to various concentra-
tions of dasatinib and then subjected to immunoblot
analysis of phosphorylated and total forms of c-Src,
ERK, and AKT (Fig. 2). Dasatinib induced marked inhi-
bition of c-Src phosphorylation in all cell lines tested. In
dasatinib-responsive cells, dasatinib also inhibited ERK
phosphorylation in a concentration-dependent manner.
It also inhibited AKT phosphorylation in SNU216, AGS,
and MKNT1 cells. In contrast, dasatinib exhibited no sub-
stantial inhibitory effect on the phosphorylation of ERK or
AKT even at a concentration of 300 nmol/L in dasatinib-
resistant cells. These findings indicated that the antiproli-
ferative effect of dasatinib in gastric cancer cells correlates
with the inhibition of ERK or AKT signaling.

www.aacrjournals.org
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Dasatinib induces G1 arrest or apoptosis in dasatinib-
responsive gastric cancer cell lines. To investigate the
mechanism by which dasatinib inhibits gastric cancer cell
growth, we first analyzed the cell cycle profile by flow
cytometry after exposure of cells to the drug for 0, 24,
or 48 hours. We chose a dasatinib concentration of
300 nmol/L for these experiments because it approximat-
ed the ICsp values for dasatinib-responsive cell lines.
Dasatinib increased the percentage of cells in Go-G,
phase of the cell cycle and decreased the percentage of
those in S phase in a subset of dasatinib-responsive cell
lines, including AZ521, MKN28, NUGC3, and MKN7
(Fig. 3A). The other dasatinib-responsive cell lines, in-
cluding SNU216, MKN1, and AGS, in which dasatinib
inhibited both ERK and AKT phosphorylation, showed
an increase in the sub-G; cell population on exposure
to dasatinib, indicative of the induction of apoptosis
(Fig. 3A). In dasatinib-resistant cells with MET activation,
dasatinib had minimal effects on cell cycle distribution
(Supplementary Fig. S1A). We also examined the effect
of dasatinib on the abundance of the cyclin-dependent ki-
nase inhibitor p27, which contributes to the regulation of
G5 progression. Dasatinib induced the upregulation of

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

Effects of c-Src depletion in dasatinib-responsive gas-
tric cancer cell lines. To verify that the inhibitory effect
of dasatinib on cell growth is indeed mediated by c-Src
inhibition rather than by nonspecific inhibition of
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Figure 2. Effects of dasatinib on cell signaling in gastric cancer cell lines. The indicated cell lines were incubated in a medium containing 10% serum
for 24 hours in the absence or presence of dasatinib at 100 or 300 nmol/L. Cell lysates were then subjected to immunoblot analysis with antibodies to the

indicated proteins.
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Figure 3. Effects of dasatinib on cell cycle distribution and apoptosis in gastric cancer celllines. A, cells were incubated in medium containing 10% serum for 0, 24,
or 48 hours in the presence of 300 nmol/L dasatinib, after which they were fixed, stained with propidium iodide, and analyzed for cell cycle distribution by flow
cytometry. All data are means of triplicates from experiments that were repeated a total of three times with similar results. B, cells were incubated in a medium
containing 10% serum for 24 hours in the absence or presence of dasatinib (300 nmol/L). Cell lysates were then subjected to immunoblot analysis with
antibodies to p27. C, cells were incubated in medium containing 10% serum for 48 hours in the absence or presence of either dasatinib (300 nmol/L) or PHA-665752
(500 nmol/L). Cell lysates were then assayed for caspase-3 activity. Columns, mean of values from three independent experiments; bars, SD. *, P < 0.05
versus the corresponding value for control cells. D, cells were incubated in medium containing 10% serum for 72 hours in the absence or presence of either
dasatinib (300 nmol/L) or PHA-665752 (500 nmol/L). Cell lysates were then subjected to immunoblot analysis with antibodies to PARP.
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other kinases such as the platelet-derived growth
factor receptor, c-Kit, or Ber-Abl (6), we transfected dasa-
tinib-responsive cells with an siRNA that targets c-Src
mRNA. Similar to the effects of dasatinib, depletion of c-
Src resulted in G, arrest (Fig. 4A), accompanied by accu-
mulation of p27 (Fig. 4B), in AZ521, MKN28, NUGC3, or
MKN?7 cells. Moreover, also similar to the effects of dasati-
nib, depletion of c-Src in SNU216, MKN1, or AGS cells trig-
gered apoptosis as revealed by an increase in the sub-G,
cell population (Fig. 4A) and PARP cleavage (Fig. 4C).
These results thus indicated that the effects of dasatinib
on cell growth or survival in gastric cancer cell lines are
mediated by inhibition of c-Src.

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

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

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

(C), after which cell lysates were subjected to immunoblot analysis with antibodies to the indicated proteins.
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Figure 5. Mechanism of dasatinib resistance in gastric cancer cells with MET activation. A, cells were transfected or not with nonspecific (control) or
MET siRNAs for 48 hours, after which cell lysates were subjected to immunoblot analysis with antibodies to the indicated proteins. B, cells transfected as in A
were cultured in a medium containing 10% serum and various concentrations of dasatinib for an additional 48 hours, after which cell viability was assessed.
The number of viable cells is expressed as a percentage of the corresponding value for cells not exposed to dasatnib. Points, mean of values from

three independent experiments; bars, SD. C and D, cells were incubated in medium containing 10% serum for 0, 24, or 48 hours in the presence of 500 nmol/L
PHA-665752 (C) or 300 nmol/L dasatinib (D). Cell lysates were then subjected to immunoblot analysis with antibodies to the indicated proteins.

Discussion

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

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

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

Gastric cancer cell lines positive for MET activation
were resistant to dasatinib, despite the activation of c-Src
apparent in these cells. We showed that dasatinib sensitiv-
ity was restored in such cells by the depletion of MET,
suggesting that MET activation contributes to resistance
to c-Src inhibitors. The MET inhibitor PHA-665752 sup-
pressed c-Src, ERK, and AKT phosphorylation in cells
with activated MET, whereas dasatinib had minimal ef-
fects on either ERK or AKT phosphorylation. These find-
ings suggested that MET-c-Src and MET-ERK/AKT
pathways operate independently of each other in such
cells. We found that PHA-665752 inhibited the growth of
cells with MET activation, with this effect being accompa-
nied by the induction of apoptosis. Consistent with our
findings, MET amplification was previously shown to
identify a subset of gastric cancers likely to respond to
MET inhibitors (27). These results suggest that cells with
MET activation may have switched their cell growth
dependence from the c-Src-ERK/AKT pathway to the
MET-ERK/AKT pathway, although the precise mecha-
nism of the altered signal transduction remains unknown.
We further found that the combination of dasatinib and
PHA-665752 manifested an additive to synergistic inhibi-
tory effect on the growth of gastric cancer cells with MET
activation but not on that of cells without MET activation
(Supplementary Table S1 and Fig. S2). These data suggest
that the survival of cells with MET activation depends at
least in part on activated c-Src in the presence of a MET
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Thymidylate synthase (TS) is an essential enzyme that catalyses
the transfer of a methyl group from methylenetetrahydrofolate
to dUMP to generate dTMP (Carreras and Santi, 1995). The
subsequent phosphorylation of dTMP to dTTP provides a direct
precursor for DNA synthesis. The level of TS expression is
increased in highly proliferative cells, and an increased abundance
of TS in a broad range of tumours is associated with a poor
treatment response and prognosis (Costi et al, 2005). Transfection
of nontransformed cells with an expression vector for TS has also
been found to confer transformed-like behaviour, suggesting that
TS itself is a potential oncoprotein (Rahman et al, 2004). These
findings have led to TS being considered as a molecular target for
cancer therapy. To date, the antiproliferative effect of TS inhibition
has been examined mostly with the use of drugs such as
5-fluorouracil and its active metabolite 5-fluoro-dUMP, the former
of which is used in cancer chemotherapy. Although studies with
antisense oligodeoxynucleotides have also shown that depletion of
TS results in growth inhibition in human tumour cells (Ferguson
et al, 1999; Lin et al, 2001; Flynn et al, 2006), the underlying
mechanism of the antiproliferative effect of specific TS inhibition
has remained largely unknown.
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BACKGROUND: Thymidylate synthase (TS), a key enzyme in the de novo synthesis of thymidine, is an important chemotherapeutic target
for malignant tumours including lung cancer. Although inhibition of TS has an antiproliferative effect in cancer cells, the precise

METHODS: We examined the effects of TS inhibition with an RNA interference-based approach. The effect of TS depletion on the
growth of lung cancer cells was examined using colorimetric assay and flow cytometry.

RESULTS: Measurement of the enzymatic activity of TS in 30 hurman lung cancer cell lines revealed that such activity differs among
tumour histotypes. Almost complete elimination of TS activity by RNA interference resulted in inhibition of cell proliferation in all
tested cell lines, suggestive of a pivotal role for TS in cell proliferation independent of the criginal level of enzyme activity. The
antiproliferative effect of TS depletion was accompanied by arrest of cells in S phase of the cell cycle and the induction of caspase-
dependent apoptosis as well as by changes in the expression levels of cyclin E and c-Myc. Moreover, TS depletion induced
downregulation of the antiapoptotic protein X-linked inhibitor of apoptosis (XIAP), and it seemed to activate the mitochondrial

CONCLUsION: Our data provide insight into the biological relevance of TS as well as a basis for clinical development of TS-targeted

c.6605793 www.bjcancer.com
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Lung cancer is one of the most common forms of cancer
worldwide. Advanced lung cancer is treated by combination
chemotherapy, although further improvement in such therapy is
warranted. High levels of TS in tumours have been associated
with a poor response to TS-targeting agents in individuals with
advanced lung cancer (Oguri er al, 2005; Kubota et al, 2009; Ozasa
et al, 2009), although the biological relevance of TS in lung cancer
has remained to be well established. We have now abrogated both
the expression and activity of TS in lung cancer cells by the
application of RNA interference (RNAi). With this approach, we
investigated the precise mechanism of the antiproliferative effect
of TS depletion in lung cancer cells and further examined the
potential role of TS as a target for chemotherapeutic agents in
these cells. Our results provide a basis for the further development
of TS-targeted therapy in lung cancer patients.

MATERIALS AND METHODS

Cell culture and reagents

The human lung cancer cell lines A549, H1975, H1650, H358,
SW1573, H460, H1299, H520, Calu-1, H226, H82, H526, and H69
were obtained from American Type Culture Collection (Manassas,
VA, USA); PC9 and PC9/ZD were obtained as described previously
(Koizumi et al, 2005); PC3, LK2, PC1, EBC-1, PC10, HARA, SBC-3,



MS-1, COR-L47, STC-1, SBC-1, and RERF-LC-MA were obtained
from Human Science Research Resources Bank (Osaka, Japan);
Lul35 and Lul34B were from Riken Cell Bank (Tokyo, Japan); and
QG56 was obtained from Immuno-Biological Laboratories (Gunma,
Japan). All cells were cultured under a humidified atmosphere of
5% CO, at 37°C in RPMI 1640 medium (Sigma, St Louis, MO, USA)
supplemented with 10% fetal bovine serum. The pan-caspase
inhibitor ZVAD-FMK was from Wako (Osaka, Japan).

Assay of TS activity

Thymidylate synthase activity was quantified using tritiated
5-fluoro-dUMP binding assay (Spears et al, 1984). Cells were
harvested, diluted in 0.2M Tris-HCl (pH 7.4) containing 20 mM
2-mercaptoethanol, 15muM CMP, and 100 mm NaF, and disrupted
by ultrasonic treatment. The cell lysate was centrifuged at 1600 g
for 15 min at 4°C, and the resulting supernatant was centrifuged at
105000 g for 1h at 4°C. A portion (50 ul) of the final supernatant
was mixed consecutively with 50 ul of Buffer A (600 mmM NH,HCO3
buffer (pH 8.0), 100 mM 2-mercaptoethanol, 100 mM NaF, and
15mM CMP) and with 50 ul of [6-*H]5-fluoro-dUMP (7.8 pmol)
plus 25 l of cofactor solution (50 mM potassium phosphate buffer
(pH 7.4), 20 mM 2-mercaptoethanol, 100 mm NaF, 15mm CMP, 2%
bovine serum albumin, 2 mM tetrahydrofolic acid, 16 mM sodium
ascorbate, and 9mm formaldehyde). The resulting mixture was
incubated at 30°C for 20min, after which the reaction was
terminated by the addition of 100 ul of 2% bovine serum albumin
and 275 pl of 1 M HCIO, and by centrifugation at 1630 g for 15 min
at 4°C. The resulting precipitate was suspended in 2ml of 0.5M
HCIO,, and the mixture was subjected to ultrasonic treatment
followed by centrifugation at 1600 g for 15min at 4°C. The final
precipitate was solubilised with 0.5 ml of 98% formic acid, mixed
with 10 ml of ACS II scintillation fluid, and assayed for radioactivity.

RNAi

Cells were plated at 50-60% confluence in six-well plates or 25 cm?
flasks and then incubated for 24 h before transient transfection for
the indicated times with small interfering RNAs (siRNAs) mixed
with the Lipofectamine reagent (Invitrogen, Carlsbad, CA, USA).
The siRNAs specific for TS mRNA (TS-1, 5/-CAAUCCGCAUCCA
ACUAUU-3'; TS-2, 5'.GCUCAGGAUUCUUCGAAAA-3'; and TS-3,
5'_AGCUCAGGAUUCUUCGAAA-3') and a nonspecific siRNA
(5'-GUUGAGAGAUAUUAGAGUU-3') were obtained from Nippon
EGT (Toyama, Japan). The cells were then subjected to immuno-
blot analysis, flow cytometry, or assay of TS or caspase-3 activity.

Immunoblot analysis

Cells were washed twice with ice-cold phosphate-buffered saline
(PBS) and then lysed in a solution containing 20mm Tris-HCl
(pH 7.5), 150 mm NaCl, 1 mm EDTA, 1% Triton X-100, 2.5 mM
sodium pyrophosphate, 1 mm phenylmethylsulfonyl fluoride, and
leupeptin (1 yg ml™"). The protein concentration of cell lysates was
determined using the Bradford reagent (Bio-Rad, Hercules, CA,
USA), and equal amounts of protein were subjected to SDS-
polyacrylamide gel electrophoresis on a 7.5 or 12% gel. The
separated proteins were transferred to a nitrocellulose membrane,
which was then exposed to 5% nonfat dried milk in PBS for 1h at
room temperature before incubation overnight at 4°C either with
rabbit polyclonal antibodies to TS (1:1000 dilution; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), B-actin (1:500 dilution,
Sigma), survivin (1:1000 dilution; R&D Systems, Minneapolis,
MN, USA), or c-Myc, poly(ADP-ribose) polymerase (PARP), Bcl-2,
Bcl-x;, Bax, Bak, X-linked inhibitor of apoptosis (XIAP), or
Omi/HtrA2 (all in a 1:1000 dilution and from Cell Signaling
Technology, Danvers, MA, USA) or with mouse monoclonal
antibodies to cyclin E (1:1000 dilution, Santa Cruz Biotechnology),

© 2010 Cancer Research UK

TS as a therapeutic target for lung cancer
K Takezawa et al

cytochrome ¢ (1:1000 dilution, Cell Signaling Technology), to
Smac/Diablo (1:1000 dilution, Cell Signaling Technology). The
membrane was then washed with PBS containing 0.05% Tween 20
before incubation for 1h 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
(GE Healthcare, Little Chalfont, UK).

Growth inhibition assay in vitro (MTT assay)

Cells were plated at 50-60% confluence in 25 cm? flasks and then
incubated for 24h before transient transfection with an siRNA
specific for TS mRNA or a control siRNA as described above.
The cells were then isolated by exposure to trypsin, transferred to
96-well flat-bottom plates, and cultured for 72h before the addition
of TetraColor One (5 mM tetrazolium monosodium salt and 0.2 mm
1-methoxy-5-methyl phenazinium methylsulfate; Seikagaku, Tokyo,
Japan) to each well and incubation for an additional 3h at 37°C.
The absorbance at 490nm of each well was measured using
Multiskan Spectrum instrument (Thermo Labsystems, Boston,
MA, USA), and absorbance values were expressed as a percentage
of that for nontransfected control cells.

Cell cycle analysis

Cells were harvested, washed with PBS, fixed with 70% methanol,
washed again with PBS, and stained with propidium iodide
(0.05mgml™") in a solution containing 0.1% Triton X-100, 0.1 mM
EDTA, and RNase A (0.05mgml™"). The stained cells (~1 x 10%)
were then analysed for DNA content using flow cytometer (FACS
Caliber; Becton Dickinson, Franklin Lakes, NJ, USA) and Modfit
software (Verity Software House, Topsham, ME, USA).

Assay of caspase-3 activity

The activity of caspase-3 in cell lysates was measured using CCP32/
Caspase-3 Fluometric Protease Assay kit (MBL, Woburn, MA,
USA). Fluorescence 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.

Subcellular fractionation

A cytosolic fraction was isolated from cells by centrifugation. In
brief, cells were washed, resuspended in homogenisation buffer
(0.25 M sucrose, 10 mM HEPES-NaOH (pH 7.4), and 1 mM EGTA),
and homogenised by 50 strokes in a Dounce homogeniser. The
homogenate was centrifuged at 1000 g for 15min at 4°C to remove
nuclei and intact cells, and the resulting supernatant was
centrifuged at 10000g for 15min at 4°C. The final supernatant
(cytosolic fraction) was subjected to immunoblot analysis.

Statistical analysis

Data were analysed using Student’s two-tailed t-test. A P-value of
<0.05 was considered statistically significant.

RESULTS

TS activity varies among histotypes of lung cancer cells

We first examined the enzymatic activity of TS in 30 human lung
cancer cell lines (Table 1). The median TS activity in small cell lung
cancer (SCLC) lines was significantly higher than that in non-SCLC
(NSCLC) lines. Among NSCLC cell lines, the values for squamous
cell carcinoma were higher than those for non-squamous cell
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Table I TS activity of lung cancer cell lines classified according to

histology
TS activity

Cell line Histology (pmol per mg protein)
A549 Adeno 1.003£0.142
HI1975 Adeno 1.005 £ 0.276
H1650 Adeno 0.705%0.177
PC9 Adeno 0.370 £ 0.042
PC9/ZD Adeno 0.635+0.148
H358 Adeno 1.140+0.127
PC3 Adeno 0.591 £0.325
SWI573 Adeno 1.695 £ 0.544
H460 Large cell 0.420+0.184
H1299 Large cell 1121 £0.594
H520 Squamous 1.755+£0813
Calu-1 Squamous 4.805 +3.061
H226 Squamous 1.930 £ 0.820
LK2 Squamous 1.121 £0.042
PGl Squamous 3.055+0997
EBC-1 Squamous 1.055 +0.078
PCIO Squamous 1.204 + 0.052
QG56 Squamous 0.870+0.030
HARA Squamous 2.590+0.340
SBC-3 SCLC 5.795+0.247
H82 SCLC 5170+ 0.641
H526 SCLC 1.125+0.092
Hé9 SCLE 4.005+0.078
MS-1 SCLC 255510474
COR-L47 SCLC 3760+ 0.560
STC-I SCLC 6.832+0.490
SBC-1 SCLC 0.753+0.023
Lul35 SCLE 3.698+0.190
Lul34B SCLC 0.310%0.100
RERF-LC-MA SCLC 1.413£0.183

Abbreviations: SCLC =small cell lung cancer; TS =thymidylate synthase. Data are
means t sd. from three independent experiments,
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Figure | Thymidylate synthase (TS) activity in lung cancer cell lines

stratified according to histotype. Central horizontal lines represent median
values, with the upper and lower bars representing the 95% confidence
interval. *P<0.05 for squamous cell carcinoma vs non-squamous cell
carcinoma; **P <0.05 for SCLC vs either squamous cell or non-squamous
cell carcinoma.

carcinoma (Figure 1). There was no significant correlation between
TS activity and cell proliferation rate among these lung cancer cell
lines (data not shown). These data thus suggested that TS activity
varies according to histotype among lung cancer cell lines.
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TS depletion induces growth inhibition regardless of
original TS activity level in lung cancer cells

We next examined the effect of TS depletion by RNAi on the
growth of lung cancer cell lines. The abundance of TS was
markedly decreased as a result of cell transfection with either of
three different siRNAs targeted to TS mRNA (Figure 2A). Given
that the TS-1 siRNA induced the most pronounced downregulation
of TS expression, we selected this siRNA for use in subsequent
experiments. In all tested lung cancer cells, transfection with TS-1
resulted in marked depletion of TS, whereas no such effect was
observed in cells transfected with a nonspecific siRNA (Figure 2B).
Moreover, transfection of cells with TS-1 resulted in a >90%
decrease in TS activity compared with that in corresponding cells
transfected with a nonspecific siRNA or in untreated cells
(Figure 2C), regardless of the original levels of TS expression
and activity. The antiproliferative effect of TS depletion was
evaluated using the MTT assay. Depletion of TS resulted in
pronounced inhibition of proliferation in all tested cells compared
with the corresponding cells transfected with a nonspecific siRNA
or untreated cells (Figure 2D), and this antiproliferative effect was
found to be time dependent (Figure 2E). These data thus suggested
that the almost complete elimination of TS activity resulted in
marked inhibition of the proliferation of lung cancer cells
regardless of the original level of such activity.

TS depletion induces S-phase arrest in lung cancer cells

To investigate the mechanism by which TS depletion inhibits lung
cancer cell growth, we examined the cell cycle profile by flow
cytometry. Transfection with TS-1 siRNA increased the proportion
of cells in S phase of the cell cycle and reduced that of cells in G, or
G,-M phases in all tested cell lines regardless of histotype
(Figure 3A). Immunoblot analysis of proteins implicated in
regulation of the G,-S transition revealed that TS depletion
increased the abundance of cyclin E in all tested cell lines
(Figure 3B) without affecting that of cyclins D or A (data not
shown). In addition, TS depletion induced downregulation of
c-Myc (Figure 3B), a transcription factor that activates the
expression of several cell cycle-related genes. However, expression
of c-Myc was not detected in H69 cells, consistent with previous
observations (Plummer et al, 1993). These results thus suggested
that the S-phase arrest induced by TS depletion in lung cancer
cells was related to upregulation of cyclin E and downregulation
of c-Mye.

TS depletion induces caspase-dependent apoptosis in lung
cancer cells

We next examined the effect of TS depletion on apoptosis in lung
cancer cells. Flow cytometric analysis revealed that TS depletion
induced a time-dependent increase in the size of the sub-G,
(apoptotic) cell population (Figure 4A). Depletion of TS also
induced the cleavage of PARP (Figure 4B), a characteristic of
apoptosis, in the cell lines examined. Furthermore, the activity of
caspase-3 in cell lysates was increased as a consequence of TS
depletion (Figure 4C), and previous exposure of lung cancer cells
to the pan-caspase inhibitor ZVAD-FMK significantly inhibited

' the increase in the size of the sub-G, cell population induced

by depletion of TS (Figure 4D). These data thus indicated that
TS depletion induces caspase-dependent apoptosis in lung
cancer cells.

TS depletion activates the mitochondrial pathway of
apoptosis and induces downregulation of XIAP

To elucidate further the mechanism of apoptosis induced by TS
depletion, we examined the expression of members of the Bcl-2
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Figure 2 Effects of transient depletion of TS on TS activity and the proliferation of lung cancer cell lines. (A) The indicated cell lines were transfected with
a nonspecific (NS) siRNA or with either of three different siRNAs specific for TS mRNA (TS-1, TS-2, and TS-3) for 48h, after which cell lysates were
prepared and subjected to immunoblot analysis with antibodies to TS and -actin (loading control). (B) The indicated cell lines were left untreated (NT) or
were transfected with nonspecific or TS-1 siRNAs for 48 h, after which cell lysates were prepared and subjected to immunoblot analysis with antibodies to
TS and B-actin. (C) Cells were left untreated or were transfected with NS or TS-1 siRNAs for 72 h, after which cell lysates were prepared and assayed for TS
activity. Data are expressed as a percentage of the value for untreated cells and are means + s.d. of triplicates from experiments that were repeated on at
least one additional occasion with similar results, (D) Cells were left untreated or were transfected with NS or TS-1 siRNAs for 72 h, after which cell viability
was assessed with the MTT assay. Data are expressed as a percentage of the value for untreated cells and are means of triplicates from experiments that
were repeated on two additional occasions with similar resufts. (E) Cells were left untreated or were transfected with NS or TS-1 siRNAs for the indicated
times, after which cell viability was assessed with the MTT assay. Data are means * s.d. of triplicates from experiments that were repeated on two additional
occasions with similar results.

and inhibitor of apoptosis (IAP) families of proteins, both of affect the expression levels of Bcl-2, Bcl-x;, Bax, Bak, and survivin,

which are important regulators of apoptotic signalling pathways it resulted in a substantial decrease in the abundance of X-linked
(Hengartner, 2000). Although depletion of TS did not substantially inhibitor of apoptosis (XIAP) (Figure 5A). The activity of XIAP is
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