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Synergistic interaction between gefitinib (Iressa, ZD1839)
and paclitaxel against human gastric carcinoma cells
Jong-Kook Park® Sang-Hak Lee®, Jin-Hyoung KangP, Kazuto Nishio®,

Nagahiro Saijo® and Hyo-Jeong Kuh®

We have evaluated the antitumor effects of gefitinib
(Iressa, ZD1839) in SNU-1 human gastric cancer cells
(hMLH1-deficient and epidermal growth factor
receptor-overexpressed) when given alone oras a doublet
with oxaliplatin (LOHP), 5-fluorouracil (5-FU) or paclitaxel
(PTX). The four drugs showed ICsgs ranging from 1.81nM
to 13.2 1M, LOHP and PTX induced G,/M arrest, 5-FU
increased S phase, and gefitinib increased Gy ina
concentration-dependent manner. The analysis using the
previously developed cytostatic TP, model showed that 64
and 80% of the overall growth inhibition was attributed to
cell cycle arrest in cells exposed to 755pM of LOHP or
10nM of PTX for 72 h, respectively. PTX + gefitinib showed
greatest synergism as determined by combination index
analysis and apoptosis induced by PTX was potentiated by
the co-administration of gefitinib. LOHP + gefitinib showed
a similar, although to a lesser degree, synergistic

effect. This study demonstrates the antitumor activity and
the significant cell cycle arrest induced by gefitinib in
SNU-1 human gastric carcinoma cells, and its synergistic

Introduction

The contemporary combination regimens for treatment
of gastric cancer usually contain cisplatin and 5-fluoro-
uracil (5-FU). Recently, the triplet combination of
cisplatin, 5-FU and paclitaxel (PTX) has become one of
the most highly active regimens against advanced gastric
carcinoma {1].

Tumor tissues from gastric cancer patients show a high
incidence of epidermal growth factor (EGF) and its
receptor (EGFR) overexpression, both of which play a
promotional role in the development of gastric cancer
cooperatively with other members of the EGFR gene
family, c-erbB-2 and c-erbB-3 [2]. The EGF and EGFR
gene families have been associated with the growth
regulation and gastric wall invasion in gastric cancers
[3,4], and seem to be involved in determining the
chemosensitivity of human cancer cells to chemotherapy
[5]. Recently, it was also reported that inhibition of the
EGFR cascade abrogated Helicobacter pyrofi-induced up-
regulation of vascular endothelial growth factor in gastric
cancer cells [6). A novel approach for the therapeutic
blockade of EGFR signaling in human cancer has been
recently developed based on the discovery of low-
molecular-weight compounds that selectively inhibit the
ligand-induced activation of EGFR tyrosine kinase (TK)
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and its receptor-mediated intracellular signaling [7].
Among various quinazoline-derived compounds tested
as new anticancer drugs, gefitinib ({4-(3-chloro-4-fluero-
anilino)-7-methaxy-6-(3-morpholinopropoxy} quinazo-
line], also ‘Iressa’, ZD1839} has shown impressive
preclinical activity in various tumor models # wvitro and
in vivo [7]. Tt is an orally active, selective EGFR-TK
inhibitor that blocks the signal transduction pathways
implicated in the proliferation and survival of cancer cells,
and is currently under phase III clinical trial {7,8].

In addition, the methylation of DNA mismatch repair
(MMR) genes has been observed in many human cancers,
including gastric cancers. The methylation of the hMLH-
1 promoter region has been shown to be involved in the
mechanism of low or undetectable hMLH-1 protein
expression in gastric tumors [9,10]. In addition to
predisposing oncogenesis, the loss of MMR activity is
related to drug resistance, since the MMR proteins play
important roles in mediating the activation of cell cycle
checkpoints and apoptosis in response te DNA damage
induced by anticancer agents. This drug resistance
extends to a variety of alkylating anticancer agents
including platinum compounds, such as cisplatin and
carboplatin [11]. Moreover, it has been shown that N-
methyl-NV -nitro-N-nitrosoguanidine  (MNNG)-resistant
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human gastric cancer cells have very low or undetectable
leveis of hMLH-1 protein, which plays a key role with
hMSH2 in the MMR system [12].

Ozxaliplatin (LOHP) has a spectrum of activity that
differs from that of cisplatin or carboplatin, suggesting
that it has different molecular rargers and/for different
mechanism of resistance. It has been reported that MMR
deficiencies do not induce similar resistance to LOHP
[13], and because of this decreased possibility of
resistance development, LOHP may serve as a good
candidate for first-line treatment as a monotherapy or in
combination with other agents in gastric cancer. Hence,
LOHP may effectively substitute for cisplatin in the
platinum-based triplet combination with 5-FU and PTX,
as mentioned above.

In many studies, gefitinib in combination with radiation
as well as a variety of cytotoxic agents, including taxanes
and platinnm compounds, has shown synergistic and
supra-zdditive interactions in many rypes of cancers, such
as colon, lung, breast, prostate and ovarian cancer [14].
However, no studies have been conducted on the
antitumor effects of gefitinib given alone or in combina-
tion with cytotoxic agents against human gastric cancer
cells.

In the present study, we evaluated the growth-inhibitory
and cell cycle arrest effects of LOHP, 5-FU and PTX,
which are promising cytotoxic drugs for the treatment of
gastric carcinoma, and of a target-based cytostatic drug,
gefitinib, in SNU-1 human gastric carcinoma cells that
show MMR deficiency and EGFR overexpression. We also
determined whether simultancous EGFR blockade by
gefitinib could improve the anticancer activities of these
cytotoxic drugs. Our results show thar the gefiti-
nib+ PTX combination had the greatest synergistic
interaction. Gefitinib was found to powentiate the
apoptosis induced by PTX.

Materials and methods

Chemicals

Clinical grade gefitinib and LOHP were kindly provided
by AstraZeneca Pharmaceuticals (Macclesfield, UK} and
Sanofi-Synthelabo (Malvern, PA), respectively. PTX and
5-FU were provided by the Drug Synthesis and
Chemistry Branch, Developmental Therapeutics Pro-
gram, Division of Cancer Treatment and Diagnosis, NCI
(Bethesda, MD). Other drugs and reagents, unless
otherwise stated, were purchased from Sigma (St Louis,
MO},

Cell culture conditions

The human gastric cancer cell lines, SNU-1 and MKN-
45, human lung adenocarcinoma cell line, A549, and
human epidermoid carcinoma cell line, A431 were

obtained from the Korean Cell Line Bank (Seoul, South
Korea). Cells were maintained in RPMI 1640 supple-
mented with 10% heat-inactivated fetal bovine serum,
100 mg/ml of streptomyein and 100 U/ml penicillin in
humidified air containing 5% (v/v) CO;, at 37°C.

Western blotting

Total cell protein extracts were obtained as previously
described [15]. Brefly, cells were lysed with lysis buffer
(20mM Tris-HCI (pH 7.5), 150 mM NaCl, 0.1% SDS, 1%
Triten X-100, 1% sodium deoxycholate]. The lysate,
containing 30 pg of total protein, was then mixed with
2 x SDS-PAGE sample buffer, boiled for Smin and
electrophoresed in 8% SDS gels under reducing condi-
tions. The separated proteins were then electrophoreti-
cally rransferred tw PVDF membranes (Millipore,
Bediord, MA) and the membranes were probed with a
primary antibody against EGFR or hMLHI1 (anti-human
EGFR rabbit polyclonal antibody and anti-human
hMLH]1 rabbit polyclonal antibody; Santa Cruz Biotech-
nology, Santa Cruz, CA) at 1:1000 dilution. Immuno-
reactive proteins were detected by using an enhanced
chemiluminescence detection system (Amersham Phar-
macia Biotech, Little Chalfont, UK).

Measurement of growth inhibition

Growth inhibitory effects were measured by MTT assay
and by direct cell counting [16]. For MTT assay, cells
were plated in 96-well microtiter 24 h prior to treatment
(4000 cells/well). Cells were exposed to various concen-
trations of the tested agents for 72 h. The absorbance of
the reaction mixture was measured at 540nm and the
1Csp defined as the drug concentration required to reduce
the absorbance to 50% of the control in each test was
determined using an £, model:

i
0] ) R

K&+ [0
)

where D is the drug concenuration, Ky is the concentra-
tion of the drug that produces a 50% reduction in
absarbance (i.e, 1Csp), 2 is the Hill-type coefficient and
R is the residvual upaffected fraction (the resistant
fraction). The Sigma Plot regression funcrion was used
for model fitting,

% Cell viability = {100 — R)x (1 —

For direct cell counting, cells were seeded at a density of
1% 10%in 100- or 150-mm Petri dishes at least 24h prior
to drug exposure and were exposed to two different
concentrations of the dmug for up w 72h. The
concentrations of each drug were 0.75 and 7.55pM for
LOHPE 9 and 65uM for 5-FU, 2.5 and 10nM for PTX,
and 13 and 38 uM for gefitinib. At predetermined times,
cells were harvested by resuspending then in PBS and
then the total cell number was determined using a
Counter (Coulter Electronics, Luton, UK). Trypan blue
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exclusion under the microscope was used to determine
the viable cell fraction. The remainder of the cell
suspension samples was used for the cell cycle study
(see below). For the combination study, gefitinib was
given simultaneously with either LOHP, 5-FU or PTX for
72 h. Drugs were combined at equitoxic ratios (i.e. doses
were applied in combinations that would have produced
the same cytotoxic effect if the drugs were administered

- separately to produce a 50% growth inhibition, as
determined by MTT assay). The cytotoxicities of the
two-drug combinations were determined by MTT assay
using the same procedure as used for single treatments.
Each experiment was performed in triplicate.

Determination of combination effects

The cytotoxic effects obtained with two-drug combina-
tions were analyzed using the Chou and Talalay method
[17]. The interaction between two drugs was assessed by
using combination index (CI) (2). CI was calculated for a
cell death range of 20-80 %, i.e. Clz—Clso.

O, D (A0
Cl. = (Dx)‘: + (Dx)B + (DI)A(DJ‘)B ®

where Cl, is the CI for a fixed effect, x [fraction affected
(f.)-100], for a combination of drug A and drug B, (D) is
the concentration of drug A alone giving an effect x, (Dx)p
is the concencration of drug B alone giving an effect x,
(D), is the concentration of drug A in combination A+ B
giving an effect », (D)p is the concentration of drug B in
combination A + B giving an effect , and o is a parameter
with value 0 when A and B are mutually exclusive and 1
when A and B are mutually non-exclusive. A G, between
0.8 and 1.2 was categorized as additive, less than 0.8 as
synergistic, and greater than 1.2 as antagonistic.

Measurement of cell cycle effect

Cells were plated and treated as described above (see
measurement of growth inhibition by direct cell count-
ing). For the combination of PTX and gefitinib, cells were
exposed to 1.25nM of PTX and 8.5uM of gefitinib or
0.6nM of PTX and 4 uM of gefitinib. After harvesting,
the cells were fixed in 10ml of 70% cold ethanol while
vortexing, and cells were kept at 4°C for 1 h and stored at
-20°C until analysis. Upon analysis, fixed cells were
washed and resuspended in I ml of PBS containing 50 pg/
ml RNase A and 50 pg/ml propidium iodide, After 20 min
incubation at 37°C, cells were analyzed for DNA content
by flow cytometry (FACSVantage; Becton Dickinson
Immunocytometry Systems, San Jose, CA). For cach
sample, 10000 events were acquired. Cell cycle distribu-
tion was determined using cell cycle analysis software
(Modfit; Verity, Topsham, ME).

Cytostatic model analysis

In order to predict the concribution of cell cycle arrest to
the overall growth inhibition induced by a cytotoxic
agent, we used the cytostatic TP; model as described

previously [18]. In brief, the model assumptions were:
(1) exponential growth of a cell population with a growth
rate constant {£); (2) all cells were in cycle, ie. no cell
deaths and no Go phase arrest; (3) that the distribution of
cell numbers in a cell cycle follows the age structure of a
simple exponential population. TP;(t), the transition
probability for # phase at time # was defined as (o:(2)-
o + A oD/ Az, where oi(f) = [N;()—(# cells already
exiting from ¢ phase at time £)]/N;(z) and Nz} is the
number of cells in 7 phase at time ¢ The transition
probability for each cell cycle check point, i.e. TPg(#),
TPg{r) and TPgap(f), was calculated using Fi{7), the
fraction of cells in the Gy, S and Go/M phases at time £,
and #(f), the growth rate constant. The simulation of cell
population growth over time was performed using a
numerical method based on the cell population growth
algorithm using TP;(¥) and F{#). This model assumes no
cell death during cell cycle progression; hence, the
simulation result represents a reduction in the mumber
of cells resulting from cell cycle arrest (or disturbed cell
cycle progression) only. The model should underestimate
growth inhibition in the presence of cell death and the
difference between the meodel-predicted and the ob-
served growth curve of a treated cell population
represents the growth inhibidion resulting from cell death
in the population.

Simulianeous measurement of drug-induced apoptosis
and cell cycle distribution

For simultaneous determination of ¢ell cycle contents and
apoptosis, the user’s manual of Apo-Direct kit (PharMin-
gen, San Diego, CA} was followed. Briefly, after harvest,
cells were fixed in 1% paraformaldehyde/PBS on ice for 15
min and resuspended in 70% ice-cold ethanel. Cells were
then incubated in 50 pg of solution containing terminal
deoxynucleotidyltransferase and FITC-conjugated dUTP
deoxynucieotides 1:1 in reaction buffer for Zh at 37°C in
the dark, After washing in PBS containing 0.1% Triton X-
100, the cells were stained with 5 pg of propidium iodide
and 10kU of RNase in 1 ml of PBS for 20min at 37°C.
Flow cytometric analysis was performed with FL1
(FITC) and FL2 (propidium iodide) and data acquisition
and analysis were done using CellQuest software (Becton
Dickinson Immunocytometry Systems).

Statistical analysis

Statistical comparisons were completed using Student’s
paired stest; p < 0.05 was considered statistically sig-
nificant.

Results

hMLH-1 and EGFR expression in SNU-1 and MKN45
We evaluated the antitumor activities of the three
cytotoxic drugs, LOHF, 5-FU or PTX, and that of a
cytostatic drug, gefitinib, alone and in doublet combina-
tions. We selected SNU-1 human gastric carcinoma cells
because they are known to be MMR deficient due to a
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missense rutation in hMLH-1 [12], which was con-
firmed in this study (Fig. 1A). EGFR expression was also
examined and significant expression was observed in
these cells. The level of expression was higher than those
in MKIN-45, another human gastric cancer cell line, and in
A549, a human lung cancer cell line (Fig. 1B and 1C).
Hence, SNU-1 cells were considered to represent an
vitro gastric cancer model that may have intrinsic
chemoresistance related ro both MMR deficiency and
EGFR overexpression.

Cytotoxicity of LOHP, 5-FU, PTX and gefitinib in SNU-1
cells

Dose—response curves were analyzed using an £, model
with a resistant fraction (R}, which represents the
fraction of cells insensitive to the drug (Table 1}.
Significant R values were obtained for PTX (mean of
32%), whereas the other three drugs showed a full dose-
response curve with percentage cell viabilities decreasing

Flg. 1
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Western blot analysis of hMLH-1 {A) and EGFR (B) expression in
A549, A431, SNU-1 and MKN-45 cells. The relative expression levels
of EGFR relative to P-actin {C) were compared for these four cell lines.

almost to the base line level ( < 10%). The ICsp showed a
wide range from 1.81nM to 13.2pM, i.e. 0.788 uM for
LOHP, 9.35 uM for 5-FU, 1.81 nM for PTX and 13.2uM
for gefitinib. The antiproliferative activity of these agents
was confirmed by direct cell counting. Drugs were given
at two different concentrations, i.e. at the ICso and 1Cg
levels. For all agents, 72 h exposure exhibited 50-60 and
80-90% growth inhibition at the ICsy and ICg drug
concentrations, respectively (Fig. 2). For PTX, 10nM
induced 68% growth inhibition when measured by MTT
assay, with no further inhibition at higher concentrations,
nonetheless, 89% inhibition was observed by direct cel]
counting (Fig. 2C).

Cytostatic model analysis

Growth inhibition, i.e. the reduction in the growth rate of
a cell population following drug treatment, is the result of
cell cycle arrest (cytostatic effect) and cell death
(cyrotoxic effect). As previously reported, we have
developed a computational model (a cytostatic model,
because the model assumes no cell death to predict the
growth inhibition resulting from cell eycle arrest only) to
assess the respective contributions of cell cycle arrest and
cell death to the overall growth inhibition induced by
cytotoxic anticancer agents [18]. We used this cytostatic
madel to analyze the contribution of cell eycle arrese to
overall growth inhibition when SNU-1 cells were treated
with each cytotoxic agent. The time course of cell eycle
distribution was determined in SNU-1 cells exposed to
LOHP, 5-FU and PTX at ICg levels, respectively, and
uscd in model simulation (part of data shown in Fig. 3).
Since the model uses the percentage of cells in each
phase to simulate the growth of a cell population,
predictions cannot be made with 0% in any phase at
anytime. For this reason, this cytostatic model was used
only for LOHP and PTX, but not for 5-FU, because in
this case the percentage of cells in the Gy/M phase was
zero after 12 h exposure (daca not shown). The cytostatic
computational medel predicted 64% of the overall
inhibition from the cell cycle arrest induced by LOHP
after 72 h exposure at 7.55 uM. For PTX given for 72h at
10nM and 80% of the overall inhibition was attributed to
cell cycle arrest by the model. These results indicare that
the reduction in population growth rate caused by celt

Table 1 Parameters of the antipraliferative activities of LOHP, 5-FU, PTX and gefitinib against SNU-1 human gastric carcinoma cells
LOHP PTX Gefitinib

Cga® 0.788E£ 0,142 9.35£1.57 1.81%0,67 132%0.33

R 5.00+4.48 B.S53+764 32.0%11.1 0

m° 0.811£0.135 0.793+0.125 502080 1141010

Each value represents mean £ SD of three independent experiments.

®ICs0 is the concentration of the drug that kills 50% of cancer cells compared to the control after 72h of continuous exposure. Expressed in jiM, except for paclitaxel,

which is in nM.

PR is the residual unaffected fraction {resisiance iraction) (1) and is equal 18 {100 - Eppl).

“m is the Hilltype coetfiicient {1),
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Growth curves of SNU-1 cells when incubated with {open circles, solid triangles) and withaut (selid circles) drug treatment: LOHP (A), 5-FU B),
PTX (C) and gefitinib (D). Cells were treated at two different concentrations near the 1Ggq (open circles) and tha ICge (solid triangles). The
concentrations were: 0.75 and 7.55 pM for LOHP, 9 and 65 pM for 5-FU, 2.5 and 10nM for PTX, and 13 and 38 uM far gefitinib. For cell number
counting, cells wera harvested by resuspending in medium and counted using a Goulter counter. Trypan blue exclusion was used for the

determination of viable cell fraction.

cycle amrest effects contributes significantly to the overall
growth inhibition induced by LOHP and PTX.

Cell cycle arrest effect with single drag treatment

The cell eycle arrest effect of the four agents was studied
following a single drug exposure at two different
concentrations for 72h, i.e. around ICsp, and JCgy as
determined from the MTT dose~response curves. For
LOHP, exposure to ICsq level concentrations, 0.75uM
did not induce significant changes in the cell cycle
distribution (Fig. 3). When exposed to ICg level
concentrations, 7.55 uM of LOHP showed a moderate §
phase decrease and Go/M phase increase. Exposure to 5-
FU (9 and 65pM) resulted in an S phase increase along
with Go/M phase decreases in a concentration dependent
manner: the cell cycle change following 5-FU treatment
at the higher concentration (ICgp) was more pronounced.
For LOHP and 5-FU, the sub-G; population, representa-
tive of cells that had undergone apoptosis, increased with
time- and concentration-dependent manner. For PTX,
cell eycle effect was dependent on drug concentration. At
ICso (2.5nM), the number of cells in Gy phase decreased
with rapid accumulation of cells in sub-G; phase. At

10nM, however, most cells were blocked in Go/M phase
(69.5 = 0.8%) and a parallel decrease of the G, population
was observed at 24 h, and a significant increase of the sub-
G, population (27.4 £ 0.4%) and polyploid cells with
> 4# at 72h. Gefitinib (13 and 38pM) also showed a
concentration dependent pattern of Gy phase cell cycle
arrest. The sub-G; population was induced after 72h
exposure at ICsy concentration (12.5=+ 1.6%) and in-
creased 1o 52% after 72 h exposure at the concentration of
38 uM.

Evaluation of synergism

We cvaluated the synergistic interaction berween the
cytotoxic agents, LOHPE 5-FU or PTX, and the cytostatic
agent, gefitinib, All combinations were given at equitoxic
ratios at the 50% inhibition levels of each drug, i.e. 1Csp of
drug A:ICsq of drug B. The dose-response curves are
shown in Fig. 4 and the Cl; values calculated for
0.2 <f, <0.8 (i.e. 20 < # < 80) are shown in Fig. 5. Cl,
values for the combination LOHP + gefitinib varied with
fa: Cl, decreased from 1.74 at f, = 0.2 wo 0.67 at f; = 0.8,
In the clinically relevant range of f, > 0.5, hence,
LOHP + gefitinib was considered to be synergistic to
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DNA histogram analysis in cells exposed to LOHP, 5-FU, PTX and
gefitinib (GEF) single treatment at |Csq and 1Cy. Representative
histograms are shown for 24 and 72 h post-reaiment with the
percentage of cells in sub-G, phase. Cells were harvested and fixed
with ethanal before treated with RMase. Cells were then stained with
propidium iedide and analyzed by flow cylometry. The concentrations
were: 0.75 and 7.55 pM for LOMPE, 8 and 65 pM Jor 5-FU, 2.5 and
10nM for PTX, and 13 and 38 pM for GEFI,

additive. 5-FU + gefitinib was found additive with CI
values ranging from 1.06 to 1.24. The combination of
PTX + gefitinib showed greatest synergism: with CI
values of less than 1.0 (0.28-0.99) for the whole £, range;
in particular, the resistant fraction associated with PTX
single treatment was abrogated when combined with
gefitinib, indicating a greater advantage compared to the
other combinations (Fig. 4). For PTX + gefitinib, the
most synergistic combination, the cell cycle arrest and
apoptosis induction were studied in cells exposed to the
simultaneous treatment of PTX and gefitinib at two
different concentrations, i.e. 0.62nM PTX + 4 pM gefi-
tinib {(combination ICsp) and 1.25nM PTX+ 8.5uM
gefitinib (combination ICgs) (Fig. 6). No significant
changes in the cell cycle distribution were observed at
the combination ICsp level until 72h. At the higher
concentration, ie. 1.25nM PTX+85uM gefitinib
(around 1Cq¢s), a significant decrease in G, phase cells
occurred with rapid increase in sub-G, cells. The
simultaneous staining of DNA content and DNA strand
breaks were used to discern the apoptotic cells as well as
necrotic cells from viable cells (Fig. 6). The combination
of PTX and gefitinib at the ICsq and IC4 level
induced 100 and 35% increase (p <0.0S) in apoptosis
(TUNEL-positive cells), respectively, compared to the
single treatment, supporting the synergism becween
these two drugs.

Discussion

Systemic chemotherapy for the treatment of gastric
carcinomas includes mitomycin C, anthracyclines, alky-
lating agents and 5-FU. Among these drugs, cisplatin
and 5-FU are most commonly used in combination
regimens. Recently, PTX has been added and a triplet
combination of PTX, 5-FU and cisplatin has also been
evaluated for the treatment of advanced gastric
cancer [20]. In addition, a new platinum compound,
LOHP, may replace cisplatin due to its reduced toxicity
and decreased possibility of resistance development
related to MMR deficiency. Hence, we undertook to
evaluate in human gastric cancer cells the antitumor
activities of LOHP, 5-FU and PTX, and the potential
synergistic interactions between these cytotoxic agents
individually and a newly developed target-based (cyto-
static} drug, gefitinib, to provide preclinical data for the
future clinical development of these agents in a
combination setting for the treatment of advanced gastric
carcinomas.

The iz wvitro antitumor activity of the four agents was
evaluated by MTT assay. SNU-1 cells showed differential
sensitivity toward these agents, and the rank order of
sensitivities was PTX (1.81nM) > LOHP (0.788 uM) >
5-FU (9.35 uM) > gefitinib (13.2 uM). Among these four
agents, PTX showed the greatest cytotoxicity with an
ICso in the nanomolar range; however a significant

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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Representative dose-response curves of LOHF, 5-FU, PTX and gefitinib administered alone and in combination. (A) Gefitinib alone (solid circles),
LOHP alone (solid triangles), LOHP + gefitinib (open circles); (B) gefitinib alone {solid circles), 5-FU alone {solid triangles), 5-FU -+ gefitinib {open
circles): and (C) gefitinib alone (solid circles), PTX alona {solid triangles), PTX -+ gefitinib {open circles), Cells were simultaneously exposed to each
trealment regimen for 72 h and cell viability was determined by MTT assay. The x-axis is [gefitinib] x 1, [LOHP] % 12, [6-FU] x 1.2 and [PTX] x 6250.

fraction of resistant cells was found (Table 1}. Such PTX-
resistant fractions have been observed in other cell lines,
such as A549, a human lung adenocarcinoma celi line, and
in FaDu, a pharynx squamous carcinoma cell line, when
cell viability was measured by the MTT or the SRB assay
(unpublished data). In the case of PTX, the growth-
inhibitory effect as measured by two different methods
produced different results, i.e. MTT versus direct cell
counting {Table 1 and Fig. 2). The exposure of cells to
10oM of PTX for 72h induced around 90% growth
inhibition, when determined by direct cell counting,
whereas 68% growth inhibition was expected based on
MTT data. In the cases of the other three agents, the
MTT data agreed with direct cell counting, Therefore,
the resistant fraction obtained in the MTT assay seemed
to be associated with the assay method, especially for
PTX, suggesting that the experimental data obtained by
widely used viabilicy assays, such as MTT and SRB,
should be interpreted with caution when determining the
eytotoxicity of PTX in monolayer cultures. However, in
the present study, this did not affect the degree of
synergy calculated for gefitinib + PTX since the max-
imum concentration of PTX used for the CI calculation
was 2.5 nM, where no difference was observed between
the cell counting and MTT results (Fig, 2).

SNU-1 cells showed significant resistance to 5-FU, ie.
the ICso of 5-FU in SNU-1 cells was rather high
(9.35 pM), which is close to that of gefitinib, a known
cytostatic drug. MMR-proficient MKIN-45 cells showed
about 3 times higher sensitivity to 5-FU than SNU-1
cells (unpublished data)., Hence, this intrinsic resis-
tance of SNU-1 to 5-FU may be related to its MMR
deficiency [15].

Flg. 5

10 -

Combination index {(Ci}
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Fraction aftected (f,}

Combination index (Gl versus affecled fraction () plots for

LOHP + gefitinib {solid circles), 5-FU + gefilinib (open circles) and
PTX + gefitinib {open squares) in SNU-1 cells, Cells were treated with
LOHP or 5-FU or PTX + gefitinib at fixed equitoxic ratios, G1<0.8,
Cl=1 and CI>>1.2 indicate synargism, additivity and antagonism,
respectively. LOHP and gefitinib were frealed at a 0.083:1 malar ratio,
B-FU and gefitinib at 0.83:1, and PTX and gefitinib at 0.00016:1. Cl,
was calculated using En, model parameters obtained from the MTT
data shown in Fig, 4.

{t has been suggested that the inhibition of EGFR-TK is
an effective antiproliferative principle in EGFR-positive
human gastric cancer cells [4]. Recently, gefitinib showed
antiangiogenic and antiproliferative activity in a variety of
human cancer cells # o#re, including human gastric
cancer cells (KATO IIl and N87) [Z1]. The cytostatic
growth inhibitory activity of pefitinib has been
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Cell cycle distribution and apoplasis induction during simultaneous trealment with PTX and gefitinib in SNU-1 cells. The drug concentrations used
were 0.6 nM PTX+4 M (IC5D§,ur 1.25nM PTX+8.5 M gefitinib (ICgs). {A) Representative histograms are shown far 24 and 72h post-treatment
with the percentage of cells in the sub-G, phase. At predelermined times following drug exposure, cells were harvested, fixed, stained with

propidium iodide {Pl) and analyzed by flow cytometry. (B) The bivariale analysis of DNA content and apoptosis in cells exposed to the indicated drug
treaiment for 72 h, Gells were treated for 72 h and processed far the double staining of TUNEL/PI and analyzed by flow cytomeiry. Solid bax: TUNEL-
negative necrotic cells; gray box: TUNEL-positive apoplotic cells. Statislical analysis: sum of PTX and gefitinib alone versus combination: p<0.05,

demonstrated in a wide range of human cancer cell lines,
and the reported ICgqs of gefitinib vary by cell line and by
the assay method used, A soft agar colony assay showed an
ICsq range of 0.05-2.5pM for gefitinib in breast, colon
and gastric cancer cells [8,21]. On the other hand, an 1Cs,
range of 6-30 uM was reported in human head/neck and
colon cancer cells by MTT [22,23]. Our results on the
antitumor activity of gefitinib in SNU-1 cells are
comparable with these obtained using the same viability
assay method, i.e. MTT (Table 1).

A few studies have demonstrated an inverse correlation
berween growth ICgy and EGFR expression level [22],
whereas contradictory data have been reported by others
[7]. SNU-1 cells express moderate levels of EGFR, which
may explain its moderate ICgsp compared to other studies,

which used highly overexpressing cell lines, such as A431,
The EGFR signaling pathway involves the activation of
several nuclear proteins, including cyclin Dy, via the
actjvation of res and mitogen-activated protein kinase
[21]. Since EGFR activates cyelin Dy, and cyclin D, is
required for cell cycle progression from Gy to the S phase,
EGFR signaling is critical for cell proliferation and its
inhibition causes G, arrest in human cancer cells [21].
Our results also demonstrate that the inhibition of EGFR
signaling by gefitinib induces G, arrest in human gastric
cancer cells in a concentration dependent manner (Fg. 3).

In common with other cytostatic agents, gefitinib is
expected to be a good candidate for combination
regimens with cyroroxic agents. The combination of
gefitinib + PTX has been shown to induce dose-depen-
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dent cooperative growth inhibition and the potentiation
of apoptosis i viro [8,21), and to induce complete
regression in some human tumer xenograft models [71.
Gefitinib + LOHP has been found to be supra-additive in
human ovarian, breast and colon cells [14,24]. The
sequence-dependent synergy appeared to be cell-line
specific, i.e. gefitinib followed by cisplatin/5-FU was
synergistic in head/neck cell cancer cell line [2Z],
whereas gefitinib followed by oxaliplatin was antagonistic
in human colon cancer cell line [25]. The simultaneous
exposure was additive to synergistic in both studies,
hence, the simultaneous schedule was to chosen to
evaluate the synergy in the present srudy. We did noet
evaluate the sequence-dependent interactions because
SNU-1 cells prow as a suspension and, hence, are not
suitable for such experiments. The sequence dependency
should be investigated using another human gastric
cancer cell line.

In the present study, CI, was calculated for the range of
0.2 < f, < 0.8 (Fig. 5}, but the combinaticn effect on cell
cycle distribution and apoptesis induction was evaluated
for the range of f, = 0.5, i.e. at ICso and ICgy levels
(Fig. 6). Considering the fact that the maximum effect is
needed in the clinical situation, it should be more
relevant to focus on the effect above IG5y level [22].
Preclinical studies {especially, animal models) commonly
use lower doses of chemotherapy te observe greater
synergy; however, this often do not translace to the clinic,
where maximum therapeutic doses are used [26].

In our study, the potentiation of antitumor activity was
greatest for PTX + gefitinib, which had the lowest Clgp
value among the three combinations and moreover the
resistant fraction in the PTX single treatment was
completely abrogated (Figs 4 and 5). LOHP + gefitinib
is also a promising combination regimen because it
produced a very similar level of synergism to PTX + ge-
fitinib at £, = 0.8 and additive effects at the f, = 0.5 level.
Gefitinib combined with PTX resulted in enhanced drug-
induced apoptosis (Fig. 6). It is conceivable that the
eytotoxicity of PTX is potentiated by the effective
inhibition of survival signals upregulated by the EGFR
signal network. The ¢lucidation of the mechanism of this
interaction requires furcher investigation.

Results of phase Il lung trials for gefitinib + cyrotoxics
were disappointing and can be attributed to many factors
including the following: (i) due to the lack of correlation
between the apparent expression of EGFR and sensitiv-
ity, the responding phenotype was not known and patient
selection could not be made, (ii) it is believed that triplet
regimen of conventional chemotherapy are not superior to
doublets in non-small cell lung cancer, and (iii) patients
(in IDEAL phase II trials) who were already heavily
treated with, and refractory to, chemotherapy may have

been more sensitive to the inhibition of the EGER
pathway by gefitinib [27]. Despite the negative results of
phase IIT lung trials, the rationales for studying the
combination of gefirinib with cytotoxics in gastric cancers
are 3-fold. (i} EGFR levels were associated with poor
prognosis in gastric cancer patients [28,29], (i) gefitinib
is given orally, hence, higher drug concentration can be
obtained in the gastric tissues and (iii} gastric cancers are
relatively easy for biopsy study through which the
responding phenotype can be identified.

In summary, the present study demonstrates that the
antitumor activity of gefitinib, against human gastric
carcinoma cells, is accompanied by significant cell cycle
arrest and apoptosis. We also found that the antiproli-
ferative effects of the cytotoxic drugs, LOHP and PTX,
could be greatly enhanced when combined with gefitinib.
The suppression of growth by gefitinib may be of clinical
importance as the prolonged administration of crally
active gefitinib could offer long-term control of gastric
tumor growth and metastasis, This swudy provides
preclinical data supporting the clinical development of
gefitinib and its use in combination with PTX or LOHP
against MMR-deficient human gastric cancers that
express EGFR. Moreover, this study shows cthat gefitinib
warrants furcher evaluation v#s-4-vis its use in other gastric
cancer cellsfrumors.

References

1 Kim YH, Shin SW, Kim BS, Kim JH, Kim JG, Mok YJ, et al. Paclitaxel, 5-FU,
and cisplatin combination chemotherapy for the treatment of advanced
gastric carcinoma. Cancer 1999; 85:295-301.

2 Slesak B, Harozinska A, Porebska |, Bojarowski T, Lapinska J, Rzeszutko M,
et al. Expression of epidermal growth facior receptor family proteins (EGFR,
c-arbB-2 and c-erbB-3) in gastric cancer and chronic gasiritis, Anticancer
Res 1998; 18:2727-2732,

3 Aoyagi K, Kohiuji K, Yano 8, Murakami N, Miyagi M, Takeda J, ef al. Evaluation
of the epidermal growth factor receptor {EGFR} and ¢-erbB-2 in
superspreading-type and penetrating-type gastric carcinoma, Kurume Med J
2001; 48:197-200,

4 Piontek M, Hengels KJ, Porschen R, Strohmeyer G. Antiproliferative effect of
tyrosine kinase inhibitors in epidaermal growth factor-stimulated growth of
human gastric cancer cells. Anticancer Res 1983; 13:2119-2123,

5 Mendelsohn J, Fan Z. Epidermal growth factor receptar family and
chemosensitization. J Nall Cancer Inst 1997; 89:341-343,

§ Caputo R, Tuceillo G, Manzo BA, Zarilli R, Tertora G, Blanco Gdel V, et al.
Helicobacter pylori Vach toxin up-regulates vascular endothelial growth
factor expression in MKN 28 gastric cells through an epidermal growih
facter receptor-, cyclooxygenasa-2-dependent mechanism. Ciin Cancer Res
2003; 9:2015-2021,

7 Sirolnak FM, Zakowski MF, Miller VA, Scher HI, Kris MG. Efficacy of
cytoloxic agenis against human tumer xencgrafis is markedly enhanced by
coadministration of ZD1839 {fressa), an inhibitor of EGFR fyrosine kinase,
Clin Cancer Res 2000; 6:4885-4892,

8 Ciardiello F, Caputo R, Borrielle G, Del Bufala D, Biroccio A, Zupi G, ef al.
ZD1839 (IRESSA), an EGFR-selective tyrosine kinase inhibitor, enhances
1axane activity in bck2 overexpressing, multidrug-resistant MCF-7 ADR
human breast cancer calls, Int J Cancer 2002; 98:463-469.

9 Bevilacqra RA, Simpson AJ. Methylation of the hMLH1 promoter but no
hMLH1 mutations in sporadic gastric carcinomas with high-level
microsateliite instability. Int J Cancer 2000; 87: 200-203,

10 Kang YH, Bae 51, Kim WH. Comprehensive analysis of promoter methylation
and altered expression of hMLH1 in gastric cancer cell lines wilh
microsatellile instability, J Cancer Res Clin Oncol 2002; 128:119-124,

11 Fink D, Aebi 5, Howell SB. The role of DNA mismatch repair in drug
resistance, Clin Cancer Res 1958; 4:1-6.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



818 Anti-Cancer Drugs 2004, Vol 15 No 8

12

13

14

15

16

17

18

19

20

21

Shin KH, Yang YM, Park J-G. Absence or decreased levels oi the hMLH-1
protein in human carcinoma cell fnes: implication of h(MLH-1 in alkylation
tolerance. J Cancer Res Clin Oncof 1998; 124:421~426,

Raymond E, Falvre S, Woynarowski M, Chaney SG. Oxaliptatin: mechanism
of action and antineoplastie activity, Semin Oncol 1998; 25:4-12.
Ciardiello F, Caputo R, Bianco R, Darmdano V, Pomatico G, De Placido S,
el al, Antitumor effect and potentiation of cylotoxic drugs activity in human
cancer colls by ZD-1839 (lressa), an epidermal growth factor recepior-
selective fyrosine kinase inhibitor. Clin Cancer Res 2000; 6:2053-2063,
Carsthers JM, Chaithan DF, Fink D, Nebel S, Bresalior RS, Howell SB, ef al
Mismatch repair proficiency and Jn vitro response to S-flusrouracil,
Gastroenterology 1899; 117:123-131.

Carmichael J, Mitchell JB, DeGraff WG, Gamson J, Gazdar AF, Johnson BE,
et al. Chemosensitivity testing of human lung cancer cell lines using the MTT
assay. Br J Cancer 1088, 57:540-547,

Chou TG, Talalay P. Quantitative analysis of dose—sfled! relationships: the
combined effects of multiple drugs or enzyme inhibitors. Adv Enz Reg 1984;
22:27-55,

Kuh HJ, Nakagawa S, Usuda J, Yamaoka K, Saije N, Nishio K. A
compulational mode! for quantitative analysis of cell cycle arrest and its
contribulion to overall growth inhibition by anticancer agents. Jpn f Cancer
Res 2000; 81:1303-1313,

Steel GG. Growth Kinetics of Tumors: Cell Population Kineties in
Relation to the Growth and Treatment of Cancer. Oxford: Clarendon
Press; 1977,

Honecker F, Kolmannsberger C, Quietzsch D, Haag C, Schroeder M,
Spett G, et all Phase |l study of weekly paciitaxel plus 24-h continuous
infusion 5-FU, folinic acid and 3-weekly cisplatin for the {reatment of patients
with advanced gasiric cancer. Anticancer Drugs 2002; 13:497-503.
Ciardiello ¥, Caputo R, Bianco R, Damiano V, Fontanini G, Guccato S,

et al. Inhibition of growih factor production and angiogenesis in

human cancer cells by ZD1839 (lressa), a selsctive epidarmal growth

22

23

24

25

28

27

28

29

factor receptor tyrosine kinase inhibitor. Clin Cancer Res 2007; 7:
1455-1466,

Magne N, Fischel JL, Dubreuil A, Formenio P, Marcie S, Lagrange L, ef al
Sequence-dependent effects of ZD1838 {'Iressa’ in combination with
cylotoxic freatment in human head and neck cancer. Br J Cancer 2002;
86:819-8B27.

Magne M, Fische! JL, Dubreuil A, Formenio P, Poupon MF, Laurent-Puig P, ef
al. Influence of epidermal growlh facior receptor {EGFR), p53 and intrinsic
MAP kinase pathway status of tumour cells on the antiprofiferative affect of
ZD1839 (ressa'), 8r J Cancer 2002; 86:1518-1524.

Xu IM, Azzariti A, Colucei G, Paradiso A, The effect of gefitinib (fressa,
201839} in combination with oxaliplatin is schedule-dependent in colon
cancer cell lines. Cancer Chemother Pharmacol 2003; 52:442-448,

Xu IM, Azzariti A, Severino M, Lu B, Colucci G, Paradise A. Characterization
of sequence-dependent synergy betwean ZD1830 (Iressa’) and oxaliplatin.
Biochemn Pharmacol 2003; 66:551-563.

Herbst RS, Giaccone G, Schiller JH, Natals RB, Miller V, Manegold C, et al
Gefitiniy in combination with paclitaxe! and carboplatin in advanced non-
smail-ceff lung cancer: a phase I trial—INTAGT 2, J Clin Oncol 2004;
22:785-794,

Gamboa-Dominguez A, Dominguez-Fonseca C, Quintanilla-Marinez L,
Reyes-Gutierrez E, Green D, Angeles-Angeles A, et &/, Epidermal growlh
factor receptor expression correlates with poor survival in gastric
adenocarsinema from Mexican patients: a multivariate analysis using a
standardized immunchisiocchemical detection system. Mod Fathol 2004;
17:579-587,

Kopp R, Rothbauer E, Rugs M, Arnholdt H, Spranger J, Muders M, et al,
Ciinical implications of the EGF recepter/ligand system for lumor
progression and survival in gastrointestinal carcinomas: evidence for new
therapeutic aptions. Recent Results Cancer Res 2003; 162:115-132.
Perez-Soler R, HER1/EGFR targeling: refining the sirategy. Orcologist
2004, 9:58-67,

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



	200621018B-01
	200621018B-02



