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Fig 3. Comparison of area under the congentration-time curve (AUC)
veriability between the arms (P < .01; F test), BSA, body-surface area,

achieved a partial response in the BSA-based arm and indi-
vidualized arm, respectively.

In oncology practice, the prescribed dose of most anticancer
drugs is currently calculated from BSA of individual pa-
tients to reduce the interpatient variability of drug expo-
sure. However, PK parameters, such as CL of many
anticancer drugs, are notrelated to BSA.>*** Although PK
parameters of docetaxel are correlated with BSA, individu-
alized dosing based on individual metabolic capacities
could further decrease the interpatient variability.**
CYP3A4 plays an important role in the metabolism of
many drugs, including anticancer agents such as docetaxel,
paclitaxel, vinorelbine, and gefitinib. This enzyme exhibits a
large interpatient variability in metabolic activity, account-
ing for the large interpatient PK and PD variability. We have
developed a novel method of estimating the interpatient
variability of CYP3A4 activity by urinary metabolite of ex-
ogenous cortisol. That is, the total amount of 24-hour uri-
nary 6-B-OHF after cortisol administration was highly
correlated with docetaxel CL, We conducted a prospective

Table 3. Percentage Decrease in ANC

BSA-Based Arm  Individualized Arm
n=230 n=29)

Parameters

Abbreviations: ANC, absolute neutrophil ount; BSA, body-surface erea;
SD, standard deviation.
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Fig 4, Correlation between area under the concentration-time curve (AUC)
and percentege decreass in absolute neutrophil count ANC) in each arm. (A}
body-surface area-based am; (B) individualized arm.,

randomized PK and PD study of docetaxel to evaluate
whether the application of our method to individualized
dosing could decrease PK and PD variability compared with
BSA-based dosing.

The study by Hirth et a1*® showed a good correlation
between the result of the erythromycin breath test and
docetaxel CL, and the study by Goh et al*® showed 2 good
correlation between the midazolam CL and docetaxel CL.
In our study, we prospectively validated the correlation
between docetaxel CL and our previously published
method using the total amount of urinary 6-B-OHF after
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Randomized PK and PD Study of Docataxel

cortisol administration in the individualized arm. Asshown
in Fig 2, the observed docetaxel CL was well estimated, and
the equation for the estimation of docetaxel CL developed
in our previous study was found to be reliable and repro-
ducible, The target AUC in the individualized arm was set at
2.66 mg/L - h. This value was the mean value from our
previous study, in which 29 patients were treated with 60
mg/m’ of docetaxel. Individualized doses of docetaxel ranged
from 37.4 to 76.4 mg/m? and were lower than expected.

The SD of AUC in the individualized arm was about
46.2% smaller than that in the BSA-based arm, a significant
difference; this result seems to indicate that the application
of our method to individualized dosing can reduce the
interpatient PK variability. Assuming that the variability of
AUC could be decreased 46.2% by individualized dosing
applying our method, overtreatment could be avoided in
14.5% of BSA-dosed patients by using individualized dos-
ing (Fig 5, area A), and undertreatment could be avoided in
another 14.5% of these patients (Fig 5, area B). We consid-
ered that neutropenia could be decreased with patients in
area A by individualized dosing. However, it is unknown
whether the therapeutic effect of docetaxel could be im-
proved in the patients in area B by individualized dosing
because no significant positive correlation has been found
between docetaxel AUC and antitumor response in patients
with non—small-cell lung cancer.*? In this study, seven of 30

& AUC distribution by individualized dosing
{ ! AUC distribution by BSA-based dosing

Number of patients
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Fig 5. Simulated comparison of area under the concentration-time curve
(AUC) distribution between body-surface area {(BSA) -based dosing and
individualized dosing when the variability of AUC is decreased 46.2% by
individualized dosing applied using our method.
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(23.3%) and two of 30 (6,7%) patients in the BSA-based arm
were included in area A and B, respectively (Figs 3 and 5).

As shown in Figure 4, the percentage decrease in ANC
was well correlated with AUC in both arms, which was
similar to previous reports.””** It was also indicated that the
interpatient variability in the percentage decrease in ANC
was slightly smaller in the individualized arm than in the
BSA-based arm; however, this difference was not signifi-
cant. The response rates between the two arms were similar.
Although the interpatient PX variability could be decreased
by individualized dosing in accordance with our method,
the interpatient PD variability such as toxicity and the anti-
tumor response could not be decreased. Several reasons
could be considered.

‘With regard to toxicity, the pretreatment characteris-
tics of the patients in this study were highly variable. More
than half of the patients in each arm had previously received
platinum-based chemotherapy, and more than 30% had
received radiotherapy. The laboratory parameters (ie, ALB,
AAG, and ALP) were not balanced across the arms, al-
though they were not included in the eligibility criteria
{Table 1). These variable pretreatment characteristics and
unbalanced laboratory parameters may have influenced the
frequency and severity of the hematologic toxicity as well as
the pharmacokinetic profiles. The antitumor effect may
have been influenced by the intrinsic sensitivity of tumors,
the variable pretreatment characteristics, and the imbalance
in laboratory parameters, Non—small-cell lung cancer is a
chemotherapy-resistant tumor. The response rate for do-
cetaxel ranges from 18% to 38%,” and no significant posi-
tive correlation between docetaxel AUC and antitumor
response has been found. We considered it quite difficult to
control the interpatient PD variability by controlling the
interpatient PK variability alone. Although we did not ob-
serve any outliers in either arm, such as the two outliers with
severe toxicity observed in the study by Hirth et al,*® our
method may be more useful for identifying such outliers. If
we had not excluded patients with more abnormal liver
function or a history of liver disease by the strict eligibility
criteria, the results with the two dosing regimens may have
been more different, and the interpatient PD variability,
such as the percentage decrease in ANC, may have been
smaller in the individualized arm than in the BSA-based
arm. Furthermore, the primary end point of this study was
PK variability, evaluated by the SD of AUC in both arms,
and the sample size was significantly underpowered to eval-
uate whether the application of our method to individual-
ized dosing could decrease PD variability compared with
BSA-based dosing,

For the genotypes of CYP3A4, several genetic poly-
morphisms have been reported (http:/fwww.imm.ki.se/
CYPalleles/); however, a clear relationship between
genetic polymorphisms and the enzyme activity of
CYP3A4 has not been reported. Our phenotype-based
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individualized dosing using the total amount of urinary
6-B-OHF after cortisol administration produced good
results. However, this method is somewhat complicated,
and a simpler method would be of great use, We analyzed
the expression of CYP3A4 mRNA in the peripheral-

Yamamoto et al

blood mononuclear cells of the 29 patients in the indi-

vidualized arm. No correlation was observed between the
expression level of CYP3A4 mRNA and docetaxel CL or
the total amount of urinary 6-8-OHF after cortisol ad-

ministration (data not shown).
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In conclusion, the individualized dosing of docetaxel us-
ing the total amount of urinary 6-8-OHF after cortisol admin-
istration is useful for decreasing the interpatient PK variability
compared with the conventional BSA-based method of dosing.
This method may be usefill for individualized chematherapy.
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ABSTRACT

ZD6474 is an inhibitor of vascular endothelial growth factor receptor-2
(VEGFR-2/KDR) tyrosine kinase, with additional activity against epider-
mal growth factor receptor (EGFR) tyrosine kinase, ZD6474 inhibits
angiogenesis and growth of a wide range of tumor models ir vivo. Gefitinib
(“Iressa”) is a selective EGFR tyrosine kinase inhibitor that blocks signal
transduction pathways Implicated in cancer cell proliferation. Here, the
ability of gefitinib and ZD6474 to inhibit tumor cell proliferation was
examined directly in eight cancer cell lines in vitro, and a strong correla-
tion was noted between the ICy, values of gefitinib and ZD6474 (- = 0.79).
No correlation was observed between the sensitivity to ZD6474 and the
level of EGFR or VEGFR expression. The NSCLC cell line PC-9 was seen
to be hypersensitive to gefitinib and ZD6474, and a small (15-bp) in-frame
deletion of an ATP-binding site (exon 19} in the EGFR was detected
(delE746-A750-type deletion). To clarify the involvement of the deletional
mutation of EGFR in the cellular sensitivity to ZD6474, we examined the
efTect of this agent on HEK293 stable transfectants expressing deletional
EGFR that designed as the same deletion site observed in PC-9 cells
(293-pA15). These cells exhibited a 60-fold higher sensitivity to ZD6474
compared with transfectants expressing wild-type EGFR, ZD6474 inhib-
ited the phosphorylation of the mutant EGFR by 10-fold compared with
cells with wild-type EGFR. In conclusion, the findings suggested that a
small in-frame deletion in the EGFR increased the cellular sensitivity to
ZD6474.

INTRODUCTION

Gefitinib (“Iressa”) is an orally active, selective EGFR-tyrosine
kinase inhibitor that blocks the signal transduction pathways impli-
cated in the proliferation and survival of cancer cells and other
host-dependent processes promating cancer cell growth (1-3). Muta-
tion of the EGFR tyrosine kinase in human non-small-cell lung
carcinoma (NSCLC) and hyperresponsiveness to gefitinib in patients
with NSCLC with this mutation recently were reported (4, 5). The
mutations were small, in-frame deletions or substitutions clustered
around the ATP-binding site in exons 18, 19, and 21 of the EGFR. The
mutant receptors were significantly more sensitive to gefitinib than
the wild-type receptor (IC,, 0.015 versus 0.1 umol/L). However, of
the 85 other primary tumors and 108 cell lines derived from other
tumor types studied, none showed any mutations of this receptor (4),
Conversely, Ohm et al. (6) reported that all four patients with
gefitinib-responsive NSCLC were shown to have mutations of the
EGFR near the ATP-binding site compared with none of seven cases
showing no response to this drug. These results clearly suggest that
the EGFR mutation may be a strong determinant of the tumor re-
sponse to gefitinib.
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ZD6474 is an inhibitor of VEGFR-2 and EGFR signaling that
inhibits angiogenesis and tumor growth in a diverse range of tumor
models (7). We previously have shown that the NSCLC cell line PC-9
is hypersensitive to gefitinib, with an IC,q value of ~0.02 pmol/L (8,
9). It subsequently was established that the PC-9 cells also showed
hypersensitivity to ZD6474,

In this report, we discuss the presence of an EGFR deletional
mutation and its ability to determine sensitivity to ZD6474.

MATERIALS AND METHODS

Reagents, ZD6474 and gefitinib (Iressa) were provided by AstraZeneca
(Cheshire, United Kingdom).

Celt Colture. The human NSCLC cell lines PC-9 and PC-14 were estab-
lished at the Tokyo Medical University (10, 11). The human epidermal
carcinoma cell line A431, breast carcinoma cell line SK-BR-3, ovarian carci-
noma.cell line 8K-OV-3, and colon carcinoma cell lines WiDr and LoVo were
obtained from the American Type Culture Collection {Manassas, VA). The
SBC-3 cells were supplied by Okayama University School of Medicine. All of
the cell lines were maintained in Roswell Park Memorial Institute 1640
medium (Sigma, 8t. Louis, MO) supplemented with 10% heat-inactivated fetal
bovine serum (FBS; Life Technotogies, Rockville, MD), except for the LoVo
(F12; Nissui Pharmaceutical, Tokyo, Japan), WiDr {modified Eagle’s medium;
Nissui Pharmaceutical), and A431 cells (Dulbecco’s modified Eagle's me-
dium; Nissui Pharmaceutical). The HEK293 cell line was obtained from the
American Type Culture Collection and cultured in Dulbecco’s modified Ea-
gle’s medium supplemented with 10% FBS.

In vitre Growth-Inhibition Assay. The cell growth-inhibitory effect of
gefitinib and ZD6474 was determined uvsing the thiazoly! blue tetrazolium
bromide (MTT) assay (Sigma). Briefly, 180 pL/well of the cell suspension
were seeded onto Sumilon 96-well microculture plates (Sumitomo Bakelite,
Akita, Japan) and incubated in 10% FBS-containing medium for 24 hours. The
cells were treated with gefitinib or ZD6474 at various concentrations 4
nmol/L. to 80 umol/L) and cultured at 37°C in a humidified atmosphere for 72
hours. After the culture period, 20 pL of MTT reagent were added, and the
plates were further incubated for 4 hours. After centrifugation of the plates, the
culture medium was discarded, and wells were filled with dimethyl-sulfoxide,
The absorbance of the cultures was measured at 562 nm using Delta-soft on a
Macintosh computer (Apple, Cupertino, CA} interfaced to a Bio-Tek Micro-
plate Reader EL-340 (BioMetallics, Princeton, NI). This experiment was
conducted in triplicate. The statistical analysis was performed using Kaleida-
Graph (Synergy Software, Reading, PA).

Plasmid Construction and Transfection, Construction of expression
plasmid vector of mock {empty vector), wild-type EGFR, and the 15-bp
deletional EGFR {delE746-A750-type deletion; ref. 4} that possess the same
deletion site observed in PC-9 cells (Fig. 24) in detail was described in another
paper.* The plasmids were transfected into the HEK293 cells, and the trans-
fectants were selected by Zeosin (Sigma). The stable transfectants (pooled
cultures) of the empty vector, wild-type EGFR, and its deletion mutant were
designated as Mock, 293-pEGFR, and 293-pA15, respectively,

Immuneblot Analysis. Immunablat analysis was performed as described
previously (3}, EGFR antibody was purchased from Santa Cruz Biotechnology
(no. 1005; Santa Cruz, CA) and Cell Signaling (Beverly, MA). Phospho-EGFR
antibedy (specific for Tyr-1068), human epidermal growth factor receptor 2,
p44/p42 mitogen-activated protein kinase (MAPK), phospho-p44/p42 MAPK,
AKT, phospho-AKT, and antirabbit horseradish peroxidase-conjugated anti-
body all were purchased from Cell Signaling. The transfected cells cultured in

“ Unpublished observation.
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IN-FRAME DELETION IN THE EGFR AS A TARGET FOR ZD5474

A

Fig. 1. The cellular characteristics and growth-inhib-
itory effect of gefitinib and ZD6474. A, correlation plot
of the IC,, values of pefitinib and ZD6474 in human
cancer cell lines. The growth-inhibitory effect against
PC-9, WiDr, LoVo, PC-14, Ad31, SK-OV-3, SK-BR-3,
and SBC-3 cells was determined by MTT assay (72-
hour exposure). The data were obtained from three in-
dependent experiments, B, expression and phosphoryla-
tion status of EGFR and downstream molecules in
human cancer cell lines. Data were obtained by immu-
noblot analysis with anti-EGFR, anti-phospho-EGFR,
anti-HER2, anti-phospho-p44/p42 MAPK, anti-p44/p42
MAPK, anti-AKT, anti-phospho-AKT, and anti-AKT,
€. The mRNA expression level of VEGFR-2 and
YEGFR-3 was determined by reverse transcription-
PCR. Human umbilical vascular endothelial cell (HU-
VEC) was used as the positive control. Whereas
VEGFR-2 expression was not detected in any of the
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cancer cell lines, VEGFR-3 expression was detected ia
the PC-14 and SBC-3 cells; arrows, f-actin; arrow-
heads, VEGFR-2 or VEGFR-3.

the serum-free medium for 24 hours were stimulated by the addition of EGF
(Sigma) at a final concentration of 10 ng/mL. After a 30-minute incubation, the
cells were incubated for an additional 3 hours in the presence of ZD6474 and
then collected for immuncblot analysis. The subconfluent cancer cell lines
were cultured in medium containing 10% FBS and collected for immunoblot
analysis,

Reverse-Transcription PCR. Five micrograms of total RNA from each
cultured cell line were converted to cDNA using a GeneAmp RNA-PCR kit
{Applied Biosystems, Foster City, CA). The primers used for the PCR were as
follows: VEGFR-2, 5'-CAGACGGACAGTGGTATGGTTC-3' (forward) and
5'-ACCTGCTGGTGGAAAGAACAAC-3" (reverse); and VEGFR-3, 5'-
AGCCATTCATCAACAAGCCT-3' (forward) and 5'-GGCAACAGCTG-
GATGTCATA-3’ (reverse). As a control, the following human f-actin primers
were used: 5'-GGAAATCGTGCGTGACATT-3 and 5'-CATCTGCTG-
GAAGGTGGACAG-3'. PCR amplification consisted of 35 eycles (95°C for
45 seconds, 62°C for 45 seconds, and 72°C for 60 seconds) followed by
incubation at 72°C for 7 minutes. The bands were visualized by ethidium
bromide staining,

Sequencing. Sequencing of exons 18 through 21 of EGFR ¢DNA in the
tumor cell lines was performed. The cDNAs were amplified vsing the follow-
ing primers: 5'-TCCAAACTGCACCTACGGATGC-3' (forward} and 5'-
CATCAACTCCCAAACGGTCACC-3' (reverse). PCR amplification con-
sisted of 25 cycles (95°C for 45 seconds, 55°C for 30 seconds, and 72°C for
60 seconds). The sequences of the PCR products were determined using ABI
prism 310 (Applied Biosystems). Amplification and sequencing were per-
formed in duplicate for each tumor cell line. The sequences were compared
with the GenBank-archived human sequence of EGFR (accession no.
NM  005228.3).

RESULTS

Growth-Inhibitory Activity of Gefitinib and ZD6474, We ex-
amined the in vitre growth-inhibitory activities of gefitinib and
ZD6474 on eight cancer cell lines by MTT assay. The IC,, values of
gefitinib and ZD6474 for each cell line were compared and plotted as
shown in Fig. 1A. Good correlation (r = 0.79) was observed between
the IC,, values of gefitinib and ZD6474, suggesting that the mecha-
nisms underlying the growth-inhibitory activities of the two drugs in
vitro might be similar. To clarify the correlation between the cellular
sensitivity for gefitinib and ZD6474 and the EGFR status, we exam-
ined the expression and phosphorylation levels of EGFR in the cell
lines by immunoblot analysis (Fig. 1B). No correlation was found
between the expression status or the phosphorylation level of EGFR
and the ICy, value of either drug. There also was no correlation
between the cellular sepsitivity and the phosphorylation status of any
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downstream molecules, such as phosphorylated MAPK. and phospho-
AKT (Fig. 1B). To determine the correlation between the VEGFR
expression levels and cellular sensitivity, we examined the mRNA
levels of the VEGFR-2 and VEGFR-3 in the cell lines by reverse
transcription-PCR and detected VEGFR-3 transcripts in PC-14
and SBC-3 cells (Fig. 1C). VEGFR-2 was not detectable in all of the
cancer cell lines. The results suggested that there was no correlation
between the cellular sensitivity to ZD6474 and the VEGFR-2
and VEGFR-3 expression level, Among all of the cell lines examined,
the PC-9 cell line was found to be hypersensitive to gefitinib
(ICsq 003 = 0.002 pmol/l.) and ZD6474 (IC,, values
= 0.09 = 0.01 pumol/L). The respective ICs; values of gefitinib and
ZD6474 for the other cell lines were as follows: WiDr, 18.7 + 2.5
pmel/L and 17.7 = 2.3 pmol/L; SK-OV-3, 8,3 * 1.5 pmol/L and
3.3 % 0.2 pmol/L; LoVo, 2,0 * 0.3 pmol/L and 1.8 = 0.2 umol/L;
A431, 7.1 * 0.9 pmol/L and 4.1 = 0.2 umol/L; PC-14, 20 * 2.1
pmol/L and 10 £ 1.2 pmol/L; SK-BR-3, 0.8 * 0.15 umol/L and
52 * 0.1 pmol/L; and SBC-3, 12.3 * 2.1 pmol/L and 33 * 0.3
pmol/L.

Fifteen-Base Pair In-Frame Deletion of EGFR in PC-9 Cells,
To determine the cellular determinants of the hypersensitivity of the
PC-9 cells to gefitinib, we determined the sequence of the EGFR
mRNA in the PC-9 cells. The analysis revealed a 15-bp in-frame
deletion around the ATP-binding site in exon 19 (Fig. 24). No
deletion or mutation was found in the other cell lines, The 15-bp
in-frame deletion in the EGFR was consistent with the observations of
Ohm et al. (6) in four patients with lung cancer.

Deletional Mutation of EGFR Increases the Cellular Sensitivity
to ZD6474. We hypothesized that the cellular hypersensitivity of the
PC-9 cells to ZD6474 was attributable to the deletional mutation of
EGFR in these cells. Te confirm the validity of this hypothesis, we
examined ZD6474 sensitivity to HEK293 transfectant expressing the
15-bp deletion mutant EGFR or wild-type EGFR. The sequencing of
EGFR c¢DNA obtained from 293-pEGFR and 293-pA15 cells was
shown (Fig. 2B). The sensitivity of the transfectants was examined by
72-hour exposure of ZD6474 using MTT assay. The 293-pAl5 cells
were found to be 60-fold more sensitive to ZD6474 than the mock and
wild-type EGFR transfectants (Fig. 34). The IC,, of ZD6474 for the
293-pA1S cells, 293-pEGFR cells, and the mock transfectants were
0.08, 5.2, and 6.3 pmol/L, respectively,

The EGFR expression levels in the transfectants were quantified by
immunoblot analysis using anti-EGFR antibody recognizing the
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SKOV-3  GGACTCTGGATCCCAGAAGGTGAGAAAGTTAAAATTCCCGTCGCTATCAAGGAATTAAGAGAAGCAACATCTCCCAAAGCCAACAAGGAAATCCTCGAT
WiDr GGACTCTGGATCCCAGAAGGTGAGAAAGTTAAAATTCCCGTCGCTATCAAGGAATTAAGAGAAGCAACATCTCCGAAAGCCAACAAGGAAATCCTCGAT
Lovoe GGACTCTGGATCCCAGAAGGTGAGAAAGTTAAAATTCCCGTCGLTATCAAGGAATTAAGAGAAGCAACATCTCCGAAAGGCAACAAGGAAATCCTCGAT
SKBR-3} GGACTCTGGATCCCAGAAGGTGAGAAAGTTAAAATTCCCOTCGETATCAAGGAATTAAGAGAAGCAACATCT! CCGAAAGCCAACAAGGAAATCCTCGAT
A4l GGACTCTGGATCCCAGAAGGTCAGAAAGTTAAAATTCCCGTCGCTATCAAGGAATTAAGAGAAGCAACATCTCCGAAAGCCAACAAGGAAATCCTCGAT
PC-14 GGACTCTGGATCCCAGAAGGTGAGMAGTTAAMTTCCCGTCGCTATCAAGGMTTAAGAG_AAGCAACATCTCCGAMGCCAACAAGGAAATCCTCGAT
SBC-3  GGACTCTGGATCCCAGAAGGTOAGAAAGTTAAAATTCCCGTCGCTATCAAGGAATTAAGAGAAGCAACATCTCCGAAAGCCAACAAGGAAATCCTCOAT
PC-9  GGACTCTGGATCCCAGAAGGTGAGAAAGTTAAAATTCCCGTCGCTATCAA———— o A ACATCTCCGAAAGCCAACAAGGAAATCCTCGAT
293-pEGFR  GGACTCTGGATCCCAGAAGGTGAGAAAGTTAAAATTCCCGTCGCTATCAAGGAATTAAGAGAAGCAACATCTCCGAAAGCCAACAAGGAAATCCTCGAT
293-pA15  GOGACTCTGGATCCCAGAAGGTGAGAAAGTTAAAATTCCCGTCGCTATCAA, AACGATCTCCGAAAGCCAACAAGGAAATCCTCGAT
B
293-pEGFR
Fig. 2. Alignment of the EGFR sequence in the cancer cell lines and sequencing of HEK293
transfectants, A, sequence of exon 19 of EGFR ¢DNA in the cancer cell lines and 293 transfectants,
The transfectants for the wild-type EGFR and the 15-bp deletional EGFR (delE?46-A750-type
deletion) that possess the same deletion site observed in PC-9 cells were designated as 293-pEGFR
and 293-pA15. B, sequencing of EGFR ¢DNA obtained from the HEK293 transfectants by reverse
transcripticn-PCR,
293-pa15
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COOH-terminus of EGFR. High expression of EGFR proteins was  exposure inhibited the phosphorylation of wild-type EGFR and mutant

detected in the 293-pAl5 cells and 293-pEGFR cells but not in the
mock cells (Fig. 3B). Exposure to ZD6474 did not affect the expres-
sion of levels of either the wild-type or the mutant EGFR. EGFR
status was quantified by measuring the phosphorylation level of the
Tyr-1068 residue, commonly used as & marker of the autophospho-
rylation of EGFR (12),

Under the condition of serum starvation, wild-type EGFR did not show
any autophosphorylation, whereas the addition of EGF activated the
receptor. However, marked autophosphorylation of the mutant EGFR
was observed, even without the addition of EGF (Fig. 3B). ZD6474

EGFR in a dose-dependent manner, with 2 pmol/L and 0.2 pmol/L of
ZD6474 completely inhibiting phosphorylation of the wild-type EGFR
and mutant EGFR, respectively. These results suggest that cells express-
ing the deletion mutant of EGFR are markedly more sensitive to the
inhibitory effect of ZD6474 than those expressing wild-type EGFR.

DISCUSSION

Recent reports by Paez and Lynch have indicated that deletional
mutations of EGFR impact on the therapeutic effects of the molecular-
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Fig. 3. Effect of ZD6474 on celtular growth inhibition and phospho- =
rylated status of EGFR in the HEK293 transfectants. A. The cellular o
sensitivity of the transfectants against ZD6474 was determined by MTT =
assay (72-hour exposure), The mean values and SD represent the values Fd
obtained from the growth-inhibition curves in three independent experi- 8
ments; 4, mock (empty vector); M, 293-pEGFR (wild-type EGFR); A,
293-pA15 (deletional-mutant EGFR). B, effect of EGF stimulation and 0.001 0,01 01 1 10 100
ZD6474 exposure on mock, wild-type EGFR, and deletional mutant p N
EGFR-transfected HEK293 cells determined by immunoblot analysis. ZD6474 Concentration {rmol/L)
Cells cultured under serum starvation for 24 hours were exposed to 10
ng/mL EGF for 30 minutes and then treated with 0.002 to 2 umoll. B 18 EGFR IB: phospho-EGFR
ZD6474 for 3 hours in the presence or absence of EGF, Left, EGFR Mock B Wi " ; AT T TR AT i
expression levels; right, EGFR phosphorylation levels, ' : -
293-pEGFR
293-p415
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targeted EGFR inhibitor gefitinib (4, 5). Here, we show that a 15-bp
deletional mutation residing near the ATP binding site of EGFR in
cancer cells also increases the sensitivity of the cells to ZD6474.

ZD6474 is a small molecule inhibitor of VEGFR-2 tyrosine kinase
that is in Phase II clinical evaluation. In vivo, this compound inhibits
VEGF signaling, tumor-induced angiogenesis, and the growth of a
histologically diverse panel of tumor xenografts. This includes highly
significant activity against tumor xenografts with intrinsic or acquired
resistance to EGFR inhibitors (13). However, ZD6474 also has activ-
ity against EGFR tyrosine kinase that may give additional therapeutic
benefit when tumors have a high dependency on EGFR signaling for
growth and/or survival. This has been shown in PC-9 cells that are
hypersensitive to treatment with gefitinib (9). PC-9 tumor cells also
are hypersensitive to ZD6474 in vitro and regress in response to
ZD6474 treatment when grown as tumor xenografts in vivo (14),

We have shown that PC-9 cells contain a 15-bp in-frame deletional
tnutation in EGFR, and this mutation may confer increased sensitivity
to ZD6474 and gefitinib. The difference in ZD6474 concentration
required for complete inhibition of wild-type and mutant EGFR
phosphorylation was relatively small (2 versus 0.2 umol/L), whereas
difference in sensitivity to ZD6474 was large (60-fold).

The deletional EGFR was constitutively phosphorylated, and the
addition of EGF to the cultures did not result in any additional
increase in phosphorylation (Fig. 3B). These observations contradict
data reported by Lynch er al. (4}, who showed that a receptor with a
similar deletion was still regulated by EGF.

The most possible explanation for this contradiction is that the
expression level of deletional EGFR in the 293-pAl5 cells is much
higher than that of the transient transfectant of Del L747-P753insS
reported by Lynch er al. Ligand-independent oligomerization of the
receptor and phosphorylation may have occurred in the 293-pAlS
cells as a result, This hypothesis is consistent with the result that PC-9
cells harboring the same 15-bp deletion showed a stronger phospho-
rylation of the EGFR in a 10% FBS medium than other nonhyper-
sensitive cell lines (Fig. 1B).

The other possible explanation is that apparent distinct amino acid
sequences of EGFR exist between our mutant and that of Lynch ef al.
(293-pAl5, VAIKELREATSPK>VAIKTSPK; dell.747-P753insS,
VAIKELREATSPK>VAIKESK). Five amino acids are simply de-
leted in the 293-pA1S5 cells, whereas six amino acids are deleted and
serine is inserted in the delL747-P753insS cells: This small difference
may be critical to the ATP-binding properties of 293-pAl5 and
delL.747-P753insS, determining whether EGFR is constitutively ac-
tive, Therefore, it is not surprising that our constitutive active form of
EGFR is out of ligand regulation,

The mock-transfected 293 cells and 293-pEGFR cells were not
sensitive to the growth-inhibitory effect of ZD6474 (Fig. 3A), indi-
cating that these cells were independent of EGFR signaling. The 293
cells are oncogenic transformant. Therefore, the 293 cells were con-
sidered to have acquired the dependency on the oncogenic signal.
Conversely, the overexpression of the deletional EGFR transduces the
excess signal to downstream of EGFR in the 293-pA15 cells. If the
downstream mutant EGFR signaling pathway were shared with that of
the oncogenic signaling pathway in the cells, the excess and consti-
tutive signal from the mutant EGFR would dominate the downstream
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pathway, possibly influencing the dependency of the cells on the
EGEFR signal.

A recent report by Sordella e al. (15) showed the mutant EGFRs
(delL747-P753insS and L858R) expressing a stable transfectant se-
lectively activate AKT and STAT signaling pathways. They also
showed that NSCLC cell lines that harboring mutant EGFR transduce
survival signals and depend on the acquisition of these signals. Their
evidence is consistent with our present speculations. We now are
investigating the downstream pathways of the mutant EGFR signaling
in the 293-pA15 cells.

In summary, inhibition of VEGFR-2 tyrosine kinase by ZD6474
may potentially confer activity against tumors that are not dependent
on EGFR signaling. Nevertheless, the additional activity of ZD6474
against EGFR tyrosine kinase could provide further benefit, particu-
larly when EGFR is mutated. Patients with lung adenocarcinoma
showing EGFR mutations are likely to be highly sensitive to gefitinib
and ZD6474 treatment.
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ZD6474 is a novel, orally available inhibitor of vascular endothe-
lial growth factor (VEGF) receptor-2 (KDR) tyrosine kinase, with
additional activity against epidermal growth factor receptor
{EGFR) tyrosine kinase. ZD6474 has been shown to inhibit anglo-
genesis and tumor growth in a range of tumor madels. Gefitinib
{~Iressa”} is an selective EGFR tyrosine kinase inhibitor (TX!) that
blocks signal transduction pathways. We examined the antitumor
activity of ZD6474 in the gefitinib-sensitive lung adenocarcinoma
cell line, PC-9, and a gefitinib-resistant variant (PC-9/ZD). PC-9/ZD
cells showed cross-resistance to ZD6474 in an in vitro dye forma-
tion assay. In addition, ZD6474 showed dose-dependent inhibi-
tion of EGFR phosphorylation in PC-9 cells, but inhibition was
only partial in PC-9/2D cells. ZD6474-mediated inhibition of ty-
rosine residue phospherylation (Tyr992 and Tyr1045) on EGFR
was greater in PC-9 cells than in PC-9/2D cells. These findings
suggest that the inhibition of EGFR phosphorylation by ZD6474
can contribute a significant, direct growth-inhibitory effect in tu-
mor cell lines dependent on EGFR signaling for growth and/or
survival. The effect of ZD6474 (12.5-50 mg/kg/day p.o. for 21
days) on the growth of PC-9 and PC-9/ZD tumor xenografts in

athymic mice was also investigated. The greatest effect was seen

in gefitinib-sensitive PC-9 tumors, where ZD6474 treatment
(>12.5 mg/kg/day) resulted in tumor regression, Dose-dependent
growth inhibition, but not tumor regression, was seen in 2D6474-
treated PC-9/ZD tumors. These studies demonstrate that the ad-
ditional EGFR TKI activity may contribute significantly to the anti-
tumor efficacy of 2D6474, in particular in those tumors that are
dependent on continued EGFR-signaling for proliferation or sur-
vival, In addition, these results provide a preclinical rationale for
further investigation of ZD6474 as a potential treatment option
for both EGFR-TKl-sensitive and EGFR-TKI-resistant tumors. {Can-
cer Sci 2004; 95: 934-989)

ZD64‘74 is a novel, orally available inhibitor of VEGF re-
ceptor-2 (KDR) tyrosine kinase, with additional activity
against EGFR tyrosine kinase, and it inhibits angiogenesis and
tumor growth in a diverse range of tumor models.? Phase I
clinical evaluation has shown ZD6474 to be generally well tol-
erated, and tumor responses in patients with non-small cell lung
cancer (NSCLC) have been documented.>* Thus, ZD6474 is
considered 1o be a multi-target tyrosine kinase inhibitor active
against solid tumors, The purpose of this study is to clarify the
mode of antitumor action of ZD6474 as compared with that of
gefitinib (“Tressa,” ZD1839). Gefitinib is an orally active, selec-
tive EGFR tyrosine kinase inhibitor (EGFR-TKI) that blocks
signal transduction pathways implicated in the proliferation and
survival of cancer cells and other host-dependent processes pro-
moting tumor growth.5-? Gefitinib is now available clinically
for non-small cel! lung cancer patients. In order to elucidate the
mode of action of ZD6474, the antitumor activity and pharma-
codynamics were investigated in an established human lung
cancer cell line resistant to gefitinib (PC-9/ZD cells).® This ap-
proach allowed us to clarify the common and differential modes
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of actions of gefitinib and ZD6474 in lung cancer, and this will
be important for deciding how to use ZD6474 in non-small cell
lung cancer patients in combination with gefitinib.

Materials and Methods

Reagents and cell culture. ZD6474 and gefitinib (“Iressa,”
ZD1839) were provided by AstraZeneca (Macclesfield, UK).
Human NSCLC cell lines PC-9 and PC-14 were used.®'® In ad-
dition, a gefitinib-resistant subline, PC-9/ZD, was derived from
PC-9 cells by short-term exposure to the mutagen N-methyl-N'-
nitro-N-nitrosoguanidine, continuous exposure to 0.2-0.5 uM
gefitinib for 28 days, and subcloning. The resistant phenotype
has been stable for at least 6 months under drug-free condi-
tions.® The PC-9/ZD cell line shows no cross-resistance to
conventional anticancer drugs.® Cells were maintained in
RPMI-1640 (Sigma Chemical Co., St. Louis, MO) supple-
mented with 10% heat-inactivated fetal bovine serum (Gibco
BRL, Grand Island, NY).

Antibodies. Anti-vonWillebrand Factor (vWF) antibody was
purchased from Chemicon, Temecula, CA. Affinity-purified an-
tibody to EGFR was purchased from Santa Cruz, CA and affin-
ity-purified antibodies to phospho-EGFR specific for Tyr845,
Tyr992, Tyrl045, and Tyrl068 were purchased from Cell Sig-
naling Technology, Beverly, MA.

Growth Inhibition assay. Cell sensitivity to ZD6474 and gefi-
tinib was estimated by means of the 3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide (MTT) assay as described
previously.!? Briefly, PC-9, PC-9/ZD, or PC-14 cells were ex-
posed to 0-10 pM ZD6474 or gefitinib for 72 h before measur-
ing absorbance. Optical density was assessed at 562-630 nm
using an EL340 96-well microtiter plate reader (Bio-Tek, Wi-
nooski, VT).

Xenograft studies in athymic mice. Suspensions of PC-9 cells
(5x10%) or PC-9/ZD cells (3x10¢) were injected subcutane-
ously into the backs of S-week-old female athymic mice (Japan
Charles River Co., Atsugi, Japan)., After 1 week (tumors >95
mm?}, mice were randomly allocated into groups of six animals
to receive ZD6474 (12.5, 25, or 50 mg/kg/day), gefitinib (12.5,
25, or 50 mg/kg/day) or vehicle only by oral gavage. Tumor
diameter and body weight were measured twice weekly. The tu-
mor volume was calculated (width®xlength/2) and is presented
as a percentage of the pretreatment value. A tumor volume be-
low 100% of the pretreatment volume was defined as “tumor
reduction.” Experiments were performed in accordance with
the UK Coordinating Committee on Cancer Research Guide-
lines for the welfare of animals in experimental neoplasia (sec-
ond edition). After 3 weeks of treatment, tumors were removed.
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Abbreviations: VEGF, vascular endothelial growth factor; EGFR, epidermal growth
factor receptor; TKI, tyrosine kinase inhibitor; NSCLC, non-small cell lung cancer;
MTT, 3-(4,5-dimethylthiazol-2-y1}-2,5-diphenyltetrazolium bromide,
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Two tumor specimens per group were processed for immuno-
histochemical analysis.

Immunohistochemical analysis. Immunohistochemistry was per-
formed on formalin-fixed, paraffin-embedded tissue sections as
reported previously."® An anti-Ki67 monoclonal antibody
(clone MIB1; DBA, Milan, Italy) was used and the proportion
of positive (proliferating) cells was assessed. At least 1000 can-
cer cells were counted and scored per slide. Both the percent-
age of specifically stained cells and the intensity of immuno-
staining were recorded. Blood vessels were detected with an
anti-vont Willebrand Factor (vWF) antibody (Chemicon). Micro-
vessel density was determined by calculating the preportion
of vWF-positive cells,

Evaluation of apoptosis (TUNEL). Sections were stained with an
in situ Death Detection POD Kit (Roche Diagnostic GmbH,
Mannheim, Germany) according to the manufacturer’s instruc-
tions. At least 1000 tumor cell nuclei from the most evenly and
distinctly labeled areas were examined. The TUNEL-positive
turnor ¢ell nuclei were counted, and the apoptotic index was
calculated as the proportion of cells with apoptotic nuclei.

Immunoprecipitation and immunoblotting. Cells were main-
tained in medium without serum for 12 h. Then serum-starved
cells were exposed to ZD6474 or gefitinib, incubated for 1 h
and stimulated in medium including 10% fetal bovine serum
for 30 min, The cells were subsequently washed twice with ice-
cold PBS, scraped in lysis buffer (50 mM Tris-HCI [pH 8.0],
120 mM NaCl, 0.5% Nonidet P-40, 100 mM NaF, 200 pM
Na;VO,, and 10 pug/ml each of aprotinin, leupeptin, and PMSF),
and incubated on ice for 60 min. The lysates were centrifuged
at 8000¢ for 20 min, and total protein was obtained from the
supernatants. Protein concentration was measured with the
bicinchoninic acid protein assay (Pierce, Rockford, IL). Cell Iy-
sates for immunoprecipitates contained 2 mg of total protein.
Anti-EGFR antibody (3 pg) was incubated overnight with the ly-
sates at 4°C, and the precipitates were collected with 40 pliters
of Protein G Sepharose beads over a 1 h peried. Antibedy-com-
plexed proteins were washed with lysis buffer, analyzed by
SDS-PAGE and visvalized using an enhanced chemilumines-
cence solution (ECL; Amersham Pharmacia Biotech UK, Buck-
inghamshire, UK). Quantative analysis was performed using

Kodak software. Quantified values of phospho-EGFR bands
were standardized according to those of EGFR, bands,

Results

in vitro evaluation of ZD6474 and gefitinib inhibition of tumor cell
growth. The ICs values of gefitinib for growth inhibition of
PC-9 and PC-9/ZD cells were 0.038 pM and 6.8 up, respec-
tively. The ICs, values of ZD6474 were 0.14 pd and 5.92 pM,
respectively (Fig. 1A). PC-9 cells were 180-fold more sensitive
to gefitinib than PC-9/ZD cells, and PC-9/ZD cells were cross-
resistant to ZD6474. Experiments with another VEGFR-TKI,
SU5416, and PDGFR-TKI, Tyrphostin 9, revealed no cross-re-
sistance (data not shown).

In a separate experiment, the ICs, values of gefitinib were
0.006 pM and 20.5 pM, in PC-9 and PC-14 (another human
NSCLC cell line), respectively (Fig. 1B). PC-9 cells were
therefore approximately 3400-fold more sensitive to gefitinib
than PC-14 cells. Corresponding ICs, values for ZD6474 were
0.11 uM and 9.81 pM, demonstrating cross-resistance to ZD6474.,

Other workers have examined the ability of gefitinib or
ZD6474 to inhibit serum-dependent tumor cell growth in vitro,
and have demonstrated 1Cy, values of gefitinib'® and ZD6474'9
of >1 uM for temor cell lines. Therefore, PC-9 is particularty
sensitive to in virro growth inhibition by both gefitinib and
ZD6474, whereas the sensitivities of both gefitinib-resistant
PC-9/ZD and PC-14 fall within the normal range reported for
other tumor cell lines.

In vivo antitumor effects. ZD6474 treatment (12.5-50 mg/kg/
day) resulted in inhibition of PC-9 tumor growth, with robust
tumor regression seen even at the lowest dose tested, ZD6474
treatment also resulted in dose-dependent inhibition of PC-9/
ZD tumor xenograft growth, although in this case, regression
was not seen (Fig. 2, A and B). This antitumor effect of
ZD6474 was very similarly to that of gefitinib we previously

" reported (Fig. 2, C and D).B

Effect of treatment on cell proliferation, apoptosis, and vascular-
ization. ZD6474 treatment resulted in a dose-dependent de-
crease in the proportion of proliferating cells in the PC-9
tumors, but not in PC-9/ZD xenografts (Fig. 3). No significant
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Fig. 1. Growth inhibitory effect of gefitinib (2D1839)} and ZD8474. A: PC-9 and PC-8/ZD, B: PC-9 and PC-14 cells, Data shown are mean values from

three experiments (£5D).
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Fig. 3. Effect of ZD5474 on the Ki67 labeling index of PC-9 and PC-9/ZD tumors in vivo. Data represent mean values (£5D}). Significant difference

from control shown by the Dunnett test (+ P<0.05, s+ P<0.01).

increase in apoptosis was observed in either tumor type (Fig.
4).

Assessment of tumor vascularization showed a significant re-
duction in vascular density following ZD6474 treatment of PC-
9 tumor xenografts, although no effect was seen in PC-9/ZD
tumors (Fig, 5). Differences in the action of ZD6474 on PC-9
and PC-9/ZD tumors are summarized in Table 1.

Inhibition of EGFR activity. It is possible that the antitumeor ac-
tivity of ZD6474 is partly attributable to EGFR inhibition based
on the evidence of cross-resistance to gefitinib (Figs. 1-3).
Therefore, site-specific anti-phosphorylated-EGFR antibodies

986

were used to investigate inhibition of EGFR phosphorylation
by ZD6474 in PC-9 and PC-9/ZD cells at four different ty-
rosine phosphorylation sites (Tyr845, Tyr992, Tyr1045, and
Tyr1068; Fig. 6). ZD6474 dose-dependently inhibited phospho-
rylation of the four EGFR tyrosine residues in PC-9 cells (Fig.
6). In PC-9/ZD cells, drug-related inhibition of phosphoryla-
tion at the Tyr992 site was highly resistant to ZD6474 treatment
(Fig. 6), and the Tyr845 and Tyr1045 sites were moderately re-
sistant, while the effect of phosphorylation at the Tyr1068 site
did not differ significantly between the sensitive and resistant
cell lines (Table 1). The spectrum of activity of ZD6474 on the
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four EGFR tyrosine residues examined in PC-9/ZD cells dif-
fered from that of gefitinib. ZD6474 displayed a variety of ac-
tions on each tyrosine residue, which may be responsible for
the wide range of biological activities.

Discussion

In the NSCLC xenograft model reported here, ZD6474 treat-

ment significantly inhibited PC-9 tumor growth, inducing tu-
mor regression. In addition, ZD6474 caused dose-dependent
PC-9/ZD tumor growth inhibition. These data indicate that
ZD6474 exerts potent antitumor activity against gefitinib-sensi-
tive and resistant lung cancers in vivo. Although PC-9/ZD cells
are less sensitive to gefitinib than PC-9 cells, the in vitro sensi-
tivity of these cells falls within the normal range for other tu-
mor cell lines. Accordingly, gefitinib has significant in vivo
activity against PC-9/ZD, producing a dose-dependent inhibi-
tion of xenograft growth, rather than the tumor regression seen
with PC-9 xenografts. Therefore, the antitumor activity of

51 TUNEL ZD6474 appeared to parallel that of gefitinib in PC-9 and PC-
] 9/ZD tumor cells, both in vitro and in vivo. Since gefitinib is a
% [rc-o TKI with a high degree of selectivity for EGFR,"%4 inhibition
o - of EGFR autophosphorylation is likely to contribute to the anti-
T 257 PC-9/ZD tumnor activity of ZD6474, particularly in tumor cells which are
é g B /2 dependent on EGFR signaling for continued growth and sur-
€3> 20F vival, This was shown in vitro, as ZD6474 inhibited EGFR
2%
28 15}
E 'S Table 1. Site-specific effect of ZD6474 on EGFR tyrosine residues in
& 107 m PC-9 and PC-9/2D cells
| R ) Inhibition of phosphorylation
5 i I : Tyr recidue 206474 Gefitinib
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Fig. 5. Effect of ZD6474 on the vascular density of PC-9 and PC-9/ZD tumors stained in vivo with anti-vWF. Values are means+5D, Significant dif-

ference from the control by the Dunnett test (* P<0.05).
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phosphorylation in a dose-dependent manner. These results are
consistent with previous reports? and indicate that ZD6474 is a
potent EGFR TKI. In vivo, ZD6474 decreased vascular density
in PC-9 tumors but not in PC-9/ZD cells, suggesting that
ZD6474 may affect the angiogenic process via EGFR blockade.
This could be mediated by inhibition of EGFR-induced para-
crine production of angiogenic growth factors, such as VEGF,
bEGF, and TGF from cancer cells, but the exact mechanism of
action is unclear, This activity is, however, likely to be of less
significance than the VEGFR-2-mediated antiangiogenic effect,
since ZD6474 has been shown to have consistent in vivo antitu-
mor activity in a range of histologically diverse human tumor
xenografts, including activity in tumor models which do not re-
spond to treatment with an EGFR TKL' In addition, any
change, or lack of change in microvessel density needs to be in-
terpreted with caution as a either positive or negative indication
of antiangiogenic activity, since the efficacy of antiangiogenic
agents may not be related to microvessel density measure-
ments."? ZD6474 was expected to induce increased apoptosis
in tumor cells; although no induction of apoptosis was in fact
observed, this may have been due to experimental factors,
Phosphorylations of Tyr845 and Tyr1045 of PC-9 and PC-9/
ZD cells are similarly inhibited by ZD6474, On the other hand,
while the inhibition pattern of Tyr845 phosphorylation by
ZD6474 is coincident with that by gefitinib, the patterns at
Tyr1045 are different, Therefore, we considered that the

1. Ciardiello F, Caputo R, Damiano V, Troiani T, Vitagliano D, Carlomagno F,
Veneziani BM, Fontanini G, Bianco AR, Tortora G. Antitumor effects of
ZD6474, a small molecule vascular endothelial growth factor receptor ty-
rosine kinase inhibitor, with additional activity against epidermal growth fac-
tor receptor tyrosine kinase. Clin Cancer Res 2003; 9: 154656,

2. Ciardiello F, Bianco R, Caputo R, Damiano V, Troiani T, Melisi D, De Vita
F, De Placido S, Bianco AR, Tortora G. Antitumor activity of ZD6474, a
vascular endothelial growth factor receptor tyrosine kinase inhibiter, in hu-
man cancer cells with acquired resistance to antiepidertal growth factor re-
ceptor therapy. Clin Cancer Res 2004; 10: 784-93.

3. Minami H, Ebi H, Tahara M, Sasaki Y, Yamamoto N, Yamada Y, Tamura T,
Saijo N. A phase ] study of an oral VEGF receptor tyrosine kinase inhibitor
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Fig. 6. Phosphorylation of EGFR tyrosine residues in PC-9 and PC-9/ZD cells after exposure to ZD6474,

Tyr1045 is more important than Tyr845 for assessing the dis-
tinctive mode of action of ZD6474. In searching for a common
mode of action of ZD6474 and gefitinib, Tyr845 seems to be
the most promising site.

Phosphorylation of Tyr992 has been reported to transduce the
signal to phospholipase C and protein kinase C.!3-1" In contrast,
no inhibition of pan-phospho-PKC (the downstream signal of
Tyr992) by gefitinib or ZD6474 was observed (data not
shown). Tyr1045 has been reported to be linked to the Cbl-
ubiquitin signaling pathway.'® We have previously reported that
Tyrl068 is a possible target site of EGFR for gefitinib”, and ge-
fitinib inhibited phosphorylation of Tyrl1068 to varying degrees
in PC-9 and PC-9/ZD cells, whereas ZDG474 inhibited
Tyr1068 in both cell lines. These results suggest that the mode
of inhibition of phosphorylation of EGFR by ZD6474 is subtly
different to that of gefitinib, Therefore, although ZD6474
shows ctoss-resistance to gefitinib in these PC-9/ZD tumor
cells, it has the potential for activity against gefitinib-resistant
tumors through at least two mechanisms: (i) inbibition of
EGFR-dependent downstream signaling pathways through dif-
ferential effects on the phosphorylation status of tyrosine resi-
dues in the intracellular domain of EGFR, and (ii} inhibition of
tumor angiogenesis through inhibition of VEGFR2 tyrosine ki~
nase activity, which has not been examined in the present study.
Site-directed mutagenesis studies are now under way to eluci-
date the biological significance of these sites.
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2003; 22: abst 778,
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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 etfects of gefitinib
(Iressa, ZD1839) in SNU-1 human gastric cancer cells
(hMLH1-deficlent and epidermal growth factor
receptor-overexpressed) when given alone or as a doublet
with oxaliplatin (LOHP), 5-fluorouracil (5-FU) or paclitaxel
{PTX). The four drugs showed ICs,5 ranging from 1.81nM
to 13.2uM. LOHP and PTX induced G./M arrest, 5-FU
increased S phase, and gefitinib increased G, in a
concentration-dependent manner. The analysls using the
previously developed cytostatic TP, model showed that 64
and 80% of the overall growth inhibition was attributed to
cell eycle arrest in cells exposed to 7.55pM of LOHP er
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 Heltcobacter pyroki-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-fluoro-
anilino)-7-methoxy-6-(3-morpholinopropoxy} quinazo-
line), also ‘Iressa’, ZDD1839) has shown impressive
preclinical activity in various tumor models f# vitro 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 I1I 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 tumers [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 to DINA 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-¥-nitro-N-nitrosoguanidine  (MNNG])-resistant
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human gastric cancer cells have very [ow or undetectable
levels of hMLH-1 protein, which plays a key role with
hMSH2 in the MMR system [12].

Oxaliplatin (LOHP) has a spectrum of activity that
differs from that of cisplatin or carboplarin, suggesting
that it has different molecular targets andfor 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 platinum compounds, has shown synergistic and
supra-additive interactions in many types 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. Qur results show that the gefit-
nib + PTX combination had the greatest synergistic
interaction. Gefitinib was found to potentiate 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 (Malvemn, 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 feral bovine serum,
100 mg/ml of streptomycin and 100U/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]. Briefly, cells were lysed with lysis buffer
[20 mM Tris-1ICl (pH 7.5}, 150 mM NaCl, 0.1% SDS, 1%
Triton X-100, 1% sodium deoxycholate]. The lysate,
containing 30 pg of rotal protein, was then mixed with
2 x SDS-PAGE sample buffer, boiled for 5Smin and
electrophoresed in 8% SDS gels under reducing condi-
tions. The separated proteins were then electrophoreti-
cally transferred to PVDF membranes (Millipore,
Bedford, MA) and the membranes were probed with a
primary antibody against EGFR or hMLH1 (anti-human
EGFR rabbit polyclenal antibody and anti-human
hMLH1 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 {nhibition

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-
trarions of the tested agents for 72 h, The absorbance of
the reaction mixture was measured at 540nm and the
ICsq defined as the drug concentration required to reduce
the absorbance to 50% of the control in each test was
determined using an E,,,, model:

oy
“ger) X
(1)

where D is the drug concentration, Ky is the concentra-
tion of the drug that produces a 50% reduction in
absorbance {i.e. ICsq), m is the Hill-type coefficient and
R is the residual unaffected fraction (the resistant
fraction). The Sigma Plot regression function was used
for model fitting.

% Cell viability = (100 — R) x (!

For direct cell counting, cells were seeded at a density of
1 % 10° in 100- or 150-mm Petri dishes at least 24 h prior
to drug exposure and were exposed to two different
concentrations of the drug for up w 72h. The
concentrations of each drug were 0,75 and 7.55uM for
LOHP, 9 and 65pM 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 cyrotoxic 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. Clz0—Clgo.

D)y (D) . (D)D)
=m0 T Bt Doads @

where Cl, is the CI for a fixed effect, x [fraction affected
(£.)-100], for a combination of drug A and drug B, (D)4 is
the concentration of drug A alone giving an effect x, (Dy)p
is the concentration of drug B alone giving an effect x,
(D)4 is the concentration of drug A in combination A+ B
giving an effect x, (D)3 is the concentration of drug B in
combination A + B giving an effect x, 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 Cl. 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 (sce
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 8.5puM of gefitinib or
0.6nM of PTX and 4pM of gefitinib. After harvesting,
the cells were fixed in 10ml of 70% cold ethanol while
vortexing, and cells were kepe at 4°C for 1 h and stored at
—20°C unril analysis. Upon analysis, fixed cells were
washed and resuspended in 1 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 each
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 contribution 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, i.e. no cell
deaths and no G phase arrest; (3) that the distribution of
cell numbers in z cell eycle follows the age structure of 2
simple exponential population. TP;(t), the transition
probability for # phase at time ¢, was defined as {a:()-
et + A a () Az, where o(f) = [N{)—(# cells already
exiting from ¢ phase at time )N, (#) and Ny(¥) is the
number of cells in § phase at time £ The transition
probability for each cell cycle check point, ie. TPgy(#),
TPs(£) and TPgam(s), was calculated uvsing Fi(¢), the
fraction of cells in the Gy, S and G/M phases at time 4,
and A{¢), the growth rate constant. The simulation of cell
population growth over time was performed using 2
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 number
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 model-predicted and the ob-
served growth curve of a treated cell population
represents the growth inhibition resulting from cell death
in the population.

Simultaneous measurement of drug-induced apoptosis
and cell cycle distribution

For simultaneous determination of cell 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 19 paraformaldehyde/PBS on ice for 15
min and resuspended in 70% ice-cold ethanol. Cells were
then incubated in 50 ug of solution containing terminal
deoxynucleotidyltransferase and FITC-conjugated dUTP
deoxynucleotides 1:1 in reaction buffer for 2h 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 20 min at 37°C.
Flow cytometric analysis was performed with FLI
(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 rtest; 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, LOHP, 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 mutation 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 MKN-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 iz
vitro gastuic cancer model that may have intrinsic
chemoresistance related to 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

Fig. 1
{A)
hMLH-1
(80 kDa)
B)
EGFR
(170 kDa}
)
{C) M b
b‘\b\ bb'q \‘\‘ls\ (o‘\\)
R B-Actin
A

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 [Cso showed a
wide range from 1.81nM to 13.2pM, i.e. 0.788uM for
LL.CHE 9.35 uM for 5-FU, 1.81 nM for PTX and 13.2 pM
for gefitinib. The antiproliferative activity of these agents
was confirmed by direct cell counting. Drugs were given
at two different concentrations, i.c. at the [Csp and 1Cgg
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 cell
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 resule of
cell cycle arrest ({cytostatic effect) and cell death
(cytotoxic effect). As previously reported, we have
developed a computational model (a cytostatic model,
because the model assumes no cell death 10 predict the
growth inhibition resulting from cell cycle 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
model to analyze the contribution of cell cycle arrest to
overall growth inhibition when SNU-1 cells were treated
with each cytotoxic agent. The time course of cell cycle
distribution was determined in SNU-1 cells exposed to
LOHP, 5-FU and PTX at 1Cg, levels, respectively, and
used 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 G/M phase was
zero after 12 h exposure {data not shown). The cytostatic
computational model predicted 64% of the overall
inhibition from the cell cycle arrest induced by LOHP
after 72 h exposure at 7.55 pM. For PTX given for 72h at
10nM and 80% of the overall inhibition was attributed to
cell eycle arrest by the model. These results indicate that
the reduction in population growth rate caused by cell

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

ICsq" 0.788X0.142 9354157 1.68110.67 13.210.33

R 5,00%4.,48 8531764 320111 0

m° 0.811X0.135 0.793+0.125 5,024+0.80 1141010

Each value represents mean SD of three independent experiments.

*|Cso is the concentration of the drug that kills 50% of cancer cells compared to the control after 72 h of continuous exposure. Expressed in pM, except for paclitaxel,

which is in nM,

bR is the residual unaffected fraction (resistance fraction) (1) and is equal to {100 - Ep0.

°mis the Hill-type coefficient {1}.
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Fig. 3
Control
S
=
(=]
Q
DNA content
LOHP 5-FU
24 h 24h 72h
Sub-G, Sub-G, Sub-G,
5.5+4.1% 70+2.1% 10.7+3.6%
3
Q
Sub-G, Sup-G, Sub-G,
7.942.0% 27.245.4% 7.8+3.4%
o o
£0 w©
1] o |
PTX GEFI
24 h 72h 24 h 72 h
Sub-G Sub-Gy Sub-G, Sub-G,
21.6+0.9% || 333+7.4% 7440.7% 12.5+1.6%
[=] (=]
"2 o
S 3
Sub-G, Sub-G, Sub-G,
27.340.4% 14.041.6%||52.44+1.8%
2
e

DNA histogram analysis in cells exposed to LOHP, 5-FU, PTX and
gefitinib (GEFY) single treatment at ICsg and [Cgo. Representative
histograms are shown for 24 and 72h post-treatment with the
percentage of cells in sub-Gy phase. Cells were harvested and fived
with ethanol before treated with RNase. Cells were then stained with
propidium icdide and analyzed by flow cytometry. The concentrations
wera: 0,75 and 755 uM for LOHP, 9 and 65 uM for 5-FU, 2.6 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 f, 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 ar two
different concentrations, i.e. 0.62nM PTX + 4 pM gefi-
tinib (combination ICsy) and 1.25nM PTX + 8.5pM
gefitinib (combination I1Cgs) (Fig. 6). No significant
changes in the cell cycle distribution were observed at
the combination ICsy level until 72h. At the higher
concentration, ie. 1.25nM PTX+85pM gefitinib
{around ICgs), 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 IG5 and 1Cqs level
induced 100 and 35% increase (p <0.05) in apoptosis
{TUNEL-positive cells), respectively, compared to the
single treatment, supporting the synergism between
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, 2 new platinum compound,
LOHP. may replace cisplatin due to its reduced toxiciry
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 cytoroxic 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 vitro 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 (1.81 nM) > LOHP (0.783 pM) >
5-FU (9.35 pM) > gefitinib (13.2 pM). Among these four
agents, PTX showed the greatest cytotoxicity with an
ICsy in the nanomolar range; however a significant
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Representative dose-response curves of LOHP, 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 {salid circles), PTX alone (solid triangles), PTX + gefitinib (open circles}. Cells were simultaneously exposed to each
treatment regimen for 72 h and cell viability was determined by MTT assay. The x-axis is [gefitinib} x 1, [LOHP] x 12, [6-FU] x 1.2 and [PTX] % 6250.

fraction of resistant cells was found (Table 1), Such PTX-
resistant fractions have been observed in other cell lines,
such as A549, a2 human lung adenocarcinoma cell 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, ie. MTT versus direct cell
counting (Table 1 and Fig. 2). The exposure of cells to
10nM 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 scemed
to be associated with the assay method, especially for
PTX, suggesting that the experimental data obtained by
widely used viability assays, such as MTT and SRB,
should be interpreted with caution when determining the
cytotaxicity 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 caleulation
was 2.5nM, where no difference was observed berween
the cell counting and MTT results (Fig. 2).

SNU-1 cells showed significant resistance to 5-FU, ie.
the ICsp of S-FU in SNU-1 cells was rather high
(9.35 uM), which is close to that of gefitinib, a known
cytostatic drug. MMR-proficient MKN-45 cells showed
about 3 times higher sensitivity 1o 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].

Fig. 5
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Combination index (Cl,) versus affectsd fraction (f,) plots for
LOHP + gefitinib {solid circles), 5-FU + gefitinib (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. C1<0.8,
Cl=1 and CI>1.2 indicate synergism, additivity and antagonism,
respectively. LOHP and gefitinib were treated at a 0.083:1 molar ratio,
5-FU and gefitinib at 0.83:1, and PTX and gefitinib at 0.00016:1. Cl,
was calculated using Ema model parameters obtained from the MTT
data shown in Fig. 4.

It 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 i witro, including human gastric
cancer cells (KATO IIT and N87) [21]. The cytostatic
growth inhibitory activity of gefitinib has been
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