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h(.bRF 4 — Cell cycle analysis of HT-29 tumor cells collected 24, 48, 72 and 96 hr after administration of NKO12 at 10 mg/kg alone or CPT-11
at 50 mg/ke alone using the Modfit program (Verity Softwure House Topsham, ME). (a) Cell cycle analysis of HT-29 tumor cells 24 and 96 hr after
administration of NKO12 at 10 mg/kg or CPT-11 at 50 mg/kg, respectively. (b) Cell cycle distribution of tumor cells 0. 24, 48, 72 and 96 hr afier
treatment with NKOI2 at [0 mé/kg (¢} Cell cycle distribution of tumor cells 0, 24, 48, 72 and 96 hr after treatment with CPT-11 at 50 mg/kg.

onstrated as Lompmcd to that observed with CPT-11 in a rat mam-
mary tumor model. 2! Combined administration of CPT-11 with
SFU/LV infusion appears to be associated with acceptable toxicity
in patients with CRC. In addition. no significant difterence in the
[requency of Grade 3/4 diarrhea was noted between patients

treated with FOLFIRI (CPT-11 regimen with bolus and infusional
SFU/LV) and those treated with FOLFOX6 (O\Llhplann regimen
with bolus and infusional 5FU/LV).™** OQur in vivo data uctually
revealed no severe body weight loss in the NKOI12/5FU group.
Consequently, we expect that the NKOI2/5FU regimen, especially
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with infusional 5FU, may be an attractive arm for a Phase III trial
in CRC, with CPT-11/5FU as the control arm. We have already
initiated a Phase T trial of NKO12 in patients with advanced solid
tumors based on the data suggesting higher efficacy and lower tox-
icity of this preparation than CPT-11 in vivo.?

w
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Matuzumab and cetuximab activate the epidermal growth factor receptor but fail
to trigger downstream signaling by Akt or Erk

Takeshi Yoshida', Isamu Okamoto'*, Takafumi Okabe’,
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'Department of Medical Oncology, Kinki University School of Medicine, Osaka, Japan
2Department of Genome Biology, Kinki University School of Medicine, Osaka, Japan
3Sakai Hospital, Kinki University School of Medicine, Osaka, Japan

Molecular inhibition of the epidermal growth factor receptor
(EGFR) is a promising anticancer strategy, and monoclonal anti-
bodies (mAbs) to EGFR are undergoing extensive evaluation in
preclinical and clinical trials. However, the effects of anti-EGFR
mAbs on EGFR signaling have remained unclear. We have now
examined the effects of 2 anti-EGFR mAbs, matuzumab
(EMD72000) and cetuximab (Erbitux), both of which are cur-
rently under assessment for treatment of various cancers, on
EGFR signal transduction and cell survival in nonsmall cell lung
cancer cell lines. Similar to EGF, matuzumab and cetuximab each
induced phosphorylation of EGFR at several tyrosine phosphoryl-
ation sites as a result of receptor dimerization and activation of
the receptor tyrosine kinase. In contrast to the effects of EGF,
however, EGFR activation induced by these antibodies was not
accompanied by receptor turnover or by activation of downstream
signaling pathways that are mediated by Akt and Erk and are im-
portant for regulation of cell proliferation and survival. In addi-
tion, clonogenic survival assays revealed that matuzumab and
cetuximab reduced the survival rate of H292 cells, in which they
also inhibited the EGF-induced activation of Akt and Erk.
Although we have examined only a few cell lines, our results indi-
cate that the antitumor effects of matuzumab and cetuximab
depend on inhibition of EGFR downstream signaling mediated by
Akt or Erk rather than on inhibition of EGFR itself.

© 2007 Wiley-Liss, Inc.

Key words: EGF receptor; signal transduction; matuzumab; cetuximab;
nonsmall cell lung cancer

The epidermal growth factor receptor (EGFR, also known as
ErbB1), a member of the ErbB family of receptor tyrosine kinases,
is a 170-kDa plasma membrane glycoprotein composed of an
extracellular ligand binding domain, a transmembrane region and
an intracellular lyrosme kinase domain with a regulatory COOH-
terminal segment.' Binding of ligand to EGFR induces receptor
dimerization, activation of the receptor kinase and autophospho-
rylatlon of specnﬁc tyromne residues within the COOH-terminal
region of the protein.' These events trigger 1mracellular signaling
pathways that promote cell proliferation and survival.

EGFR is frequently overexpressed in many types of human
malignancy, with the extent of overexpression being negatively
correlated with prognosis.”” Recognition of the role of EGFR in
carcinogenesis has prompted the development of EGFR-targeted
therapies that include both small-molecule tyrosine kinase inhibi-
tors (TKIs) that target the.intracellular tyrosine kinase domain and
monoclonal antibodies (mAbs) that target the extracellular do-
main.*® Among EGFR-TKISs, gefitinib and erlotinib have been
extensively evaluated in nonsmall cell lung cancer (NSCLC), and
sensitivity to these drugs has been correlated with the presence of
somatic mutations in the EGFR kinase domain or with EGFR gene
(EGFR) amplification.®~ 16 Among anti-EGFR mAbs, cetuximab
(Erbitux), a chimeric mouse-human antibody of the lmmunoglobu-

lin (Ig) G1 subclass, has proved efficacious in the treatment of iri- -

notecan-refractory colon cancer 17 and was recently approved by
the U.S. Food and Drug Administration for the treatmem of patients
with head and neck squamous cell carcinoma.'® Several clinical
studies of anti-EGFR mAbs such as matuzumab (EMD72000,
humanized IgG1) and cetuximab are ongoing for other types of can-
cer including NSCLC. 19-24 Anti-EGFR mAbs bind to the extracel-
lular ligand binding domain of the receptor and are thereby thought
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to block ligand binding.'®%> The antitumor effects of these mAbs
are thus thought to be attributable to inhibition of EGFR signaling
as well asto olher mechanisms such as antibody-dependent cellular
cytotoxicity.'®® However, the detailed effects of anti-EGFR mAbs
on EGFR signaling have remained unclear.”°

We have now examined in detail the effects on EGFR signal
transduction of 2 anti-EGFR mAbs, matuzumab and cetuximab,
both of which are used clinically, to provide insight into the mech-
anisms of their antitumor effects.

Material and methods

Cell culture and reagents

The human NSCLC cell lines NCI-H292 (H292), NCI-H460
(H460) and Ma-1 were obtained as previously described®' and
were cultured under a humidified atmosphere of 5% CO, at 37°C
in RPMI 1640 medium (Sigma, St. Louis, MO) supplemented with
10% fetal bovine serum. Matuzumab and cetuximab were kindly
provided by Merck KGaA (Darmstadt, Germany) and Bristol
Mpyers (New York, NY), respectively; gefitinib was obtained from
AstraZeneca (Macclesfield, UK); and trastuzumab (Herceptin;
Genentech, South San Francisco, CA) was obtained from Chugai
(Tokyo, Japan). Neutralizing antibodies to EGFR (clone LA1)
were obtained trom Upstate Biotechnology (Lake Placid, NY).

Immunoblot analysis

Cell lysates were fractionated by SDS-polyacrylamide gel elec-
trophoresis on a 7.5% gel, and the separated proteins were trans-
ferred to a nitrocellulose membrane. After blocking of nonspecific
sites, the membrane was incubated consecutively with primary and
secondary antibodies, and immune complexes were detected with
the use of enhanced chemiluminescence reagents, as described pre-
viously.?! Primary antibodies to the specific intracellular phospho-
rylation sites of EGFR (pY845, pY 1068 or pY1173), to Erk, to
phospho-Akt and to Akt were obtained from Cell Signaling Tech-
nology (Beverly, MA); those to the extracellular domain of EGFR
(clone 31G7) were from Zymed (South San Francisco, CA); those
to the intracellular domain of EGFR (EGFR 1005) and to phospho-
Erk were from Santa Cruz Biotechnology (Santa Cruz, CA); and
those to B-actin (loading control) were from Sigma. Horseradish
peroxidase-conjugated goat antibodies to mouse or rabbit IgG were
obtained from Amersham Biosciences (Little Chalfont, UK).

Chemical cross-linking assay

Cells were incubated first with 1 mM bls(sulfosuccmlmldyl) su-
berate (BS Pierce, Rockford, IL) for 20 min at 4°C and then with

Abbreviations: EGFR, epidermal growth factor receptor; TKI, tyrosine
kinase inhibitor; mAb, monoclon.:l antibody; NSCLC, nonsmall cell lung
cancer; Ig, immunoglobulin; BS?, bis(sulfosuccinimidyl) suberate; PE, R-
phycoerythrin; PI3K, phosphomosmde 3-kinase.

*Correspondence to: Department of Medical Oncology, Kinki Univer-
sity School of Medicine, 377-2 Ohno-higashi, Osaka-Sayama, Osaka 589-
8511, Japan. Fax: +81-72-360-5000.

E-mail: chi-okamoto@dotd.med kindai.ac_jp

Received 7 June 2007; Accepted after revision 26 September 2007

DOT 10.1002/ijc.23253

Published online 21 November 2007 in Wiley InterScience (www.interscience.
wiley.com).



EFFECTS OF ANTI-EGFR mAbs ON EGFR SIGNALING 1531

b m92 HA60
P | o
- £ £ - EE
© - © a 5=
2 = 5 »
c 2 € B g
3 8 S § SSE8
DR -~ Rz
pve15 s il o pYBss |- BB
Lk - LY
Y1068 |
P %L
[
pY]l'B‘i}.‘;,

§ Matuzumeb
Cetuximab
Neutr Abs

i Cetuximab

-

b

250kDa——>"" 250kDe—,

e e ;
150 kDa—>: . :; ... . monomer 150kDa—> &3 1.

Ficure 1 — EGFR phosphorylation induced by matuzumab or cetuximab as a result of receptor dimerization and activation of the receptor ty-
rosine kinase. (a) H292 cells were deprived of serum overnight and then incubated for 15 min in the absence (Control) or presence of matuzu-
mab (200 nM), cetuximab (100, nM), neutralizing antibodies to EGFR (80 nM), trastuzumab (50 nM) or EGF (100 ng/ml). Cell lysates were
subjected to immunoblot analysis with antibodies to the Y 1068-phosphorylated form of EGFR (pY1068) and to total EGFR (the extracellular
domain). (b) H292 or H460 cells were deprived of serum overnight and then incubated for |5 min in the absence or presence of matuzumab
(200 nM), cetuximab (100 nM) or EGF (100 ng/ml). Cell lysates were subjected to immunoblot analysis with antibodies to the Y845-, Y1068-
or Y1 173-phosphorylated forms of EGFR and to total EGFR (the extracellular domain). (¢) H292 celis were deprived of serum overnight and
then incubated for 15 min in the absence or presence of matuzumab (200 nM), cetuximab (100 nM), EGF (100 ng/ml) or gefitinib (10 uM), as
indicated. Cell lysates were subjected to immunoblot analysis with antibodies to the Y 1068-phosphoryluted form of EGFR and to total EGFR
(the extracellular domain). (d) H292 cells were deprived ot serum overnight and then incubated for 15 min in the absence or presence ot matuzu-

mab (200 nM), cetuximab (IOO nM), neutralizing antibodies to EGFR (80 nM) or EGF (100 ng/ml). The cells were then washed and exposed to
the chemical cross-linker BS® after ‘which cell lysates were subjected to immunoblot analysis with antibodies to EGFR (the intracellular do-
main). The positions of EGFR monomers and dimers as well as of molecular size standards are indicated.

250 mM glycine for 5 min at 401C| to terminate the cross-libnking Immunofiuorescence analysis

reaction, as dCSCTi.de previously.” Cel'l lysates were resolved by Cells were grown to 50% confluence in 2-well Lab-Tec Cham-
SDS-polyacrylamide get electrophoresis on a 4% gel and sub-  ber Slides (Nunc, Naperville, IL), deprived of serum overnight,
Jected to immunoblot analysis with rabbit polyclonal antibodies to  and then incubated with 200 nM matuzumab or EGF (100 ng/mi)
the intracellular domain of EGFR (EGFR 1005). for 4 hr at 37°C. They were fixed with 4% paraformaldehyde for
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30 min at 4°C, permeabilized with 0.1% Triton X-100 for 10 min,
and exposed to 5% nonfat dried milk for | hr at room temperature.
The cells were stained with rabbit potyclonal antibodies to the in-
tracellular domain of EGFR (EGFR 1005) for | hr at room tem-
perature and then incubated for an additional 45 min with Alexa
488-labeled goat antibodies to rabbit IgG (Molecular Probes,
Eugene, OR). Cell nuclei were counterstained tor 5 min at room tem-
perature with 4',6-diamidino-2-phenylindole (Sigma) at 2 pg/ml.
The chamber slides were mounted in fluorescence mounting
medium (DakoCytomation, Hamburg, Germany), and fluores-
cence signals were visualized with a fluorescence microscope
(Eclipse E800; Nikon, Kawasaki, Japan). Negative controls (sec-
ondary antibodies alone) did not yield any substantial background
staining.

Flow cytometry

Cells were deprived of serum overnight and then incubated with
200 nM matuzumab or EGF (100 ng/ml) for 4 hr at 37°C. They
were isolated by exposure to trypsin, and aliquots of ~1.0 X 10°
celis were incubated for 2 hr at 4°C either with an R-phycoerythrin
(PE)-conjugated mouse mAb to EGFR (clone EGFR.1; Becton
Dickinson, San Jose, CA), which does not intertere with the bind-
ing of EGF to EGFR,* or with a PE-conjugated isotype-matched
control mAb (Becton Dickinson). The cells were then examined
by flow cytometry (FACScalibur, Becton Dickinson) to detect the
intensity of EGFR staining at the cell surface.

Clonogenic assay

Cells were plated in triplicate at a density of 200 per 25-cm®
flask containing 10 ml of medium and were cultured for 7 days in
the presence of the indicated concentrations of matuzumab or
cetuximab, They were then incubated in medium alone for 7 days
at 37°C, fixed with methanol:acetic acid (10:1, v/v), and stained
with crystal violet. Colonies containing >50 cells were counted
for calculation of the surviving fraction as follows: (mean number
of colonies)/(number of inoculated cells X plating efficiency).
Plating efficiency was defined as the mean number of colonies
divided by the number of inoculated cells for untreated controls.

Results

Matuzumab and cetuximab induce EGFR phosphorylation in a
manner dependent on the recepior tyrosine kinase activity

With the use of immunoblot analysis, we first examined the
effects of the anti-EGFR mAbs matuzumab and cetuximab on
EGFR phosphorylation in human NSCLC H292 cells. which
express wild-type EGFR. Incubation of the serum-deprived cells
for 15 min with EGF, matuzumab or cetuximab-induced phospho-
rylation of EGFR on tyrosine-1068 (Y1068), whereas treatment of
the cells with neutralizing antibodies to EGFR or with trastuzu-
mab, a mAb specific for HER2 (ErbB2), had no such effect (Fig.
la). Furthermore, like EGF, matuzumab and cetuximab each
induced phosphorylation of EGFR on Y845, Y1068 and Y1173 in
H292 and H460 cells (Fig. 1h), the latter of which are also human
NSCLC cells that express wild-type EGFR.

To determine whether the antibody-induced phosphorylation of
EGFR requires the kinase activity of the receptor, we examined
the effect of gefitinib, a specific EGFR-TKI. H292 cells were
deprived of serum and then exposed to matuzumab, cetuximab or
EGF for 15 min in the absence or presence of gefitinib. EGFR
phosphorylation on Y1068 induced by EGF, matuzumab or cetuxi-
mab was completely blocked by gefitinib (Fig. 1¢). These findings
thus indicated that, like EGF, matuzumab and cetuximab each
induce EGFR phosphorylation by activating the tyrosine kinase of
the receptor.

Matuzumab and cetuximab induce EGFR dimerization

Ligand-dependent EGFR dimerizatioq is responsible for activa-
tion of the receptor tyrosine kinase.?*** To examine whether

YOSHIDA ET AL.
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FiGure 2 — Failure of matuzumab or cetuximab to activate Akt or
Erk. H292 or H460 cells were deprived of serum ovemight and then
incubated for 15 min in the absence or presence of matuzumab
(200 nM), cetuximab (100 nM) or EGF (100 ng/ml). Cell lysates were
subjected to immunoblot analysis with antibodies to the Y 1063-phos-
phorylated form of EGFR, to phosphorylated Akt and to phosphoryl-
ated Erk as well as with antibodies to total EGFR (the extracellular
domain), Akt or Erk.

matuzumab or cetuximab induces EGFR dimerization, we incu-
bated serum-deprived H292 cells with the mAbs for 15 min and
then exposed the cells to the chemical cross-linker BS®. Immuno-
blot analysis of cell lysates with antibodies to the intracellular do-
main of EGFR revealed that matuzumab and cetuximab each
induced EGFR dimerization to an extent similar to that observed
with EGF, whereas only the monomeric form of the receptor was
detected in control cells or in cells treated with neutralizing anti-
bodies to EGFR (Fig. 1d). These data thus suggested that matuzu-
mab and cetuximab activate EGFR through induction of receptor
dimerization.

Matuzumab and cetuximab fail to induce signaling
downstream of EGFR

EGFR signaling is transduced by 2 main pathways mediated by
phosphoinosi(ide 3-kinase (PI3K) and Akt and by Ras, Raf and
Erk.**¢ To determine whether EGFR phosphorylation induced by
matuzumab or cetuximab is accompanied by activation of these
pathways, we examined the levels of phosphorylated (activated)
Akt and Erk in H292 and H460 cells treated with these antibodies
for 15 min after serum deprivation. In contrast to the effects of
EGF, neither matuzumab nor cetuximab induced the phosphoryla-
tion of Akt or Erk in H292 or H460 cells (Fig. 2). These results
thus indicated that matuzumab and cetuximab induce EGFR acti-
vation but fail to activate the downstream Akt and Erk signaling
pathways.

Matuzumab and cetuximab do not induce EGFR downregulation

Endocytic trafficking of EGFR is important for full activation
of Erk and PI3K.*” To examine further the defect in signaling
downstream of EGFR activation by matuzumab or cetuximab, we
determined the effects of these mAbs on receptor turnover. H292
or H460 cells were deprived ot serum and then cultured with EGF,
matuzumab or cetuximab for various times up to 24 hr, after
which the levels of phosphorylated and total EGFR, Akt and Erk
were measured. In both H292 and H460 ceils treated with EGF,
the amount of total EGFR decreased in a time-dependent manner
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FiGure 3 — Lack of EGFR turmover in cells treated with matuzumab or cetuximab. («) H292 cells were deprived of serum overnight and then
incubated for the indicated times in the presence of EGF (100 ng/ml), matuzumab (200 nM) or cetuximab (100 nM), respectively. Cell lysates
were subjected to immunoblot analysis with antibodies to phosphorylated forms of EGFR (pY 1068), Akt or Erk as well as with those to total
EGFR (the extracellular domain), Akt or Erk. () H292 cells deprived of serum overnight were incubated for the indicated times in the presence
of EGF (100 ng/ml), matuzumab (200 nM) or cetuximab (100 nM). Cell lysates were subjected to immunoblot analysis with antibodies to
the Y 1068-phosphorylated form of EGFR, to total EGFR (the intracellular domain) or to B-actin (loading control). (c) H460 cells deprived of se-
rum overnight were incubated for the indicated times in the presence of EGF (100 ng/ml), matuzumab (200 nM) or cetuximab (100 nM), after
which cell lysates were subjected to immunoblot analysis with antibodies to phosphorylated forms of EGFR (pY 1068), Akt or Erk as well as
with those to total EGFR (the intracellular domain), Akt or Erk. () H292 cells plated on chamber slides were deprived of serum overnight and
then incubated tor 4 hr in the absence or presence of matuzumab (200 nM) or EGF (100 ng/ml). The cells were fixed, permeabilized, and stuined
with antibodies to EGFR and Alexa 488-lubeled secondary antibodies (green). Cell nuclei were counterstained with 4',6-diamidino-2-phenylin-
dole (blue). Fluorescence signals were visualized with a fluorescence microscope, and the merged images are shown. Scale bar, 20 pum. (¢) H292
cells were deprived of serum overnight and then incubated tor 4 hr in the absence or presence of matuzumab (200 nM) or EGF (100 ng/ml). The
cells were stained with either a PE-conjugated mAb to EGFR (right peaks) or a PE-labeled isotype-matched mAb (left peaks) and analyzed by
flow cytometry. Representative histograms of relative cell number versus PE fluorescence are shown.

(Figs. 3a-3¢), an effect that has been shown to be the result of re-  able by 4-6 hr (Figs. 3a-3c¢). The phosphorylation of Akt and Erk
ceptor internalization and degradation.®®*® In parallel with this induced by EGF persisted for at least 12 hr but had declined by
EGFR downregulation, the extent of EGF-induced tyrosine phos- 24 hr in both cell lines (Figs. 3a and 3¢). In contrast, the levels of
phorylation of EGFR also decreased and was virtually undetect-  phosphorylated and total EGFR in H292 cells treated with
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Fi1GURE 3 — CONTINUED

matuzumab or cetuximab for 24 hr were similar to those apparent
after exposure to the antibodies for only 15 or 30 min (Figs. 3¢ and
3h). A marked delay in EGFR tumover was also apparent in H460
cells treated with matuzumab or cetuximab (Fig. 3c), although
EGFR dephosphorylation and downregulation had occurred by 24
hr. Neither matuzumab nor cetuximab induced the activation of
Akt or Erk or affected the total amounts of these proteins over a pe-
riod of 24 hr in either cell line (Figs. 3¢'and 3¢). We eliminated the
possibility that the antibodies to the extracellular domain of EGFR
used for the immunoblot analysis shown in Figure 3a bind only to
the unoccupied form of EGFR (as a result of competition with
EGF, matuzumab or cetuximab) by performing the immunoblot
analysis shown in Figures 3b and 3¢ with antibodies to the intracel-
lular domain of EGFR. These results thus suggested that downregu-
lation of EGFR is impaired in cells treated with matuzumab or
cetuximab, likely explaining the failure of these antibodies to acti-
vute downstream signaling by Akt and Erk.

To confirm that the inability of the anti-EGFR mAbs to induce
EGFR downregulation is attributable .to a failure to induce inter-
nalization-dependent receptor degradation, we treated serum-
“deprived H292 cells with matuzumab or EGF for 4 hr and then
examined the expression of EGFR by immunofluorescence analy-
sis (Fig. 3d) or flow cytometry (Fig. 3¢). Whereus EGFR was
localized at the cell surtace in control cells, treatment with EGF
resulted in internalization and a decrease in the fluorescence inten-
sity of EGFR. In contrast, EGFR remained at the surtace of cells

TABLE 1 - CHARACTERISTICS OF NSCLC CELL LINES

Cell line EGFR mutation EGFR copy number
H292 Wild type Polysomy

H460 Wild type Monosomy

Ma-| del E746-A750 Gene amplification

treated with matuzumab. These data suggested that, in contrast to
EGF-EGFR complexes, antibody-EGFR complexes remain at the
cell surface and do not undergo internalization and degradation.

Effects of maruzumab and cetuximab on EGF-induced signaling
and cell survival

We next determined whether matuzumab or cetuximab inhibits
ligand-dependent EGFR signal transduction. To examine also
whether the effects of these antibodies are dependent on EGFR
status, we studied 3 human NSCLC cell lines: 2 cell lines (H292,
H460) that possess wild-type EGFR alleles and 1 (Ma-1) with an
EGFR mutation in exon 19 that results in deletion of the residues
E746-~A750. Our recent fluorescence in situ hybridization analy-
sis”! revealed that EGFR copy number is increased (polysomy) in
H292 cells and that H460 cells exhibit monosomy tor EGFR. Ma-
1 cells were also found to manifest EGFR amplification (Table
N.3' We treated serum-deprived cells of the 3 NSCLC lines with
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FiGure 4 — Effects of matuzumab and cetuximab on EGF-induced EGFR signaling. H292 (a), H460 (b) and Ma-1 (¢) cells were deprived of
serum overnight and then incubated first for 15 min in the absence or presence of matuzumab (200 nM), cetuximab (100 nM) or gefitinib
(10 uM) and then for an additional 15 min in the additional absence or presence of EGF (100 ng/ml). Cell lysates were subjected to immunoblot
analysis with antibodies to phosphorylated forms of EGFR (pY 1068), Akt or Erk as well as with those to total EGFR (the extracellular domain),

Akt or Erk.
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FiGure 5 — Effects of matuzumab and cetuximab on cell survival. H292, H460 or Ma-1 cells were plated at a density of 200 cells per 25-cm?
flask in triplicate and cultured for 7 days in the presence of the indicated concentrations of matuzumab or cetuximab. They were then incubated
with medium alone for 7 days before determination of the number of colonies containing >50 cells for calculation of the surviving fraction.
Data are means of triplicates from a representative experiment. *p < 0.001 versus the corresponding value for cells not exposed to mAb (Stu-

dent’s r-test).

matuzumab, cetuximab or gefitinib for 15 min and then stimulated
them with EGF tfor 15 min. Gefitinib prevented the phosphoryla-
tion of EGFR, Akt, and Erk induced by EGF in H292 (Fig. 4a)
and H460 (Fig. 4h) cells. The level of EGFR phosphorylation in
EGF-treated H292 or H460 cells was not substantially affected by
matuzumab or cetuximab, likely because these antibodies also
induce EGFR phosphorylation. However, whereas matuzumab
and cetuximab did not substantially affect EGF-dependent phos-
phorylation of Akt or Erk in H460 cells, they markedly |nh1b|led
these effects of EGF in H292 cells. As we showed previously,”'
EGFR, Akt, and Erk are constitutively activated in the EGFR mu-
tant cell line Ma-1 cell (Fig. 4¢). Furthermore, whereas gefitinib
blocked the phosphorylation ot each of these 3 proteins in Ma-1
cells, matuzumab and cetuximab did not.

Finally, we performed a clonogenic assay to determine whether
cell survival is affected by the differences in EGF-dependent sig-
naling among H292, H460 and Ma-1 cells after treatment with
matuzumab or cetuximab (Fig. 5). Matuzumab and cetuximab
each induced a marked reduction in the survival rate of H292
cells, consistent with the inhibition of EGF-dependent EGFR
downstream signaling by these antibodies in these cells. In con-
trast, neither mAb affected the survival of H460 or Ma-1 cells,
consistent with the lack of inhibition of EGF-dependent or consti-
tutive EGFR downstream signaling by matuzumab or cetuximab
in these cell lines. These results suggested that the effects of matu-
zumab and cetuximab on EGF-dependent or constitutive EGFR
downstream signaling are correlated with their effects on cell sur-
vival in NSCLC cell lines.
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Discussion

The effectiveness of treatment with anti-EGFR mAbs has been
thought to be based on prevention of hgand bmdmg to EGFR and
consequent inhibition of EGFR activation.' Matuzumab and
cetuximab have recently been developed as EGFR-inhibitory
mAbs for clinical use.!’-22'23 A structural study revealed that cetux-
imab bmds to the extracellular ligand binding domain (domain IIT})
of EGFR,?* and matuzumab is also thought to bind to domam III on
the basis of its observed competition with EGFR ligands."® We
have now shown that matuzumab and cetuximab induced phospho-
rylation of EGFR at several sites, including Y845, Y1068 and
Y1173. These findings are consistent with previous observations
that mAb 225, the mouse mAb equivalent to cetuximab, is able to
induce EGFR dimerization and activation. Cetuximab was also
recently shown to induce phosphorylanon of EGFR in head and
neck squamous cell carcmoma cell lines®® as well as in NSCLC cell
lines including H292.*° These in vitro results appear to contradict
observations that matuzumab and cetuximab inhibit EGFR phos-
phorylation in vivo. 284142 Thig apparent dlscrepancy may be due
to the more complex cellular environment in vivo, including the
presence of stromal cells that interact with tumor cells. We have
also now shown that gefitinib, a specific EGFR-TKI, completely
blocked EGFR phosphorylation induced by matuzumab or cetuxi-
mab, confirming that this effect of the antibodies is dependent on
the intrinsic tyrosine kinase activity of EGFR. Furthermore, our
cross-linking analysis showed that matuzumab as well as cetuxi-
mab activated EGFR through induction of receptor dimerization.
Although recent structural analysis has revealed that cetuximab
restricts the range of the extended conformation of EGFR that is
required for ligand-induced receptor dimerization, 25 matuzumab
and cetuximab likely induce EGFR dimerization in a manner de-
pendent on their immunologically blvalem binding capacities, as
was previously shown for mAb 225.% We found that neutralizing
antibodies to EGFR did not activate EGFR, even though they also
recognize the external domain of EGFR and compete with EGFR
ligands for receptor binding.** The neutralizing antibodies did not
induce EGFR dimerization, however, likely accounting for their
inability to activate EGFR. This difference in the ability to induce
EGFR dimerization between matuzumab and cetuximab on the one
hand and the neutralizing antibodies on the other might be due to
differences in the corresponding binding sites on EGFR.

To examine the mechanism by which matuzumab and cetuxi-
mab exert antitumor effects despite their induction of EGFR acti-
vation, we investigated the effects of antibody-induced EGFR
activation on EGFR downstream signal transduction. We found
that EGFR activation induced by matuzumab or cetuximab was
not accompanied by activation of downstream signaling pa(hways
mediated by Akt and Erk, both of which play an lmponant role in
regulation of cell proliferation and survival. ¢ Moreover, we
found that the antibody-EGFR complexes were not removed from
the plasma membrane, in contrast to the rapid receptor turnover
induced by EGF. In response to ligand binding, the ligand-EGFR
complex is rapidly internalized and then either recycled back to
the cell surface or proteolytically dcgradf:d.‘w"‘6 The intemnalized
EGFR interacts with various signaling proteins that are important
for sustained dCIlVa[lOn of the major signaling pathways mediated
by PI3K-Akt and Erk.* 7 The activity of the PI3K-Akt and Erk
pathways is thus greatly reduced in cells that are defective in inter-
nalization of ligand-EGFR complcxes as a result of their expres-
sion of a mutant form of dynamm Furthermore, expression in
glioblastoma cells of an EGFR chimeric protein that does not
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undergo internalization resulted both in a reduction in the extent
of EGFR-dependent acnvatxon of Akt and Erk as well as in inhibi-
tion of tumor growth.*® These observations thus suggest that inhi-
bition of EGFR tumover by matuzumab or cetuximab is likely
responsible for the failure of these mAbs to activate Akt and Erk.

We examined the effects of matuzumab and cetuximab on
EGF-dependent EGFR signaling and on cell survival in 3 NSCLC
cell lines of differing EGFR status. The inhibition of EGF-depend-
ent activation of Akt and Erk by these antibodies appeared related
to the inhibition of clonogenic cell survival in the 3 cell lines.
With regard to NSCLC cell lines harboring wild-type EGFR
alleles, matuzumab and cetuximab markedly inhibited EGF-
dependent phosphorylation of Akt and Erk in H292 cells but not
in H460 cells. Both antibodies inhibited cell survival in H292 cells
but not in H460 cells. These results suggest that the antitumor
effects of matuzumab and cetuximab depend on inhibition of
EGFR downstream signaling such as that mediated by Akt and
Erk rather than on inhibition of EGFR itself. Our present data are
consistent with previous observations that cetuximab did not in-
hibit EGFR pho &)horylation completely even in cells sensitive to
this antibody.2”>° It is possible that the difference in sensitivity to
matuzumab and cetuximab between the 2 cell lines expressing
wild-type EGFR in the present study is due to the difference in
gene copy number, given that we found an increase in EGFR copy
number in H292 cells compared with that in H460 cells.*! A previ-
ous clinical study showed that EGFR copy number correlated with
the response to cetuximab treatment in individuals with colorectal
cancer.”” EGFR copy number was not determined by fluorescence
in situ hybridization in previous clinical sludles of NSCLC
patients treated with mamzumab or cetuximab.'®?*%* Several
clinical studies of the therapeutic efficacy of anti-EGFR antibodies
in NSCLC patients are underway, and investigation of the poten-
tial of molecular markers including EGFR copy number to predict
clinical response is warranted. Matuzumab and cetuximab failed
to inhibit both activation of Akt and Erk and clonogenic cell sur-
vival in Ma-1 cells, which express a mutant form of EGFR that
shows an ir mcreased sensitivity to EGFR-TKIs such as geﬁumb and
erlotinib.>™'® We recently showed that cells expressing EGFR
mutants exhibit constitutive, ligand-independent receptor dimeri-
zation and activation,®’ likely explaining the lack of effect of
matuzumab or cetuximab on EGFR signaling or cell survival in
such cells. However, previous studies showed that cetuximab
exerted an antitumor effect in a cell line with an EGFR mutation,
whereas several other cell lines with EGFR mutations were resist-
ant to cetuximab. Our results are consistent with clinical
observations showing that the presence of an EGFR mutation is
not a major determinant of a positive response to cetuximab in
individuals with NSCLC or colorectal cancer.”>*%'

In conclusion, we have shown that EGFR turnover is impaired in
cells treated with the anti-EGFR mAbs matuzumab or cetuximab,
resulting in inhibition of EGFR downstream signaling. Although
our study is limited by the small number of cell lines analyzed, our
findings provide important insight into the mechanisms by which
anti-EGFR mAbs exert their antitumor effects, and they suggest
that it may be possible to predict the therapeutic efficacy of such
mAbs by assessment of EGFR signal transduction.

Acknowledgements

The authors thank Ms. Erina Hatashita and Ms. Yuki Yamada
for technical assistance.

References

. Carpenter G. Receptors for epidermal growth factor and other poly-
peptide mitogens. Annu Rev Biochem 1987 56:881-914.

2. Klapper LN, Kirschbaum MH, Sela M, Yarden Y. Biochemical and
clinical implications of the ErbB/HER signaling network of growth
factor receptors. Adv Cancer Res 2000;77:25-79.

3.  Di Marco E, Pierce JH, Fleming TP, Kraus MH, Molloy CJ, Aaronson
SA, Di Fiore PP. Autocrine interaction between TGF o and the EGF-

receptor: quantitative requirements for induction of the malignant
phenotype. Oncogene 1989;4:831-8.

4. Gullick WJ. Prevalence of aberrant expression of the epidermal growth
factor receptor in human cancers. Br Med Bull 1991;47:87-98.

5.  Salomon DS, Brandt R, Ciardiello F, Normanno N. Epidermal growth
factor-related peptides and their receptors in human malignancies.
Crit Rev Oncol Hematol 1995;19:183-232.



1.

20.

21.

22.

23.

24.

EFFECTS OF ANTI-EGFR mAbs ON EGFR SIGNALING

Ettinger DS. Clinical implications of EGFR expression in the devel-
opment and progression of solid tumors: focus on non-small cell lung
cancer. Oncologist 2006;11:358-73.

Harari PM. Epidermal growth factor receptor inhibition strategies in
oncology. Endocr Relat Cancer 2004; 1 1:689-708.

Mendelsohn J, Baselga J. Epidermal growth factor receptor targeting
in cancer. Semin Oncol 2006;33:369-85.

- Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S, Okimoto RA,

Brannigan BW, Harris PL, Haserlat SM, Supko JG, Haluska FG,
Louis DN, Christiani DC, et al. Activating mutations in the epider-
mal growth factor receptor underlying responsiveness of non-
small-cell lung cancer to gefitinib. N Engl J Med 2004;350:2129-
39.

Paez JG, Janne PA, Lee JC, Tracy S, Greulich H, Gabriel S, Herman
P, Kaye FJ, Lindeman N, Boggon TJ, Naoki K, Sasaki H, et al. EGFR
mutations in lung cancer: correlation with clinical response to gefiti-
nib therapy. Science 2004;304:1497-500.

Pao W, Miller V, Zakowski M, Doherty I, Politi K, Sarkaria I, Singh
B, Heelan R, Rusch V, Fulton L, Mardis E, Kupfer D, et al. EGF re-
ceptor gene mutations are common in lung cancers from “never
smokers” and are associated with sensitivity of tumors to gefitinib
and erlotinib. Proc Natl Acad Sci USA 2004;101:13306-11.
Mitsudomi T, Kosaka T, Endoh H, Horio Y, Hida T, Mori S, Hatooka
S, Shinoda M, Takahashi T, Yatabe Y. Mutations of the epidermal
growth factor receptor gene predict prolonged survival after gefitinib
treatment in patients with non-small-cell lung cancer with postopera-
tive recurrence. J Clin Oncol 2005;23:2513-20.

. Takano T, Ohe Y, Sakamoto H, Tsuta K, Matsuno Y, Tateishi U,

Yamamoto S, Nokihara H, Yamamoto N, Sekine I, Kunitoh H, Shi-
bata T, et al. Epidermal growth factor receptor gene mutations and
increased copy numbers predict gefitinib sensitivity in patients with
recurrent non-small-cell lung cancer. J Clin Oncol 2005;23:6829-37.
Cappuzzo F, Hirsch FR, Rossi E, Bartolini S, Ceresoli GL, Bemis L,
Haney J, Witta S, Danenberg K, Domenichini I, Ludovini V, Magrini
E, et al. Epidermal growth factor receptor gene and protein and gefiti-
nib sensitivity in non-small-cell lung cancer. J Natl Cancer Inst
2005;97:643-55.

. Hirsch FR, Varella-Garcia M, McCoy J, West H, Xavier AC,

Gumerlock P, Bunn PA, Jr, Franklin WA, Crowley J, Gandara DR.
Increased epidermal growth factor receptor gene copy number
detected by fluorescence in situ hybridization associates with
increased sensitivity to gefitinib in patients with bronchioloalveolar
carcinoma subtypes: a Southwest Oncology Group Study. J Clin
Oncol 2005;23:6838—45.

. Tsao MS, Sakurada A, Cutz JC, Zhu CQ, Kamel-Reid S, Squire J,

Lorimer I, Zhang T, Liu N, Daneshmand M, Marrano P, da Cunha
Santos G, et al. Erlotinib in lung cancer—molecular and clinical pre-
dictors of outcome. N Engl ] Med 2005;353:133—44.

. Cunningham D, Humblet Y, Siena S, Khayat D, Bleiberg H, Santoro

A, Bets D, Mueser M, Harstrick A, Verslype C, Chau I, Van Cutsem
E. Cetuximab monotherapy and cetuximab plus irinotecan in irinote-
can-refractory metastatic colorectal cancer. N Engl J Med 2004;351:
337-45.

. Astsaturov [, Cohen RB, Harari PM. EGFR-targeting monoclonal

antibodies in head and neck cancer. Curr Cancer Drug Targets
2006;6:691-710. :

. Kollmannsberger C, Schittenhelm M, Honecker F, Tillner J, Weber

D, Oechsle K, Kanz L, Bokemeyer C. A phase I study of the human-
ized monoclonal anti-epidermal growth factor receptor (EGFR) anti-
body EMD 72000 (matuzumab) in combination with paclitaxel in
patients with EGFR-positive advanced non-small-cell lung cancer
(NSCLC). Ann Oncol 2006;17:1007-13.

Seiden MV, Burris HA, Matulonis U, Hall B, Armstrong DK, Speyer
J, Weber JD, Muggia F. A phase TI trial of EMD72000 (matuzumab),
a humanized anti-EGFR monoclonal antibody, in patients with plati-
num-resistant ovarian and primary peritoneal malignancies. Gynecol
Oncol 2007;104:727-31. )

Graeven U, Kremer B, Sudhoff T, Killing B, Rojo F, Weber D, Till-
ner J, Unal C, Schmiegel W. Phase I study of the humanised anti-
EGFR monoclonal antibody matuzumab (EMD 72000) combined
with gemcitabine in advanced pancreatic cancer. Br J Cancer
2006;94:1293-9. .

Hanna N, Lilenbaum R, Ansari R, Lynch T, Govindan R, Janne
PA, Bonomi P. Phase II trial of cetuximab in patients with previ-
ously treated non-small-cell lung cancer. J Clin Oncol 2006;24:
5253-8.

Thienelt CD, Bunn PA, Jr, Hanna N, Rosenberg A, Needle MN,
Long ME, Gustafson DL, Kelly K. Multicenter phase I/11 study of
cetuximab with paclitaxel and carboplatin in untreated patients with
stage TV non-small-cell lung cancer. J Clin Oncol 2005;23:8786—
93. :

Robert F, Blumenschein G, Herbst RS, Fossella FV, Tseng J, Saleh
MN, Needle M. Phase I/TTa study of cetuximab with gemcitabine plus

25.

26.
27.

28.

29.

37.
38.

39.

40.

41.

42.

43.

45.

1537

carboplatin in patients with chemotherapy-naive advanced non-small-
cell lung cancer. J Clin Oncol 2005;23:9089-96.

Li S, Schmitz KR, Jeffrey PD, Wiltzius JJ, Kussie P, Ferguson KM.
Structural basis for inhibition of the epidermal growth factor receptor
by cetuximab. Cancer Cell 2005;7:301-11.

Adams GP, Weiner LM. Monoclonal antibody therapy of cancer. Nat
Biotechnol 2005;23:1147-57.

Mukohara T, Engelman JA, Hanna NH, Yeap BY, Kobayashi S, Lin-
deman N, Halmos B, Pearlberg J, Tsuchihashi Z, Cantley LC, Tenen
DG, Johnson BE, et al. Differential effects of gefitinib and cetuximab
on non-small-cell lung cancers bearing epidermal growth factor recep-
tor mutations. J Natl Cancer Inst 2005;97:1185-94.

Perez-Torres M, Guix M, Gonzalez A, Arteaga CL. Epidermal growth
factor receptor (EGFR) antibody down-regulates mutant receptors and
inhibits tumors expressing EGFR mutations. J Biol Chem
2006;281:40183-92.

Mandic R, Rodgarkia-Dara CJ, Zhu L, Folz BJ, Bette M, Weihe E,
Neubauer A, Werner JA. Treatment of HNSCC cell lines with the
EGFR-specific inhibitor cetuximab (Erbitux) results in paradox phos-
phorylation . of tyrosine 1173 in the receptor. FEBS Lett
2006;580:4793-800.

. Amann J, Kalyankrishna S, Massion PP, Ohm JE, Girard L, Shige-

matsu H, Peyton M, Juroske D, Huang Y, Stuart Salmon J, Kim YH,
Pollack JR, et al. Aberrant epidermal growth factor receptor signaling
and enhanced sensitivity to EGFR inhibitors in lung cancer. Cancer
Res 2005;65:226-35.

. Okabe T, Okamoto I, Tamura K, Terashima M, Yoshida T, Satoh T,

Takada M, Fukuoka M, Nakagawa K. Differential constitutive activa-
tion of the epidermal growth factor receptor (EGFR) in non-small cell
lung cancer cells bearing EGFR gene mutation and amplification.
Cancer Res 2007,67:2046-53.

Waterfield MD, Mayes EL, Stroobant P, Bennet PL, Young S, Good-
fellow PN, Banting GS, Ozanne B. A monoclonal antibody to the
human epidermal growth factor receptor. J Cell Biochem
1982;20:149-61.

. Ogiso H, Ishitani R, Nureki O, Fukai S, Yamanaka M, Kim JH, Saito

K, Sakamoto A, Inoue M, Shirouzu M, Yokoyama S. Crystal structure
of the complex of human epidermal growth factor and receptor extrac-
ellular domains. Cell 2002;110:775-87.

Schlessinger J. Ligand-induced, receptor-mediated dimerization and
activation of EGF receptor. Cell 2002;110:669-72.

Scaltriti M, Baselga J. The epidermal growth factor receptor path-
way: a model for targeted therapy. Clin Cancer Res 2006;12:5268—
72.

Normanno N, De Luca A, Bianco C, Strizzi L, Mancino M, Maiello
MR, Carotenuto A, De Feo G, Caponigro F, Salomon DS. Epidermal
growth factor receptor (EGFR) signaling in cancer. Gene 2006;366:2—
16. '

Vieira AV, Lamaze C, Schmid SL. Control of EGF receptor signaling
by clathrin-mediated endocytosis. Science 1996;274:2086-9.

Fan Z, Mendelsohn J, Masui H, Kumar R. Regulation of epidermal
growth factor receptor in NIH3T3/HER 14 cells by antireceptor mono-
clonal antibodies. J Biol Chem 1993;268:21073-9.

Fan Z, Lu Y, Wu X, Mendelsohn J. Antibody-induced epidermal
growth factor receptor dimerization mediates inhibition of autocrine
proliferation of A431 squamous carcinoma cells. J Biol Chem
1994,269:27595-602.

Raben D, Helfrich B, Chan DC, Ciardiello F, Zhao L, Franklin W,
Baron AE, Zeng C, Johnson TK, Bunn PA, Jr. The effects of cetuxi-
mab alone and in combination with radiation and/or chemotherapy in
lung cancer. Clin Cancer Res 2005;11:795-805.

Vanhoefer U, Tewes M, Rojo F, Dirsch O, Schleucher N, Rosen O,
Tillner J, Kovar A, Braun AH, Trarbach T, Seeber S, Harstrick A,
et al. Phase T study of the humanized antiepidermal growth factor
receptor monoclonal antibody EMD72000 in patients with advanced
solid tumors that express the epidermal growth factor receptor. J Clin.
Oncol 2004;22:175-84.

Luo FR, Yang Z, Dong H, Camuso A, McGlinchey K, Fager K, Fle-
fleh C, Kan D, Inigo 1, Castaneda S, Wong TW, Kramer RA, et al.
Prediction of active drug plasma concentrations achieved in cancer
patients by pharmacodynamic biomarkers identified from the geo
human colon carcinoma xenograft model. Clin Cancer Res
2005;11:5558-65.

Johnson GR, Kannan B, Shoyab M, Stromberg K. Amphiregulin indu-
ces tyrosine phosphorylation of the epidermal growth factor receptor
and pl85erbB2. Evidence that amphiregulin acts exclusively through
the epidermal growth factor receptor at the surface of human epithe-
lial cells. J Biol Chem 1993;268:2924-31.

Sorkin A, Von Zastrow M. Signal transduction and endocytosis:
close encounters of many kinds. Nat Rev Mol Cell Biol 2002;3:600-
14

So}kin A. Internalization of the epidermal growth factor receptor: role
in signalling. Biochem Soc Trans 2001;29:480—4.



1538

46.
47.

48.

Wiley HS, Burke PM. Regulation of receptor tyrosine kinase signal-
ing by endocytic trafficking. Traffic 2001;2:12-18.

Wang Y, Pennock S, Chen X, Wang Z. Endosomal signaling of
epidermal growth factor receptor stimulates signal transduction
pathways leading to cell survival. Mol Cell Biol 2002;22:7279-
90.

Liu KJ, Chen CT, Hu WS, Hung YM, Hsu CY, Chuang BF, Juang
SH. Expression of cytoplasmic-domain substituted epidermal growth
factor receptor inhibits tumorigenicity of EGFR-overexpressed human
glioblastoma multiforme. Int J Oncol 2004;24:58 |-90.

49.

50.

51.

YOSHIDA ET AL.

Moroni M, Veronese S, Benvenuti S, Marrapese G, Sartore-Bianchi
A, Di Nicolantonio F, Gambacorta M, Siena S, Bardelli A. Gene copy
number for epidermal growth factor receptor (EGFR) and clinical
response to antiEGFR treatment in colorectal cancer: a cohort study.
Lancet Oncol 2005;6:279-86.

Barber TD, Vogelstein B, Kinzler KW, Velculescu VE. Somatic
mutations of EGFR in colorectal cancers and glioblastomas. N Engl
J Med 2004;351:2883.

Tsuchihashi Z, Khambata-Ford S, Hanna N, Janne PA. Responsiveness to
cetuximab without mutations in EGFR. N Engl J Med 2005;353:208-9.



Synergistic antitumor effect of S-1 and the epidermal growth
factor receptor inhibitor gefitinib in non-small cell

lung cancer cell lines: role of gefitinib-induced
down-regulation of thymidylate synthase

Takafumi Okabe, Isamu Okamoto,’

Sayaka Tsukioka,® Junji Uchida,® Tsutomu Iwasa,’
Takeshi Yoshida," Erina Hatashita," Yuki Yamada,’
Taroh Satoh,' Kenji Tamura,* Masahiro Fukuoka,?
and Kazuhiko Nakagawa'

'Department of Medical Oncology, Kinki University School of
Medicine; “Department of Internal Medicine, Kinki University
School of Medicine, Sakai Hospital, Osaka, Japan; 3Tokushima
Research Center, Taiho Pharmaceutical Co. Ltd., Tokushima,
Japan; and *“Medical Oncology. National Cancer Center Hospital,
Tokyo, Japan

Abstract

Somatic mutations in the epidermal growth factor receptor
(EGFR) gene are associated with the therapeutic response
to EGFR tyrosine kinase inhibitors (TKI) in patients with
advanced non-small cell lung cancer (NSCLC). The
response rate to these drugs remains low, however, in
NSCLC patients with wild-type EGFR alleles. Combination
therapies with EGFR-TKIs and cytotoxic agents are
considered a therapeutic option for patients with NSCLC
expressing wild-type EGFR. We investigated the antipro-
liferative effect of the combination of the oral fluorouracil
S$-1 and the EGFR-TKI gefitinib in NSCLC cells of differing
EGFR status. The combination of 5-fluorouracil and
gefitinib showed a synergistic antiproliferative effect
in vitro in all NSCLC cell lines tested. Combination
chemotherapy with S-1 and gefitinib in vivo also had a
synergistic antitumor effect on NSCLC xenografts regard-
less of the absence or presence of EGFR mutations.
Gefitinib inhibited the expression of the transcription
factor E2F-1, resulting in the down-regulation of thymidy-
late synthase at the mRNA and protein levels. These
observations suggest that gefitinib-induced down-regula-
tion of thymidylate synthase is responsible, at least in part,

for the synergistic antitumor effect of combined treatment -

with S-1 and gefitinib and provide a basis for clinical
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evaluation of combination chemotherapy with S-1 and
EGFR-TKIs in patients with solid tumors. [Mol Cancer Ther
2008;7(3):599 - 606]

Introduction

Targeted therapy in the treatment of cancer has made
substantial progress over the last few years. The ErbB
family of receptor tyrosine kinases includes the epidermal
growth factor receptor (EGFR; ErbB1), ErbB2 (HER2/ncu),
ErbB3, and ErbB4 and is important for normal development
as a result of its roles in cell proliferation and differenti-
ation (1-3). Aberrant expression of EGFR has been detected
in a wide range of human epithelial malignancies,
including non-small cell lung cancer (NSCLC), and is
correlated with poor prognosis and reduced survival time
(4, 5). Agents that specifically target EGFR are therefore
under development as anticancer drugs. Indeed, two
inhibitors of the tyrosine kinase activity of EGFR (EGFR-
TKI), gefitinib and erlotinib, both of which compete with
ATP for binding to the catalytic pocket of the receptor, have
been extensively studied in individuals with NSCLC (6-9).
Somatic mutations in the region of EGFR that encodes the
tyrosine kinase domain have been associated with tumor
responsiveness to EGFR-TKIs in a subset of NSCLC
patients (10-17). In contrast, achievement of a clinical
benefit of these drugs in NSCLC patients who express wild-
type EGER has been problematic.

S-1 (Tajho Pharmaceutical) is an oral anticancer agent
composed of tegafur, 5-chloro-2,4-dihydroxypyridine
(CDHP), and potassium oxonate in a molar ratio of 1:0.4:1
(18). Tegafur is a prodrug that generates 5-fluorouracil
(5-FU) in blood largely as a result of its metabolism by
cytochrome P450 in the liver. CDHP increases the plasma
concentration of 5-FU through competitive inhibition of
dihydropyrimidine dehydrogenase (DPD), which catalyzes
5-FU catabolism (19). Oxonate reduces the gastrointestinal
toxicity of 5-FU (20). A response rate of 22% and a median
survival time of 10.2 months were obtained in a clinical trial
of 5-1 in patients with advanced NSCLC not subjected
previously to chemotherapy (21). Few severe gastrointes-
tinal or hematologic adverse events were reported. More-
over, a phase Il trial of 5-1 plus cisplatin in NSCLC patients
revealed a 47% response rate and an acceptable safety
profile (22).

Based on this background, we examined the anticancer
effect of the combination of S5-1 and gefitinib in NSCLC cell
lines of differing EGFR status. We found that the
combination of 5-1 (or 5-FU) and gefitinib exhibited a
marked and synergistic antiproliferative effect both in vivo
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inhibition of NSCLC cell growth Hy the combination of 5-FU and gefitinib in vitro. Cells with wild-type (H460, Ma-53, Ma-45, Ma-31, and

Ma-25) or mutant (Ma-1) EGFR alleles were exposed for 72 h to 5-FU and gefitinib at the indicated concentrations, after which cell viability was measured
with a colorimetric assay. The observed excess inhibition (%) relative to that predicted by the Bliss additivism model is shown color-coded in a drug
concentration matrix for each cell line. Yellow, orange, pink, and red, synergy; light and dark blue, antagonism. Mean of triplicates from a representative

experiment.

and in vitro in cells regardless of the absence or presence of
EGFR mutations. Furthermore, we assessed the effects of
gefitinib on the expression of enzymes that function in 5-FU
metabolism, including thymidylateé synthase (TS), DPD,
and orotate phosphoribosyltransferase (OPRT), to gain
insight into the mechanism underlying the synergistic
effect of combination therapy with 5-1 and gefitinib.

Materials and Methods

Cell Lines and Reagents

The human NSCLC cell lines NCI-H460 (H460), Ma-1,
Ma-25, Ma-31, Ma-45, and Ma-53 were obtained as
described previously (23). MiaPaca-2 cells were obtained
from Japan Health Sciences Foundation. These cell lines
were cultured under a humidified atmosphere of 5% CO; at
37°C in RPMI 1640 (Sigma) supplemented with 10% fetal
bovine serum. Gefitinib was provided by AstraZeneca. S-1
and CDHP were provided by Taiho Pharmaceutical. 5-FU
was obtained from Wako.

Growth Inhibition Assay In vitro

Cells (2.0 x 10°) were plated in 96-well flat-bottomed
plates and cultured for 24 h before the addition of various
concentrations of 5-FU and gefitinib and incubation for an
additional 72 h. Cell Counting Kit-8 solution (Dojindo) was
then added to each well, and the cells were incubated for
3 h at 37°C before measurement of absorbance at 450 nm.
Absorbance values were expressed as a percentage of that
for untreated cells, and the concentration of 5-FU or
gefitinib resulting in 50% growth inhibition (ICsq) was

calculated. The effect of combining 5-FU and gefitinib was
classified as additive, synergistic, or antagonistic with the

_ Bliss additivism model (24-26). A theoretical curve was

calculated for combined inhibition with the equation:
Episs = Ea + Eg - (Ea % Eg), where E5 and Eg are the
fractional inhibitory effects of drug A alone and drug B
alone at specific concentrations. Eyiss is then the fractional
inhibition that would be expected if the effect of the
combination of the two drugs was exactly additive. In this
study, the Bliss variable is expressed as percentage
decrease in cell growth above what would be expected
for the combination. Bliss = 0 indicates that the effect of the
combination is additive; Bliss > 0 is indicative of synergy;
and Bliss < 0 indicates antagonism.

Animals

Male athymic nude mice were exposed to a 12-h light,
12-h dark cycle and provided with food and water
ad libitum in a barrier facility. All experiments were done
in compliance with the regulations of the Animal Exper-
imentation Committee of Taiho Pharmaceutical.

Growth Inhibition Assay /n vivo

Cubic fragments of tumor tissue (~2 x 2 X 2 mm) were
implanted s.c. into the axilla of 5- to 6-week-old male
athymic nude mice. Treatment was initiated when tumors
in each group achieved an average volume of 100 to
150 mm?>. Treatment groups consisted of control, 5-1 alone,
gefitinib alone, and the combination of §-1 and gefitinib.
Each treatment group contained seven mice. S-1 (10 mg/kg
body mass) and gefitinib (50 or 3 mg/kg) were adminis-
tered by oral gavage once a day for 14 days; control animals
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received 0.5% (w/v) hydroxypropylmethylcellulose as
vehicle. Tumor volume was determined from caliper
measurements of tumor length (L) and width (W) accord-
ing to the formula LW? / 2. Both tumor size and body
weight were measured two or three times per week.

Immunoblot Analysis ‘

Cell lysates were fractionated by SDS-PAGE on 12% gels
(NuPAGE Bis-Tris Gels; Invitrogen), and the separated
proteins were transferred to a nitrocellulose membrane.
After blocking of nonspecific sites with 5% skim milk, the
membrane was incubated overnight at room temperature
with primary antibodies. Antibodies to DPD, OPRT, and TS
were obtained from Taiho Pharmaceutical; those to E2F-1
were from Santa Cruz Biotechnology; and those to B-actin
(loading control) were from Sigma. Immune complexes
were detected by incubation of the membrane for 1 h at
room temperature with horseradish peroxidase-conjugated
goat antibodies to mouse or rabbit immunoglobulin and
by subsequent exposure to enhanced chemiluminescence
reagents (Pierce).

Immunoprecipitation Analysis

Immunoprecipitation of EGFR was done according to
standard procedures. Whole-cell lysates (800 ug protein)
were incubated overnight at 4°C with antibodies to EGFR
(Santa Cruz Biotechnology), after which Protein G Plus/
Protein A-Agarose Suspension (Calbiochem) was added
and the mixtures were incubated for an additional 1 h at
4°C. Immunoprecipitates were isolated, washed, resolved
by SDS-PAGE on a 7.5% gel (Bio-Rad), and subjected to
immunoblot analysis with antibodies to phosphotyrosine
(PY20) and EGFR (Zymed).
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Reverse Transcription and Real-time PCR Analysis

Total RNA (1 pg) extracted from cells with the use of an
RNeasy Mini Kit (Qiagen) was subjected to reverse
transcription with the use of a SuperScript Preamplification
System (Invitrogen Life Technologies). The resulting
c¢DNA was then subjected to real-time PCR analysis with
the use of a TagMan PCR Reagent Kit and a Gene Amp
5700 Sequence Detection System (Applied Biosystems).
The forward and reverse primers and TagMan probe
for TS ¢cDNA were 5-GCCTCGGTGTGCCTTTCA-3 and
5-CCCGTGATGTGCGCAAT-3 and 6-FAM-5-TCGCCA-
GCTACGCCCTGCTCA-3-TAMRA, respectively. Glyceral-
dehyde-3-phosphate dehydrogenase mRNA were used as
an internal standard.

Statistical Analysis

Data are presented as mean + SE and were analyzed by
the Aspin-Welch { test. P < 0.05 was considered statistically
significant.

Results

Effect of the Combination of 5-FU and Gefitinib on
NSCLC Cell Growth In vitro

Tegafur, which is a component of 5-1, is metabolized to
5-FU in the liver and exerts antitumor effects. We first
examined the antiproliferative activity of the combination
of 5-FU and gefitinib in six NSCLC cell lines. Five of the cell
lines (H460, Ma-53, Ma-45, Ma-31, and Ma-25) possess
wild-type EGFR alleles, whereas Ma-1 cells harbor an
EGFR mutation (E746_A750del) that is associated with a
high response rate to the EGFR-TKIs gefitinib and erlotinib
in individuals with advanced NSCLC. We assessed
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Figure 2. Antitumor activity of the combination of S-1 and gefitinib in vivo. A and B, nude mice with tumor xenografts established by s.c. implantation
of NSCLC cells (H460 and Ma-53) possessing wild-type EGFR were treated daily for 2 wk with vehicle {control), 5-1 {10 mg/kg), gefitinib {50 mg/kg), or
both drugs by oral gavage. C, nude mice with tumor xenografts derived from NSCLC cells (Ma-1) expressing mutant EGFR were treated daily for 2 weeks
with vehicle (control), S-1 (10 mg/kg), gefitinib (3 mg/kg), or both drugs by oral gavage. Tumor volume in all animals was determined at the indicated times
after the onset of treatment. Mean + SE of values from seven mice per group. *, P < 0.05 versus control; **, P < 0.05 versus S-1 or gefitinib alone for

values 15 d after treatment onset {Aspin-Welch t test).
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Figure 3. Lack of effect of 5-FU and CDHP on EGFR phosphorylation in
NSCLC cell lines. NSCLC cells {H460, Ma-53, and Ma-1} were incubated
for 24 h in medium supplemented with 2% fetal bovine serum and with
5-FU (10 umol/L), CDHP {3 pmol/L), or gefitinib (5 pmol/L). Cell lysates
were then prepared and subjected to immunoprecipitation (/P) with
antibodies to EGFR, and the resulting precipitates were subjected to
immunoblot analysis with antibodies to phosphotyrosine {for detection of
phosphorylated EGFR) and with antibodies to EGFR. The intensity of the
phosphorylated EGFR band relative to that of the EGFR band was
determined by densitometry and is expressed as a percentage below each
lane.

whether 5-FU and gefitinib showed additivity, synergy, or
antagonism based on the Bliss additivism model (24-26).
We chose this model rather than isobologram or combina-
tion index analysis because it would allow us to evaluate
the nature of drug interactions even in instances in which
the maximal inhibition by 5-FU or gefitinib alone was too
low to obtain a reliable 1Csy value. The six test concen-
trations for each agent were chosen after first determining
the corresponding ICsp values. The ICsy values for 5-FU
chemosensitivity were not associated with EGFR status and
ranged from 7 to 11 pmol/L. The effect of combined
treatment with 5-FU and gefitinib on the proliferation of the
six NSCLC cell lines was tested in triplicate in a 6 X 6

concentration matrix. Calculation of the percentage inhibi-
tion in excess of that predicted by the Bliss additivism
model revealed synergistic effects of Bliss > 0 for 5-FU and
gefitinib in all of the six cell lines tested (Fig. 1). These
results suggested that 5-FU and gefitinib act synergistically
to inhibit cell growth in NSCLC cells.

Effect of Combined Treatment with S-1 and Gefitinib
on NSCLC Cell Growth In vivo

We therefore next investigated whether combined
treatment with S-1 and gefitinib might also exert a
synergistic effect on NSCLC cell growth in vivo. Doses
of both agents were selected so that their independent
effects on tumor growth would be moderate. Nude mice
were implanted s.c. with H460, Ma-53, or Ma-1 tumor
fragments to establish tumor xenografts. When the H460
or Ma-53 tumors, which harbor wild-type EGFR, became
palpable (100-150 mm?), the mice were divided into four
groups for daily treatment with vehicle, S-1 (10 mg/kg),
gefitinib (50 mg/kg), or both drugs by oral gavage over 2
weeks. For xenografts formed by H460 or Ma-53 cells,
combination therapy with S-1 and gefitinib resulted in a
significant reduction in tumor size compared with that
apparent in animals treated with 5-1 or gefitinib alone
(Fig. 2A and B). Mice bearing Ma-1 tumors, which express
mutant EGFR, were treated with vehicle, S-1 (10 mg/kg),
gefitinib (3 mg/kg), or both agents daily over 2 weeks.
Combination treatment with S-1 and gefitinib significantly
inhibited the growth of Ma-1 xenografts relative to that
apparent in mice treated with either agent alone (Fig. 2C).
None of the drug treatments induced a weight loss of
>20% during the 2-week period, and no signs of overt
drug toxicity were apparent (data not shown). These
results thus suggested that combination chemotherapy
with §-1 and gefitinib in vivo had a synergistic antitumor
effect on NSCLC xenografts regardless of the absence or
presence of EGFR mutations, consistent with our results
in vitro.

Effects of 5-FU and CDHP on EGFR Phosphorylation
in NSCLC Cell Lines

To investigate the mechanism responsible for the
observed interaction between S-1 and gefitinib, we exam-
ined the effect of 5-FU on EGFR signal transduction in
NSCLC cells expressing wild-type (H460 and Ma-53) or
mutant (Ma-1) EGFR. Immunoprecipitation analysis
revealed that exposure of H460 or Ma-53 cells to 5-FU (10
umol/L) for 24 h had no effect on the basal level of EGFR
phosphorylation (Fig. 3). We have shown previously that
EGFR is constitutively phosphorylated in Ma-1 cells
maintained in serum-free medium (23). Exposure of Ma-1
cells to 5-FU for 24 h did not affect this constitutive level of
EGFR phosphorylation (Fig. 3). We next examined the
effects of both CDHP, which is a component of 5-1, and the
combination of CDHP and 5-FU on EGFR phosphorylation
in H460, Ma-53, and Ma-1 cells. Neither CDHP alone nor
the combination of CDHP and 5-FU affected the level
of EGFR phosphorylation in any of these three cell lines
(Fig. 3). These results thus indicated that 5-FU and CDHP
have no effect on EGFR signal transduction.
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Effects of Gefitinib on the Expression of DPD, OPRT,
and TS in NSCLC Cell Lines

We next investigated whether gefitinib might affect the
expression of DPD, OPRT, or TS, enzymes that are major
determinants of the sensitivity of cells to 5-FU. We first
examined the abundance of these enzymes in the NSCLC
cell lines H460, Ma-53, and Ma-1 by immunoblot analysis.
The expression of DPD was detected in MiaPaca-2 cells
(positive control) but not in H460, Ma-53, or Ma-1 ceils
(Fig. 4A4). In contrast, OPRT and TS were detected in all
three NSCLC cell lines and their abundance did not appear
related to EGFR status (Fig. 44 ). Treatment of H460, Ma-53,
or Ma-1 cells with gefitinib (5 umol/L) for up to 48 h
resulted in a time-dependent decrease in the amount of
TS, whereas that of OPRT or DPD remained unaffected
(Fig. 4B). A reduced level of TS expression in tumors has
been associated previously with a higher response rate to
5-FU-based chemotherapy (27, 28). Our data thus sug-
gested that the suppression of TS expression by gefitinib
might increase the sensitivity of NSCLC cells to 5-FU.

The transcription factor E2F-1 regulates expression of the
TS gene (29-31). We therefore examined the possible effect
of gefitinib on E2F-1 expression in NSCLC cell lines.
Incubation of H460, Ma-53, or Ma-1 cells with gefitinib for
up to 48 h also induced a time-dependent decrease in the
amount of E2F-1 (Fig. 4B), suggesting that this effect might
contribute to the down-regulation of TS expression by
gefitinib in these cell lines.

Effect of Gefitinib on TS mRNA Abundance in NSCLC
Cell Lines

The abundance of TS mRNA would be expected to be
decreased if the down-regulation of E2F-1 expression by
gefitinib was responsible for the reduced level of TS. We
determined the amount of TS mRNA in H460, Ma-53, or
Ma-1 cells at various times after exposure to gefitinib with
the use of reverse transcription and real-time PCR analysis.
Gefitinib indeed induced a time-dependent decrease in the
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amount of TS mRNA in all three NSCLC cell lines (Fig. 5),
suggesting that the down-regulation of TS expression by
gefitinib occurs at the transcriptional level and may be due
to suppression of E2F-1 expression.

Discussion

The recent identification of activating somatic mutations of
EGFR in NSCLC and their relevance to prediction of the
therapeutic response to EGFR-TKIs such as gefitinib and
erlotinib have had a major effect on NSCLC treatment
(10-17). The response rate to these drugs remains low,
however, in NSCLC patients with wild-tye EGFR alleles.
Combination therapy with EGFR-TKIs and cytotoxic agents
is a potential alternative strategy for NSCLC expressing
wild-type EGFR. In the present study, we have evaluated
the potential cooperative antiproliferative effect of com-
bined treatment with the EGFR-TKI gefitinib and the new
oral fluorouracil S-1 in NSCLC cell lines of differing EGFR
status. We found that S-1 (or 5-FU) and gefitinib exert a
synergistic antiproliferative effect on NSCLC cells both
in vivo and in vitro regardless of the absence or presence of
EGFR mutation. We chose a gefitinib dose of 50 mg/kg for
treatment of mice bearing H460 or Ma-53 tumors. The
median effective dose of gefitinib was shown previously to
be ~50 mg/kg in athymic nude mice bearing A431 cell-
derived xenografts (32). A gefitinib dose of 50 mg/kg has
therefore subsequently been widely used in tumor xeno-
graft studies (33—36). The U.S. Food and Drug Administra-
tion recommends that drug doses in animals be converted
to those in humans based on body surface area (37).
According to this guideline, a gefitinib dose of 50 mg/kg
in mouse xenograft models is approximately equivalent
to the therapeutic dose (250 mg/d) of the drug in humans.
In addition, the tumor concentrations of gefitinib in NSCLC
xenografts of mice treated with this drug (50 mg/kg)
ranged from 9.7 to 13.3 ug/g, values that were similar to the
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Effects of gefitinib on the expression of E2F-1, DPD, OPRT, and TS in NSCLC cell lines. A, lysates of H460, Ma-53, or Ma-1 cells were

subjected to immunoblot analysis with antibodies to DPD, OPRT, TS, or 3-actin (loading control). MiaPaca-2 cells were also examined as a positive control
for DPD expression. B, NSCLC cells were incubated with gefitinib (5 ymol/L) for the indicated times in medium containing 10% serum, after which cel!
lysates were subjected to immunoblot analysis as in A, with the addition that E2F-1 expression was also examined.
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Figure 5. Down-regulation of TS mRNA by gefitinib in NSCLC cell lines. H460, Ma-63, or Ma-1 cells were incubated with gefitinib {5 pmol/L) for the
indicated times in medium containing 10% serum, after which total RNA was extracted from the cells and subjected to reverse transcription and real-time
PCR analysis of TS mRNA. The amount of TS mRNA was normalized by that of glyceraldehyde-3-phosphate dehydrogenase mRNA. Mean * SE of values

from three separate experiments.

achievable concentrations of gefitinib in tumor 'tissues of
treated humans (34). These observations suggest that a
gefitinib dose of 50 mg/kg in mouse xenograft models is
appropriate for mimicking the therapeutic dose in humans.

EGFR-TKIs have been shown previously to act synergis-
tically with radiation or cytotoxic agents such as cisplatin,
paclitaxel, and irinotecan (38-40). These cytotoxic agents
and radiation have been shown to increase the phosphor-
ylation level of EGFR, possibly reflecting the activation of
prosurvival signaling, and this effect is blocked by EGFR-
TKIs, resulting in the synergistic antitumor effects of the
combination therapies. Such a synergistic effect of 5-FU and
gefitinib was attributed to 5-FU-induced EGFR phosphor-
ylation in colorectal cancer cells (41). In contrast, we found
that 5-FU had no effect on the level of EGFR phosphory-
lation in NSCLC cell lines. Further examination of different
concentrations of 5-FU and different exposure times also
failed to reveal an effect of 5-FU on EGFR phosphorylation
in these cells (data not shown). These findings indicate that
NSCLC cell lines respond differently to 5-FU than do
colorectal cancer cells and that the synergistic antiprolifer-
ative effect of 5-FU and gefitinib in NSCLC cells is not
mediated at the level of EGFR phosphorylation.

Our results indicate that the synergistic interaction of
5-FU (or 5-1) and gefitinib is attributable, at least in part, to
down-regulation of TS expression by gefitinib. The active
metabolite of 5-FU, FAUMP, forms a covalent ternary
complex with 5,10-methylenetetrahydrofolate and TS,
resulting in inhibition of DNA synthesis (42). TS is thus
an important therapeutic target of 5-FU. The amount of TS
in neoplastic cells has been found to increase after exposure
to 5-FU, resulting in the maintenance of free enzyme in
excess of that bound to 5-FU (43-47). Such an increase in
TS expression and activity has been viewed as a mecha-
nistic driver of 5-FU resistance in cancer cells (48-50). The
development of a new therapeutic strategy that reduces TS
expression would therefore be of interest. Indeed, preclin-
ical studies have shown that the down-regulation of TS by
antisense oligonucleotides or other means enhances the

efficacy of 5-FU (51-54). Down-regulation of TS would be
expected to enhance the cytotoxicity of 5-FU as a result of
the decrease in the amount of its protein target (55).
Consistent with these preclinical data, an inverse relation
between TS expression and 5-FU sensitivity has been
shown in various human solid tumors (27, 28, 56—60). We
have now shown that gefitinib alone induced down-
regulation of TS expression, suggesting that this effect of
gefitinib contributes to its synergistic interaction with 5-FU
(or S-1) in NSCLC cell lines.

We further explored the molecular mechanism by which
gefitinib induces down-regulation of TS expression in
NSCLC cells. Given that EGFR signal transduction has
been shown to be involved in activity of E2F-1 that
regulates the expression of several genes including TS
(61, 62), which controls the expression of several genes
including that for TS, we examined the possible effects of
gefitinib on E2F-1 expression and on the abundance of TS
mRNA. Gefitinib induced down-regulation of E2F-1 in
NSCLC cell lines harboring wild-type EGFR, consistent
with previous observations (63), as well as in those
expressing mutant EGFR. In addition, gefitinib reduced
the amount of TS mRNA in NSCLC cells, consistent with
the notion that the suppression of TS expression by
gefitinib is attributable to inhibition of gene transcription
as a result of down-regulation of E2F-1. For our experi-
ments examining the effects of gefitinib on TS and E2F-1
expression, we used a drug concentration of 5 umol/L. The
concentration of gefitinib in tumor xenografts was shown
previously to be 5 to 14 times that in the plasma
concentration of the mouse hosts (34). Daily oral adminis-
tration of gefitinib (250 mg) in patients also gave rise to a
drug concentration in tumor tissue that was substantially
higher (mean, 42-fold) than that in plasma concentration
(34). We showed previously that the maximal concentration
of gefitinib in the plasma of patients with advanced solid
tumors had a mean value of 0.76 umol/L at a daily dose of
225 mg (64). Based on these data, we considered that a
gefitinib concentration of 5 umol/L was appropriate for our
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analyses of TS and E2F-1 expression. Together, our present
findings suggest that down-regulation of E2F-1 and
consequently that of TS by gefitinib is responsible, at least
in part, for the synergistic antitumor effect of combined
treatment with S-1 and gefitinib.

Somatic mutations of EGFR have been associated with
sensitivity to EGFR-TKIs in patients with advanced NSCLC
(13-16). However, although most NSCLCs with EGFR
mutations initially respond to EGFR-TKIs, the vast majority
of these tumors ultimately develop resistance to the drug.
In the present study, the synergistic effect of combination
chemotherapy with S-1 and gefitinib was observed even in
EGFR mutant cells. Our findings thus suggest that the
addition of S-1 (or 5-FU) to EGFR-TKIs might overcome
chemoresistance to EGFR-TKIs and that exploration of the
effect of such combination therapy in cells resistant to
EGFR-TKIs is warranted. EGFR mutations appear to be
largely limited to lung cancer, with few such mutations
having been detected in other types of cancer (65-67). 5-FU
is widely used as an anticancer agent and is considered a
key drug in chemotherapy for solid tumors such as
gastrointestinal and cervical cancer (68-70). Our present
results show that gefitinib suppressed the expression of TS
in NSCLC cell lines regardless of the absence or presence of
EGFR mutations, suggesting that the addition of EGFR-
TKIs to a 5-FU-containing regimen might increase the
effectiveness of such treatment for solid cancers without
EGFR mutations. Oral combined chemotherapy with
drugs, such as S-1 and gefitinib, may also prove to be of
low toxicity and therefore maintain quality of life. Our
preclinical results provide a basis for future clinical
investigations of combination chemotherapy with 5-1 and
EGFR-TKIs in patients with solid tumors.
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non-small cell lung cancer with epidermal growth factor receptor
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The purpose of this study was to evaluate the efficacy of gefitinib and the feasibility of screening for epidermal growth factor receptor
(EGFR) mutations among select patients with advanced non-small cell lung cancer (NSCLC). Stage llIB/IV NSCLC, chemotherapy-
naive patients or patients with recurrences after up to two prior chemotherapy regimens were eligible. Direct sequencing using DNA
from tumour specimens was performed by a central laboratory to detect EGFR mutations. Patients harbouring EGFR mutations
received gefitinib. The primary study objective was response; the secondary objectives were toxicity, overall survival (OS),
progression-free survival (PFS), 1-year survival (1Y-S) arid the disease control rate (DCR). Between March 2005 and January 2006, | 18
patients were recruited from 15 institutions and were screened for EGFR mutations, which were detected in 32 patients — 28 of whom
were enrolled in the present study. The overall response rate was 75%, the DCR was 96% and the median PFS was | 1.5 months. The
median OS has not yet been reached, and the Y-S was 79%. Thus, gefitinib chemotherapy in patients with” advanced NSCLC
harbouring EGFR mutations was highly effective. This trial documents the feasibility of performing a multicentre phase Il study using a
central typing laboratory, demonstrating the benefit to patients of selecting gefitinib treatment based on their EGFR mutation status.
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Gefitinib, a tyrosine kinase inhibitor (TKI), is an orally active
small molecule that functions as a selective epidermal
growth factor receptor (EGFR) inhibitor (Ranson et al, 2002).
Two phase I trials (Fukuoka et al, 2003; Kris et al, 2003) for
previously treated non-small cell lung cancer (NSCLC) (IDEAL-1
and -2, respectively) have documented favourable objective
responses in 14-18% of patients. However, in a phase III
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trial (Thatcher et al, 2005), no survival benefit of gefitinib
was observed when compared with best-supportive care (BSC)
for previously treated NSCLC. In contrast, we have seen a
significant survival benefit of erlotinib compared with BSC
as a salvage therapy (BR21); erlotinib is also an EGFR-TKI
and its chemical structure, which is based on quinazoline, is
quite similar to that of gefitinib (Shepherd et al, 2005). Although
we do not know whether differences between gefitinib
and erlotinib were responsible for these different outcomes,
appropriate patient selection to identify good responders is
likely crucial for revealing the clinical benefits of the EGFR-TKI
family.



