+Model
LUNG-2804; No.of Pages5

Lung Cancer (2007) 500X, 00(—XXX

available at www.sciencedirect.com

0';’1
a . .
*” ScienceDirect
jo‘urnal homepage: www.elsevier.com/locate/lungcan

EGFR exon 20 insertion mutation in Japanese
lung cancer

Hidefumi Sasaki®*, Katsuhiko Endo?, Minoru Takada®, Masaaki Kawahara®,
Naoto Kitahara¢, Hisaichi Tanaka¢, Meinoshin Okumura€,

Akihide Matsumura®, Keiji luchi¢, Tomoya Kawaguchi®, Osamu Kawano?,
Haruhiro Yukiue?, Tomoki Yokoyama®, Motoki Yano?, Yoshitaka Fujii®

2 Department of Surgery Il, Nagoya City University Medical School, Nagoya, Japan
® Department of Surgery, National Hospital Organization, Kinki-chuo Chest Medical Center, Sakai, Osaka, Japan
¢ Department of Internal Medicine, National Hospital Organization, Kinki-chuo Chest Medical Center, Sakai, Osaka, Japan

Received 5 January 2007; received in revised form 28 June 2007; accepted 28 June 2007

KEYWORDS Summary Mutations of the epidermal growth factor recep'éor (EGFR) gene have been reported
EGFR: in non-small celt lung cancer (NSCLC), especially in female, never smoker patients with adeno-
Lung ’cancer; carcinoma. Some common somatic mutations in EGFR, including detetion mutations in exon 19

Mutations; and leucine to arginine substitution at amino acid position 858 (L858R) in exon 21, have been
1nsem'd'n; examined for their abi}ity to predict sensitivity to gefitinib or erlotinib. On the other hand, pre-
Exon 20 vious report has shown that the insertion mutation at exon 20 is related to gefitinib resistance.
We investigated the exon 20 EGFR mutation statuses in 322 surgically treated non-smalt cell
lung cancer cases. Two hundred and five adenocarcinoma cases were included. The presence or
absence of EGFR mutations of kinase domains was analyzed by direct sequences. EGFR insertion
mutations at exon 20 were found from 7 of 322 (2.17%) lung cancer patients. We also detected
the 18 deletion type mutations in exon 19, and 25 L858R type mutations in exon 21, There was
a tendency towards higher exon 20 insertion ratio in never smoker {never smoker 4.4% versus
smoker 1.3%, p=0.0996) and female (female 4.5% versus male 1.3%, p=0.0917). Two exon 20
insertion cases were treated with gefitinib and failed to response. '
EGFR insertion mutation in exon 20 could not be ignored from Japanese lung cancers.
© 2007 Elsevier treland Ltd. All rights reserved.

1. Introduction

* Corresponding author at: Department of Surgery I, 1 Kawasumf, Lung cancer is a major cause of death from malignant dis-

Mizuho-cho, Mizuho-ku, Nagoya 467-8601, Japan. eases, due toits high incidence, malignant behavior and lack
Tel.: +81 52 853 8231; fax: +81 52 853 6440. of major advancements in treatment strategy [1]. Thereare
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tor receptor (EGFR) and its family members are strongly
implicated in the development and progression of numer-
ous human tumors, including lung cancer {2,3]. The EGFR
tyrosine kinase inhibitor, gefitinib, was approved in Japan
for the treatment of non-smalt cell lung cancer (NSCLC)
since 2002. QOriginal two reports showed that EGFR muta-
tions statuses at ATP binding pockets in NSCLC patients were
correlated with the clinico-pathotogical features related
to good response to gefitinib [4,5]. These EGFR mutations
are predominantly found in Japanese lung cancer patients
(about 25-40%) [4,6~9] when compared to USA patients
{about 8—-10%} [4,5,7,10] or European patients {7,11]. Actu-
ally, EGFR mutations in lung cancer have been correlated
with clinical respanse to gefitinib therapy in vivo and in
vitro [4,5,10]. Although many EGFR mutations have been
reported, not all have been associated with responsiveness
to gefitinib. The two most common EGFR mutations that
have been identified, representing 85—90% of EGFR muta-
tions, are the EGFR exon 19 deletion that eliminates a
leucine—arginine—glutamate—alanine motif in the tyrosine
kinase domain of EGFR and a thymine to guanine transver-
sion that results in an arginine for leucine substitution at
amino acid 858 (L858R). These two mutants responded sig-
nificantly better for gefitinib therapy than other types of
mutants [12,13]. However, Greulich et al. showed trans-
formation by an exon 20 insertion, made cells resistant to
gefitinib or erlotinib [14]. To determine the EGFR mutation
status and correlation with clinico-pathological features in
Japanese lung carcinoma, we investigated exon 20 inser-
tion mutation status by direct sequences. The findings
were compared to the clinico-pathological features of lung
cancer.

2, Material and methods

2.1, Patients

The study group included 295 lung cancer patients who
had undergone surgery at the Department of Surgery Il
Nagoya City University Medical School between 1994 and
2005. We have also investigated EGFR mutation status for
27 lung cancer patients who had undergone surgery fol-
lowed by treated with gefitinib at the National Hospital
Organization, Kinki-chuo Chest Medical Center. Gefitinib
was used after lung cancer recurrence, and clinical out-
come was shown in reference [9]. The lung tumors were
classified according to the general rule for clinical and
pathalogical record of lung cancer in Japan [15]. All tumor
samples were immediately frozen and stored at —80°C
until assayed. Written informed consent was obtained from
the patients, and the institutional ethics committee of
the Nagoya City University Medical School approved the
study.

2,2. PCR assays for EGFR mutations

Genomic DNA was extracted using Wizard SV Genomic DNA
Purification Systems (Promega) according to the manufac-
turers’ instructions. The primers for exon 20 sequencing
were designed with Primer Express 2.0 software (Applied

the assay are: forward ACTTCACAGCCCTGCGTAAAC, and
reverse: ATGGGACAGGCACTGATTTGT. The sequence results
of exon 20 about 131 of 322 cases were already reported
[4,16]. The cycling conditions were as follows: initial denat-
uration at 94 °C for 10min, followed by 35 cycles at 94 °C for
30s, 64°C for 305, 72 °C for 60s. The praducts were purified
by Qiagen PCR purification kit (Qiagen, Valencia, CA). Ampli-
fied cDNAs were separated on 1% agarose gels, and the bands
were visualized by ethidium.bromide and photographed
under ultraviclet transillumination. These samples were
sequenced by ABI prism 3100 analyzer (Applied Biosystems
Japan Ltd., Tokyo, Japan) and analyzed by BLAST and chro-
matograms by manual review form forward and reverse,
both side.

2.3, Statistical analysis

Statistical analyses were done using the Mann—-Whitney U-
test for unpaired samples and Wilcoxon’s singed rank test
for paired samples. Linear relationships between variables
were determined by means of simple linear regression. Cor-
relation coefficients were determined by rank correlation
using Spearman’s test and x? test. The overall survival of
lung cancer patients was examined by the Kaptan—Meier
methods, and differences were examined by the Log-rank
test. Al analysis was done using the Stat-View software
package {(Abacus Concepts Inc. Berkeley, CA), and was
considered significant when the p-value was less than
0.05.

3. Results

3.1. EGFR gene mutation status in Japanese {ung
cancer patients

The clinical and pathological characteristics of the 322 lung
cancer patients are as fotlows: 234 (72.7%) were mates and
88 were females. Two hundred and five (63.7%) were diag-
nosed as adenocarcinoma, and 117 were diagnosed as other
types of carcinoma. Two hundred and thirty-one (71.7%)
were smokers and 90 were non-smokers (one unknown). Of
295 lung cancer patients from Nagoya City University, 167
(56.6%) were stage |. :

Most of the sequencing results about exon 18, 19 and 21
were already reported [4,16,17]. In exon 19, 18 patients
had the deletion type mutation. In exon 18 or exon 21,
29 patients had the missense point mutations (2 G719S, 1
G719C, 25 L858R and 1 L861Q). Of these 47 patients, 17
were males and 30 were females. Thirty were non-smokers
and 17 were smokers. Forty-three patients had adenocar-
cinoma, one had squamous cell carcinoma and three had
adenosquamous cell carcinoma. Thus EGFR mutation status
at exon 18, 19 or 21 was significantly correlated with gender
(p <0.0001), tobacco-smoking (p<0.0001) and pathologi-
cal subtypes (adenocarcinoma versus non-adenocarcinoma,
p <0.0001).

For exon 20, 7 patients had the insertion mutations
(Table 1). These mutations were exclusively associated with
other EGFR mutation. Three were males and four were
females. Four were non-smokers and three were smokers.
Six patients had adenocarcinoma and one had squamous

Biosystems). The sequences of the primer sets used in
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Table 1 Clinico-pathological features of 322 lung cancer patients
Factors EGFR exon 20 mutations
Mutation patients Wild type patients p-Value
Mean age (65.5+9.3; years) 7 315
Age
<60 1 (1.1%) 94 (98.9%) 0.6783
>60 6 (2.6%) 221 (97.4%)
Gender
Male 3(1.3%) 231 (98.7%) 0.0917
Female 4 (4.5%) 84 (95.5%)
Pathologicat subtypes
Adeno 6 {3.0%) 197 (97.0%) 0.2666
Non-adeno 1 (0.8%) 118 {99.2%)
Differentiation
well 4 (3.5%) 111 (96.5%) 0.4236
Moderately or poorly 2 (1.5%) 128 (98.5%)
Lymph node metastasis
NO 4 (1.9%) 205 (98.1%) >0.9999
N+ 2 (2.3%) , 84 (97.7%)
Smoking status
Smoker 3(1.3%) 228 (98.7%) 0.0996
Non-smoker 4 (4.5%) 86 (95.5%)
Pathological stages
I 4 (2.4%) 164 (97.6%) 0.7025
H—~{V 2 (1.6%) 125 (98.4%)

Adeno, adenocarcinoma; N+, lymph node metastasis positive.

cell carcinoma. Two were moderately differentiated, and
four were well differentiated (one unclassified). There was
a tendency towards higher exon 20 insertion mutation ratio
in never smoker (never smoker 4.4% versus smoker 1.3%,
p=0.0996) and female (female 4.5% versus male 1.3%,
p=0.0917). Two female patients had 774_776 insertion NPH
(2320-2328 insertion AACCCCCAC) mutations reported as
D7 mutation by Shigematsu et al. (Fig. 1) [7]. A female
patient had 770.772 insertion ASV (2308-2316 insertion
GCCAGCGTG) mutation reported as D1 mutation by Shige-
matsu et al. [7]. A male patient had 771.773 insertion
SVD (2311-19 insertion GCGTGGACA) mutation reported by
Sonobe et al. [18]. A male patient had 772773 insertion
V (2312-14 insertion GGT) reported by Thomas et al. [19].
Two patients had 772_773insertion N (2312-14 insertion AAC)
mutations (Fig. 1).

3.2, Retlationship between clinical course of
patients with lung cancer and EGFR mutations

The overall survivat of 322 lung cancer patients with follow-
up through December 30, 2006, was studied in reference
to the EGFR mutation status. The prognosis from patients
with exon 20 insertion mutation (n=7, 2 were dead) and the
patient without exon 20 insertion mutation EGFR (n=315,
102 were dead) was not significantly different (Log-rank
test, p=0.7186, Breslow—Gehan—Wilcoxon test, p=0.8593)
(Fig. 2). Eighteen patients received adjuvant chemotherapy

(five were with cisplatin base, seven were with calboplatin
base and six were with Uracil-Ftegafur). Even if the 18
patients were excluded for survival analysis, the prognosis
from patients with exon 20 mutation and without mutation
was not significantly different (p=0.7215).

oL 1a

CCAGCG TGG ACAACNNCCCGC CNN
200 210 220

97-13 2312-13 ins AAC (772_773 ins N)
i ACAACCCCCACG TG TGBCCGCCTGCTG
200

210

Ml

05-20 2320-2328 Ins AACCCCCAC (774_T76 Ins NPH)

Fig. 1 Two patfents had 774.776 insertion NPH (2320-2328
insertion AACCCCCAC) mutations reported as D7 mutation
(upper). Two patients had 772._773insertion N (2312-14 insertion
AAC) mutations {below).
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Fig. 2 The prognosis from patients with exon 20 inser-
tion mutation (n=7, 2 were dead) and the patient without
exon 20 insertion mutation EGFR (n=315, 92 were dead)
was not significantly different (Log-rank test, p=0.7186,
Breslow—Gehan—Wilcoxon test, p=0.8593).

3.3. Clinical course of two recurrent lung cancer
patients treated with gefitinib

Case 1: 58-year-old adenocarcinoma woman with no history
of smoking underwent surgery at Kinki-chuo Chest Medical
Center. A molecular analysis revealed 772773 insertion N
{2312-14 insertion AAC) mutations at EGFR exon 20. Three
years later, the recurrent tung cancer was treated with
gemcitabine, vinorelbine and Uracil-Ftegafur in addition to
radiotherapy. Because the treatment failed, gefitinib treat-
ment was started at 2004. The patient died from progressive
disease about 6 months after gefitinib administration. Case

Fig. 3

2: 72-year-old adenocarcinoma man with no history of smok-
ing underwent surgery at Nagoya City University Hospital.
A molecular analysis reveated 772773 insertion V (2312-14
insertion GGT) at EGFR exon 20 (Fig. 3), and wild type at
Kras codon 12/13. Multiple lung metastasis were treated
with Uracil-Ftegafur, however, the treatment failed. Gefi-
tinib treatment was started at 2005. But the tumor size
was increased (Fig. 3) and the treatment was quitted at 3
months.

4. Discussion

We obtained findings that exon 20 insertion type EGFR
mutations tend to be higher in female gender and never
smoker, as like as other EGFR mutation subtypes [8—14].
From the original three papers published by lynch et al.,
Paez et al. and Pao et al., there was no EGFR exon 20 inser-
tion subtypes. Shigematsu et al. reported that 12 of 617
(1.9%) had exon 20 insertion mutation, however, 356 of 617
patients were either from Japan or Taiwan [11]. Sonobe et
al. reported that the 2 of 154 cases (1.3%) had EGFR exon
20 insertion mutations. These data suggested that EGFR
mutations at exon 20 might be also higher in East Asian.
More interestingly, patients with exon 20 mutation did not
respond to gefitinib therapy.

Although many reports have identified more than 30 dif-
ferent mutations in the tyrosine kinase domains of EGFR,
the vast majority of which can be grouped into three
major types, inctuding in-frame deletion at exon 19, single-
nucleotide substitution at exon 18 or 21 and in-frame
duplicaticn at exon 20 [8—14]. To date, only the L858R mis-
sense mutation in exon 21 and deletions in exon 19 have
been proven to be activating mutations [4,5,10,14}. On the

CT examination before (left) and after (right) gefitinib therapy revealed increased tumor size. A molecular analysis revealed

772773 insertion V (2312-14 insertion GGT) at EGFR exon 20 {below).
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other hands, Greutich et al. reported that transformation
by the D770.N771 ins NPG (exon 20) EGFR insertion mutant
was remarkably insensitive to gefitinib and ertotinib, as inhi-
bition of cotony growth in soft agar required exposure to
100-fold higher concentrations (>1 mM) of these agents than
was required to inhibit colony formation by cells expressing
the EGFR missense mutants or deletion mutant [14]. No sig-
nificant inhibition of anchorage-independent growth of cells
expressing D770.N771ins NPG EGFR was observed at 3mM
gefitinib or ertotinib [14]. Greutich et al. also reported that
all three lung adenocarcinoma patients with known exon
20 insertion mutants of EGFR have failed to show a clini-
cal response to treatment and have instead achieved only
stable disease with erlotinib [14]. In vitro analysis, cells
expressing the EGFR detetion and insertion mutants formed
colonies in soft agar with a higher efficiency than that of
cells expressing the missense mutants, comparable to the
_colony formation efficiency of cells expressing polyoma mid-
dle T antigen, suggested these mutants were ancogenic [ 14].
interestingly, the irreversible EGFR inhibitor CL-387, 785
[20] is more effective than gefitinib or erlotinib for inhibftion
of colony formation by cells expressing the exon 20 inser-
tion mutant [14]. CL-387, 785 had an even greater effect
on colony formation by cells expressing L858R {14], and this
compound was previously found to be active against EGFR
containing the exon 20 point mutation T790M, associated
with resistance to gefitinib and erlotinib [21]. Thus the dis-
tinct inhibitor sensitivity of various EGFR mutants argues
that therapies may need to be targeted against specific
mutant forms of a protein, whereas generalized inhibition
of a particular oncogenic target may not be sufficient.
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E—nha;cement of the antitumor activity of ionising radiation by
nimotuzumab, a humanised monoclonal antibody to the -
epidermal growth factor receptor, in non-small cell lung cancer
cell lines of differing epidermal growth factor receptor status

Y Alashi', | Okamoto™', T lwasa', T Yoshida', M Suzuki®, E Hatashita', Y Yamada', T Satoh’, M Fukuoka',
K Ono? and K Nakagawa' :
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The expression and activity of the epidermal growth factor receptor (EGFR) are determinants of radiosensitivity in several tumour
types. including non-small cell lung cancer (NSCLC). However, little is known of whether genetic aiterations of EGFR in NSCLC cells
affect the therapeutic response 16 monodlonal antibodies (mAbs) to EGFR in combination with radiation. We examined the effects
of nimotuzumab, a humanised mAb to EGFR, in combination with ionising radiation on human NSCLC cell fines of differing EGFR
status, Flow cytometry revealed that H292 i@nd Ma-1 cells expressed high and moderate levels of EGFR on' the cell surface,
respectively, whereas H460, H1299, and H1975 cells showed a low level of surface EGFR expression. Immunoblot analysis revealed
that EGFR phosphorylation was inhibited by nimotuzumab in H292 and Ma-} celis but not in H460, H1299, or HI975 cells.
Nimotuzumab augmented the cytotoxic effect of radiation in H292 and Ma-1 cells in 2 clonogenic assay in vivo, with a dose
enhancement factor of 1.5 and 1.3, respectively. It also enhanced the antitumor effect of radiation on H292 and Ma-1 celf xenografts
in nude mice, with an enhancement factor of 1.3 and 4.0, respectively. Nimotuzumab did not affect the radioresponse of H460 cells in
vitro or in vivo. Nimotuzumab enhanced the antitumor efficacy of radiation in certain human NSCLC cell lines in vitro and in vivo, This

© 2008 Cancer Research UK

radiosensitisation

Epidermal growth factor receptor (EGFR) is a receptor tyrosine
kinase that is abnormally upregulated and activated in a variety of
tumours (Baselga, 2002). Deregulation of receptor tyrosine kinases
as a result of overexpression or activating mutations is frequently
assocjated with human cancers and leads to the promotion of
cell proliferation or. migration, inhibition of cell death, or the
induction of angiogenesis (Gschwind et al, 2004). The epidermal
growth factor receptor has thus been identified as an important
target in cancer therapy (Baselga and Arteaga, 2005), Several
agents, including small-molecule inhibitors of the tyrosine kinase
activity of EGFR (EGFR-TKIs) and monodlonal antibodies (mAbs)
specific for EGFR, have been désigned to block EGFR signalling
selectively (Ettinger, 2006; Harati and Huang, 2006; Imai and
Takaoka, 2006). Among EGFR-TKIs, gefitinib and erlotinib have
been extensively evaluated in non-small cell lung cancer {NSCLC),

*Correspondence: Dr | Okamoto;
€-mait: chi-okamote@dotd medkindaiacp
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effect may be related to the level of EGFR expression on the cell surface rather than to EGFR mutation.
British Journal of Cancer advance onfine publication, S February 2008; doi:10.1038/5jbjc.6604222 wwwibjcancer.com
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and sensitivity to these drugs has been associated with the
presence of somatic mutations in the EGFR kinase domain or with
EGFR amplification (Lynch et al, 2004; Paez et al, 2004; Pao et ai,
2004; Cappuizzo et al, 2005; Mitsudomi et al; 2005; Takano et al,
2005), Various mAbs to' EGFR dre also undergoing preclinical and
clinical ttials of their efficacy as anticancer agenis.‘However,
biological markers able to predict the response to sick anitibodies
have remaiied elusive. i
The possibility of combining chetnotherapy or fadi

with- anti-EGFR' mAb treatment has generated much
because the cellular targets for these agents and their me
of action are different (Baumann and Krause, 2004). Stu
thus been undertaken to determine whether inhibition:
signalling improves the response to chemotherapy or Ta
therapy. Piéclinical studies have shown that the anti-
cetuximab imarkediy increases the cytotoxic effect of chémotherap’
or radiation therapy i various EGER-expressing tumoir cell lines
(Huang et al, 1999 Milas et al, 2000; Buchsbaum et al, 2002
Prewett ef al, 2002; Raben ¢f al, 2005; Etfinger, 2006). A phase 111
clinical trial also showed that the combination of cetuximab with
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radiation therapy resulted in a significant improvement in local
control and survival compared with radiation therapy alone,
without an increase in radiation-induced side effects, in patients
with locally advanced head and neck cancer (Bonner et al, 2006).

Nimotuzumab (also known as h-R3) is a humanised anti-EGFR
maAb, which is currently undergoing clinical evaluation. In a
preclinical study, nimotuzumab showed marked antiproliferative,
proapoptetic, and antiangiogenic effects in tumours that overexpress
EGFR (Crombet-Ramos et al, 2002). In early clinical trials,
nimotuzumab has shown a longer half-life and a greater area
under the curve (AUC) in comparison with other anti-EGFR
antibodies (Crombet et al, 2003). A phase I/Il trial showed that
nimotuzumab was well tolerated and enhanced the qurative
potential of radiation in patients with advanced head and neck
cancer {(Crombet et al, 2004). Given that little is kuown of the
anfitumor action of nimotuzumab in NSCLC, we investigated the
growth-inhibitory effects of this mAb alone and in combination
with radiation in NSCLC cell lines with differing patterns of EGFR
expression, We also examined whether genetic alterations of EGFR
affect the antitumor action of combined treatment with nimotu-
zumab and radiation.

MATERIALS AND METHODS

Cell lines and reagents

The human NSCLC cell lines NCI-H292 (H292), NCI-H460 (H460),
Ma-1, NCI-H1299 (H1299), and NCI-H1975 (H1975) were obtained
as previously described (Okabe et al, 2007) and were maintained
under a humidified atmosphere of 5% CO, in air at 37.0°C in
RPMI 1640 medium (Sigma, St Louis, MO, USA) supplemented
with 10% fetal bovine serum and 1% penicillin-streptomycin.
Nimotuzumab was provided by Daiichi Sankyo Co Ltd
(Tokye, Japan), and gefitinib was obtained from AstraZeneca
(Macclesfield, UK).

Flow cytometric analysis of surface BGFR expression

Cells (1.0x 10°) were stained for 2h at 4°C with an
R-phycoerythrin-conjugated mAb to EGFR (BD Biosciences,
San Jose, CA, USA) or an isotype-matched control mAb (BD
Biosciences). The cells were washed three times before measure-
ment of fluorescence with a flow cytometer (FACScalibur; Becton
Dickinson, San jose, CA, USA).

Immunoblot analysis

Cell lysates were fractionated by SDS-polyacrylamide gel electro-
phoresis on a 7.5% gel, and the separated proteins were transferred
to a nitrocellulose membrane. After blocking of nonspecific sites,
the membrane, was incubated consecutively with primary and
secondaty antibodies, and immune complexes were detected with
the use of enhanced chemiluminescence reagents, as .described
previously (Okabe et al, 2007). Primary antibodies to phosphorylated
EGFR (pY1068) were obtained from Céll Signaling Technology
{Beverly, MA, USA), and those to EGER were from Zymed (South
San Prancisco, CA, USA). Horseradish peroxidase-conjugated goat
secondary antibodies were obtained from Amersham Biosciences
(Little Chalfont, UK).

Clonogénic assay

Exponentially growing cells in 25-cm? flasks were hatvested by
exposure to trypsin and counted. They were diluted sedially to
appropriate -densities and plated in teiplicate 'in" 25-cm® flasks
containing 10m! of medium supplemented with 1% fetal bovine
serum in the absence ar presénce of 700nM himotiszumab. After
incubation for 244, the cells were exposed to various doses of
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y-radiation with a “°Co irradiator at a rate of approximately
0.82Gymin~' and at room temperature. The cells were then
washed with phosphate-buffered saline, cultured in drug:free
medium for 1014 days, fixed with methanol: acetic acid (1044, =
v/v), and stained with crystal violet. Colonies containing > 50°celis
werte counted. The surviving fraction was calcilated ag (ric
number of colonies)/(number of inoculated celiss
ciency). Plating efficiency was. defined a5 th
colonies divided by the number of inodilatéd’
cultures not exposed to nimotuzumab ox radiation. The Urvvitg
fraction for combined freatment was' ‘corrécted: by that for - - -
nimotuzumab treatment alone. The dosé énhancemant factor was
then calculated a5 the dose (Gy) of .radiation that yielded a
surviving fraction of 0.5 for vehicle-treated cells divided by that for
nimotuzumab-treated cells (after correction for drug toxicity).

Antitumor activity of nimotuzumab with or without
radiation in vive

Animal experiments were performed in accordance with the
Recommendations ‘for Handling of Laboratory Animals for
Biomedical Research, compiled by the Committee on Safety and
Ethical Handling Regulations for Laboratory Animal Bxperiments,
Kyoto University, and they met the requirements of the UKCCCR
guidelines (Workman et al, 1998). Tumour cells (2 x 10%) were
injected subcutaneously into the right hind leg of 7-week-old
female athymic nude mice. tumour. volume was determined
from caliper measurement of tumour length (L) and width (W)
according to the formula LW?/2. Treatnient was initiated when
tumours in each group achieved an average volume of approxi-
mately 170-200mm’. Treatment groups consisted of <control,
nimotuzumab alone, radiation alone, and the combination of
nimotuzumab and radiation, with each group containing seven or
eight mice. Nimotuzumab was administered intraperitoneally in a
single dose of 1.0 mg per mouse; mice in the control and radiation-
alone groups were injected with vehicle (physiological saline).
Turnours in the right hind Teg of mice wete exposed to 16Gy of
y-radiation with a **Co irradiator at a rate of approximately
0.32Gymin~' beginning 6h after drug treatment. Growth delay
{GD) was calculated as the time required for treated tumours to
achieve a fivefold increase in volume minus the corresponding
time required for control tumours. The enhancement facior was
then determined as (GD ~-GDyy o)/ (GD:adiation)

38

RESULTS

Surface EGFR expression in NSCLC cell lines of differing
EGFR status

We first examined the surface expression of EGFR in five NSCLC
cell Jines by flow cytometry. The BGFR status for the cell lines was
determined in our previous study (Okabé et al, 2007). Three cell
lines (H460, H293, and H1299) possess wild-type ‘EGFR alleles,’
whereas the other two cell lines (Ma-1 and H1975) hatbour EGFR
mutations (Table 1). Ma-1 cells have: an ipffp‘a‘mg ﬁe}gqgij ‘In

Table | Characteristics of NSCLC cell tines -

Cell tine EGFR surface expression . .-

H460 Low Wed

H292 High Wid b

1299 Low Wildtype

Ma-f Moderate del(E746=A750)
HIi97s Low L858R/T79?M ‘

EGPR = epidermal grovah factor receptor, NSCLC = non-small cef tung cancer
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exon 19 (E746-A750). H1975 cells harbour the L.858R mutation
in exon 21 and a secondary mutation in exon 20 (T790M).
Activating mutations in exons 19 and 2] are associated with
sensitivity to EGFR-TKIs (Lynch et al, 2004; Paez et al, 2004; Pao
et al, 2004; Cappuzzo et al, 2005; Mitsudomi et al, 2005; Takano
et al, 2005), whereas the T790M mutation contributes to the
development of resistance to these drugs (Kobayashi et al, 2005;
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Figure | Expression of EGFR on the surface of NSCLC cells. Surface

expression. of EGFR an H460 (A), H292 (B). H1299 (C). Ma-| (D). and
F§I975 {E) cells was determined by flow cytometry. Representative
histograms of celfs stained with an anti-EGFR mAb {red peak) or with an
isotype-matched control mAb (black peak) are shown,
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Pao et al, 2005). Our flow cytometric analysis demonstrated that
H292 and Ma-1 cells express high and moderate levels of EGFR on
the cell surface, respectively, whereas H460, H1299, and H1975
cells showed a low level of surface EGFR expression (Figure 1).

Effect of nimotuzumab on EGFR phosphorylation

Next, we determined whether nimotuzumab inhibits ligand-
induced EGFR phosphorylation in the five' NSCLC cell lines, The
cells were deprived of serum overnight, exposed to various
concentrations of nimotuzumab, or to gefitinib, for 15min, and
then stimulated with EGF for 15min. In the NSCLC cells that
harbour wild-type EGFR (H460, H292, and H 1299), phosphoryia-
tion of EGFR was undétectable in the absence of EGF, but was
markedly induced on exposure of the cells to this growth factor.
The EGF-induced phosphorylation of EGFR in these cells was
completely inhibited by the EGFR-TKI gefitinib. Nimotuzumab
also inhibited the EGF-induced EGFR phosphorylation in a
concentration-dependent manner in H292 cells (which have a
high level of surface EGFR expression), whereas it did not
substantially affect such phosphorylation in H460 or H1299 cells
(both of which have a low level of surface EGFR expression)
(Figure 2A~C), We previously showed that the basal level of EGFR
phosphorylation was increased in the EGFR mutant NSCLC cell
lines Ma-1 and 11975, indicative of constitutive activation of the
EGFR tyrosine kinase (Okabe et af, 2007). The phosphorylation of
EGFR in EGF-treated Ma-1 cells (which have a moderate level of
surface EGFR expression) was inhibited by gefitinib as well as by
nimotuzumab in a concentration-dependent manner (Figure 2D).
In contrast, the constitutive activation of .EGFR in H1975 cells
{which have a low level of surface EGFR expression) was inthibited
partially by gefitinib but was unaffected by nimotuzumab
(Figure 2E). These results suggested that the inhibition of EGFR
phosphorylation by nimotuzumab may be related to the surface
expression level of EGFR rather than to the mutational status
of EGFR. p

E

Augmentation of the cytotoxic effect of radiation in NSCLC
cells by nimotuzumab in vitro

We examined whether nimotuzumab might enhance the anticancer
effect of ;-radiation in the five NSCLC cell lines with the use of a
clonogenic assay. Tumour cells were incubated with or without
nimotuzumab for 24h, exposed to various doses of y-radiation,
and then allowed to form colonies in drug-free medium for 10~ i4
days. Survival curves revealed that, whereas nimotuzumab had no
effect on the radiation sensitivity of H460, H1299, or H1975 cells, it
enhanced the cytotoxic effect of radiation in H292 and Ma-1 cells,
with a dose enhancement factor of 1.5 and 1.3, respectively
(Figure 3). These results showed that nimotuzumab increased the
radiosensitivity of the NSCLG cell lines with high or moderate
levels of surface EGER expression, consistent with the inhibitory
effects of this antibody on EGER signalling.

Augmentation of the antitumor eft:ect of radiation in
NSCLC cells by nimotuzumab in vive

To determine whether the nimotuzumab-induced potentiation of
the response of NSCLC cells to radiation observed i vitro might
also be apparent in vivo, we injected three of the cell lines in _
nude mice to elicit the formation of solid tumours, The mice were
then treated with nimotuzumab, radiation, or both m‘d(.ialmes.
In the H460 xenograft model, tumour growth was lﬂhlblted by
radiation alone but not by nimotuzumab alone, and the éffect of
radiation was not promoted by nimotuzumab (Figure 44). In
contrast, radiation and nimotuzumab each inhibited the growth of
tumouis formed by H292 (Figure 4B) or Ma-1 (Figure 4C) cells
during the first few weeks after treatment. Theveafter, the rate of
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figure 2 Effect of nimotuzumab on EGFR phosphorylation in NSCLC cells, H460 (A), H292 (B), HI292 (C). Me-1 (D). and HI975 (E) cells were
deprived of serum ovemight and then incubated first for 15 min in the absence or presence of the indicated concentrations of nimatuzumab or gefitinib
(10 ) and then for an additional |5 min in the additional absence or presence of EGF (100 ngml~'"). Cell ysates were then subjected to immunoblot
analysis with antibodies to the Tyri068-phospharylated form of EGFR (pEGFR) as well as with those to total EGFR,
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Figure 3 Effect of nimotuzumab on the response of NSCLC cells to radiation in vitro, H460 (A), H292 (B), H1299 (C), Ma-} (D), and HI975 (E) cells
were incubated with or without 7001 nimotuzumab in medium supplemented with 1% fetal bovine serum for 24h, exposed to the indicated 4;’565, °|f
y-radiation, and then incubated in drug-free medium supplemented with 10% serum for 10—~ 14 days for determination of colony-forming abiliy.. """t:"‘
curves were generated after correction of colony formation observed for combined treatment with fonising vadiation (IR} and '}"‘ﬂ‘?“ﬂ"@“b by that

apparent for treatment with nimotuzumab alone. Data are means £ s.d. of {riplicates from a representative experiment.

tumour growth increased to a value similar to that seen in control  alone, or both nimotuzumab and radiation was thus 27.2, 19,6, and R

animals, Combined treatment with radistion and nimotuznmab  53.6 days, respectively, for H292 cells and 26.7, 13.0, and 78.3 days, "
resulted in 2 substantial defay in tumour growth and subsequent  respectively, for Ma-1 cells (Table 2). The enhancement factor fp_l‘ ‘
inhibition of the growth rate of H292 and Ma-1 xenogtafts, The the effect of nimotuzumab on the efficacy of radiation was 1.3 for
growth delay after treatment with nimotuzumab alone, radiation  H292 cells and 4.0 for Ma-1 cells, revealing the effect to be more
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Figure 4 Effect of nimotuzmmab on the respense of NSCLC cells to radiation in vivo. 460 (A), H292 (B), or Ma-1 {C) cells were injected
subcutaneously in athymic nude mice. Treatment was initiated when tumours in each group achieved an average volume of approximately 170~200mm>.
Mice were treated with a single dose of nimotuzumab (1.0 mg per mouse) intraperitoneally, a single dose of y-radiation (J0Gy), or neither {control) or both
modalities, and tumour volume was determined at the indicated time points thereafter, Data are means £ 5.d. for seven to cight mice per group.

Table 2 Tumour growth defay in nude mice treated with nimotuzumab,
radiation, or both modalities

H440 H292 Ma-[
Treatment Days GD® Days GD Days GD
Control 104 $32 15.1
Nimot.uzumab alone £i8 {4 40.4 272 418 267
Rgcﬁauon alone 204 100 328 196 28,1 130
- Nimotuzumab+radiation 205 0.t 668 536 934 78.3
Enhancement factor 08s 13 10

GO = growth defay "Time required for xenograts in each group to achieve  fivefold
increase in volume. ®The additional time (days) required for xenografls in each
treatment group 1o achicve a fivefold increase in volume relative to the
carresponding time for xehogsalls in the control group.

than additive, No pronounced tissue damage or toxicities such as
diarrhoea or a decrease in body weight of > 10% were observed in
mice in any of the four treatment groups. These results thus
suggested that nimotuzumab potentiated the antitumor activity of
radiation in H292 and Ma-1 cells in vivo as well a5 in vitro.
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DISCUSSION

Somatic mutations in the EGFR kinase domain and EGFR
amplification have been associated with a better response to
EGFR-TKTs, such as gefitinib and erlotinib, in patients with NSCLC
(Lynch et al, 2004; Paez et al, 2004; Pao et af, 2004; Capptzzo ef al,
2005; Mitsudomi et al, 2005; Takano et al, 2005). Given that little is
known of the relation between such EGFR alterations and the
response to treatment with anti-EGFR mAbs, we investigated the
antitumor effect of combined treatment with the anti-EGER mAb
nimotuzumnab and radistion in NSCLC cell lines of differing
EGFR status. ’

The antitumor effect of EGFR-specific mAbs has been th?ﬁght to .

result from inhibition of ligand binding to EGFR and consequent
inhibition of EGFR activation (Li ef al, 2005; Marshall, 2006). We,
therefore, examined the effect of nimotuzumab on EGF-dependent
EGFR signalling. Nimotuzumab irhibited the EGF-induced or
constitutive phosphorylation of EGFR in H292 and Ma-1 cells

(with high and moderate levels of surface EGFR expréssion,”

respectively), consistent with the mode of action of this antibody.
However, nimotuzumab did not block EGF-induced or constitutive
EGFR phosphorylation in H460, H1299, or H1975 cells (ali with a
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low level of surface EGFR expression). These observations suggest
that the inhibitory effect of nimotuzumab on EGFR signalling
depends on the expression level of EGFR on the cell surface. A
clonogenic cell survival assay revealed that nimotuzumab en-
hanced the cytotoxic effect of radiation in H292 and Ma-1 cells, but
not that in H460, H1299, or H1975 cells. These findings support the
notion that the inhibition of EGFR signalling by nimotuzumab is
responsible, at least in part, for the enhancement of the cytotoxic
effect of radiation by this antibody. lrradiation of tumour cells has
been shown to activate EGFR via ligand-independent and ligand-
dependent mechanisms, possibly accounting for radiation-induced
acceleration of tumour cell repopulation and the development of
radioresistance {Schmidt-Ullrich et al, 1997, 2003; Dent et al,
2003). Such radiation-induced activation of EGFR-dependent
processes may represent a rationale for combined treatment with
radiation and EGFR inhibitors. It remains to be determined
whether nimotuzumab is able to block radiation-induced
activation of EGFR.

Consistent with our in vitro results, we found that nimotuzumab
enhanced the antitumor effect of radiation on H292 or Ma-! cells
in nude mice. Such enhancement was not apparent for tumours
formed by H460 cells. Nimotuzumab alone also manifested a
substantial antitumor effect for xenografts formed by H292 or
Ma-1 cells but not for those formed by H460 cells. Together these
results suggest that the efficacy of nimotuzumab monotherapy is a
prerequisite for augmentation of radioresponse by this mAb,
Nimotuzumab was previously shown to induce the regression of
A431 tumour xenografts in vivo as a result of inhibition of
both tumour cell proliferation and tumour angiogenesis
(Crombet-Ramos et al, 2002). Immunohistochemical analysis of
tumour specimens from head and neck cancer patients treated
with the combination of nimotuzumab and radiation also showed
evidence of antiproliferative and antiangiogenic effects
(Crombet er al, 2004). These observations suggest that effects of
nimotuzumab on both NSCLC cell proliferation and tumour
angiogenesis might contribute to the enhancement of the
antitumor efficacy of radiation by this antibody observed in the

present study. Enhancement of the anticancer effect of radiation by

the anti-EGFR mAb cetuximab was previously shown to be
increased by transfection of cells to upregulate the level of EGFR
expression, suggesting that potentiation of the antitumor efficacy
of radiation by anti-EGFR mAbs is related to the absolute level of
EGFR expression {Liang et al, 2003; Bouner et al, 2004). This
finding is consistent with our present results showing that
potentiation of the antitumor activity of radiation by nimotuzu-
mab was related to the level of surface EGFR expression. The
nimotuzumab-resistant cell line H460 harbours a mutant form of
KRAS (Balko et al, 2006) that has been associated with resistance to
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cetuximab (Lievre et al, 2006). However, we found that nimoto.
zumab also failed to inhibit EGF-induced EGFR phosphorylation
and to enhance the cytotoxic effect of radiation in H1299 cels
which harbour wild-type KRAS (Coldren et al, 2006). These
observations thus support the notion that a low level of
EGFR expression at the cell surface is. related .fo resisidics - o
combined treatment with nimotuzumab and radiation; ires
of KRAS status. o R

We demonstrated that nimotuzumab inhibited EGFR phosphiory:
lation and enhanced the antitumor efféct’ 6f:radiation in EGER
mutant Ma-1 cells (with 4 moderate: level of $urface EGER
expression) but not in EGFR-mutant H1975 ¢ells (with a 16w level
of surface EGFR expression), Mimotuzumab’ also’ potentiated the
cytotoxic effect of radiation in H292 cells, which harbour wild-type
EGER alleles and have a high level of surface EGFR expression.
These findings support the notion that EGFR mutation is not the
major determining factor for enhancement of the antitumor effect
of radiation by nimétuzumab, consistent with previous observa-
tions with cetuximab (Barber ef al, 2004; Tsuchihashi et al, 2605).
However, the mechanisms undetlying such enhancement of the
antitumor effect of radiation may differ between NSCLC cells
harbouring wild-type or mutant EGFR alleles. We and others have
previously shawn that mutations in the tyrosine kinase domain of
EGFR are associated with increased ligand-independent tyrosine
kinase activity of EGFR (Lynch et al, 2004) and aberrant EGER
signalling {Amann et al, 2005; Okabe ef al, 2007). Given that cell-
cycle checkpoints activated by ionising radiation are defective in
EGFR-mutant NSCLC cell lines (Das et al, 2006), the constitutive
activity of EGFR in such cells may result in unchecked DNA
synthesis and in apoptosis on exposure to ionising radiation.
It is possible that these defects in EGFR-mutant cells affect
the enhancement of the antitumor efficacy of radiation by
nimotuzumab.

In summaty, we have shown that nimotuzumab enhanced the
antitumor efficacy of radiation in vitro and ir vivo, providing a
rationale for future clinical investigations of the therapeutic
efficacy of nimotuzumab in combinatioh with radiotherapy. Our
data suggest that potentiation of the antitumor activity of radiation
by nimotuzumab may be related to the level of EGFR expression at
the cell surface rather than to EGFR mutation. The preselection of
patients on the basis of genetic factors that predict treatment
sensitivity or resistance may thus be required for the combination
therapy with nimotuzumab and radiation,
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Epidermal Growth Factor Receptor Gene Mutations
in Early Pulmonary Adenocarcinomas

Haruhiko Nakamura, MD, PhD,! Norihito Kawasaki, MD,! Masahiko Taguchi, MD, PhD,!

and Harubumi Kato, MD, PhD?

Background: Epidermal growth factor receptor (EGFR) gene mmtations are frequently found
in pulmonary adenocarcinomas.

Materials and Methods: Various lung cancers (n=30) incduding 8 small adenocarcinomas were
examined for EGFR gene mutations in three exons. '

Results: Mutations were detected in 32% of adenocarcinomas. Exon 19 mutations were de-
tected in S tumors, often advanced stages: 1 in Noguchi’s pathologic type C, 2 in type D,and 2 in
type F. Exon 21 mutations were detected in 3 tumors, all small adenocarcinomas in type C, at
pathologic stage IA.

Conclusion: We suspect that exon 21 mutations are early events in small bronchioloalveolar
carcinomas, while exon 19 nitations are later events occurring in adenocarcinomas of various
types. (Ann Thorac Cardiovasc Surg 2007; 13: 87-92)

Key words: epidermal growth factor, lung cancer, adenocarcinoma, mmtation, bronchioloalveolar

carcinoma

Introduction

Lung cancer is the leading cause of cancer death world-
wideV; despite much effort to conquer this disease, the

overall survival rate is approximately 10%. Recently, mo-

lecular therapy targeting the epidermal growth factor re-
ceptor (EGFR) has become the second- or third-line treat-
ment for selected patients with non-small-cell lung can-
cer (NSCLC).>® Tyrosine kinase inhibitors such as
gefitinib*? and erlotinib,? were developed to inhibit sig-
nal transduction pathways mediated by the EGFR, thus
selectively suppressing proliferation of lung cancer cells
that carry activating rmtations of the region encoding the
cleft within the EGFR protein that binds adenosine triph-
osphate (ATP).® The mutations detected were single-base

From!Department of Chest Surgery, Atami Hospital International
University of Health and Welfare, Atami, and *Department of Surgery,
Tokyo Medical University Hospital, Tokyo, Japan

Received June 19, 2006; accepted for publication August 16, 2006.
Address reprint requests to Haruhiko Nakamura MD, PhD:
Department of Chest Surgery, Atami Hospital International
University of Health and Welfare, 13-1 Higashikaigan-cho, Atami,
Shizuocka 413-0012, Japan.

Ann Thorac Cardiovasc Surg Vol. 13, No. 2 (2007)

127

substitutions or small in-frame deletions occurring in the
known “hot spot” for mutation, exons 18, 19 and 21.Im-
portantly, these mutations were detected selectively in
tumors responding to gefitinib or erlotinib,* which fre-
quently were adenocarcinomas in women who never
smoked. As these activating mutations are more frequent
tumors in Asians than Westerners, the significantly higher
response rates to gefitinib in Japanese reported in nmiti-
institutional clinical trials? were attributed to high preva-
lence of EGFR gene mutations in this population.

While an association between gefitinib responsiveness
and EGFR mntations has been demonstrated, when EGFR
rmutations occur during carcinogenesis in the lung still is
unclear. Noguchi et al.? classified small peripheral ad-
enocarcinomas into six types based on tumor growth pat-
terns; types A and B represented in situ peripheral
bronchioloalveolar carcinomas that did not involve lymph
nodes'® and required computed tomography (CT) for
detection. Type C appears to be advanced slightly beyond
types A and B, showing active fibroblastic proliferation.
On the other hand, types D (poorly differentiated adeno-
carcinoma), E (tubular adenccarcinoma), and F (papil-
lary adenocarcinoma with compressive and destructive
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growth) are regarded as more aggressive cancers. This
classification is widely considered to accurately depict
the diverse array of pulmonary adenocarcinomas. We
therefore sought to clarify when EGFR martation occurred
during development of small pulmonary adenocarcino-
mas, using the Noguchi’s classification to estimate rela-
tive time points in tumor development.

Materials and Methods

Patient characteristics

Resected lang cancer tissues from 30 patients who un-
derwent lobectomy and systematic lymph node dissec-
tion in Tokyo Medical University Hospital were studied
with respect to EGFR gene mutations. Histologic types
included 25 adenocarcinomas and 5 other carcinomas
including 2 squamous cell carcinomas, 2 large cell car-
cinomas, and 1 small cell carcinoma. Noguchi’s patho-
logic classification was applied to all adenocarcinormas,
including some tumors larger than 20 mm. Adenocarci-
nomas included 2 in type A, 1 intype B, 7 in type C, 10in
type D, 2 in type E, and 3 in type F. Pathologic (p-) stages
of the 30 carcinomas according to international staging
criterial? were IA in 15, IB in 3, and 1IA to ITIB in 10.
The p-1A tamors included 8 small adenocarcinoras with
a largest dimension below 20 mm. Written informed con-
sent for genetic analysis of the resected turnor was ob-
tained from all patients. In the operating room, immedi-
ately upon resection of a pulmonary lobe containing a
primary lung cancer, abont 500-mg sample was removed
from the tumor, immersed in liquid nitrogen, and stored
at —80°C until genetic study.
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A|B
Fig. 1. Results of single-strand conformation polymorphism

(SSCP) analysis,

The DNA strand with the mutation shows a mobility shifton a

gel.

A: SSCP analysis of exon 19 carried out at 10°C for 4 h. Mo-
bility shift is observed in cases 2, 6, 12, 25, and 26.

B: SSCP analysis of exon 21 carried out at 10°C for 4 h. Mo-
bility shiftis observed in cases 1, 7, and 11. All of these
abnomal DNA strands were sequenced to identify the al-
tered bases. '

Detection of the EGFR gene mutation

Genomic DNA was extracted from the stored tamor us-
ing a REDExtract -N-Amp Tissue PCR kit (Sigma, St.
Louis, MO). The three exons in the EGFR gene (exons
18, 19, and 21) reported to include frequent nuitation sites
were amplified by polymerase chain reaction (PCR).
Primer sequences of 5'-AGGTGACCCTTGTC-
TCTGTGTTCT-3” and 5°-CACCAGACCATGA-
GAGGCCCTGCG-3* were used to amplify 216 base pairs
in exon 18 by two-step PCR at an annealing temperature
of 68°C; 5"-GATCACTGGGCAGCATGTGGCACC-3”
and 5-TGGACCCCCACACAGCAAAGCAGA-3"to
amplify 199 base pairs in exon 19 by two-step PCR at
annealing temperature of 68°C; and 53-TTCCC-
ATGATGATCTGTC-3” and 5"-ATGCTGGCTGA-
CCTAAA-3" to amplify 232 base pairs in exon 21 by
three-step PCR at an annealing temperature of 55°C.
Amplified sequences within each exon initially were
screened for mutations by single-strand conformation
polymorphism (SSCP) analysis using 14% polyacryla-
mide gels. Samples were electrophoresed at 72 Viem
under two different conditions, 10°C for 4 h and 20°C for
2 h. Isolated DNA strands showing a mobility shift on
gels were cut from gels, and these isolated DNA strands
were sequenced using cycle sequencing kit (BigDye Ter-
minator version 3.1, Applied Biosystems, Foster City, CA)
in a DNA analyzer (Applied Biosystems 3730x).

Statistical analysis

Differences in distribution of EGFR rmitations between
two groups were tested by Fisher’s exact probability test.

Ann Thorac Cardiovase Surg Vol. 13, No. 2 (2007)
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Table 1. Resuits ofthe EGFR mutation analysis

Pathologie Nogachf's |, Pathologic ﬁfyksgl pation Changes in
Case Age Gender Smokingstatus SD  ype classifi-  gimencion stage (mm) v Iy (exons18 19, amino acids
cation and 21)
1 7N F  Never smoked WD Ad o] 2 TINOMO IA - - exon21T2573>G L858—R
2 8 F  Neversmoked WD Ad F % TINOMO A ~  ~ exonl92235-2249  E746-A750 del
del (15 base)
3 77 M Curent smoker (1,000 P/DAd D 31 T2MONO B 2+ - Normal Normal
4 89 F  Current smoker (450) W/DAd B 10 TINOMO [A - - Normal Normal
5 68 F  Neversmoked P/DAd D 25 TINZMOTA 1+ 1+ Normal Normal
6§ 71 M Naversmoked PDAd D 60 T2N1MO IIB 2+ 1+ exonl92239-2251  L747-T751
del(13base), iInsC  del,ins P
7 76 F  Neversmoked WD Ad C 15 TINOMO IA - 1+ exon21 T2573>G L858—R
8 65 M Neversmoked La NA 70 T2MONO [B 2+ 1+ Normal Normal
9 65 M CQurentsmoker (1,140) P/DAd D 15 TANIMOIIIB 2+ 1+ Normal Normal
10 55 M Curentsmoker (2,960) M/D Ad F 2 TINOMO [A 2+ ~ Normal Normal
11 63 M Curentsmoker (400) W/DAd c 2 TINOMO [A - - exon21T2573—>G L858—R
12 71 F  Neversmoked WD Ad F 20 TINIMO IA -  ~ exonl92235-2249  E746~A750 del
del (15 base)
13 5§55 M Currentsmoker (760) P/DAd D 50 T2MONG IB - - Normal Normal
14 54 F  Neversmoked W/ Ad A 10 TINOMO [A - — Normal Normal
15 72 F  Currentsmoker (1,060) M/D Sq NA 60 T2N1MO (iB - - Normal Normal
16 76 M Curentsmoker (340) W/DAd E 60 T4NOMO [IB -~ =~ Normal Normal
17 74 M Currentsmoker (1,650 P/DAd D 20 TINOMO (A 1+ - Normal Normal
18 66 M  Cumentsmoker (920) M/DSq NA 37 T2MONO [B - =  Normal Normal
9 7 F  Never smoked La NA 2 TANOMOIIIB  ~ . — Normal Normal
20 77 M Currentsmoker (1,140) Sm NA £ T2MONO 1B 2+ - Normal Normal
21 64 M Curentsmoker (150) P/MDAd D 15 TINOMO A - - Normal Norma}
22 43 M Curentsmoker (500) M/DAd B 35 T2N2MO ItA 1+ 2+ Normal Normal
23 57 M Ex-smoker (150) PMDAd D 45 T2N1IMO [(B 1+ 1+ Normal Normal
24 58 M Curentsmoker (300) P/DAd D Z7 TINOMO 1A ~ = Normal Normal
25 71 M Currentsmoker (1,530) P/DAd D 35 TIN2MOIMA 1+ 2+ exon19G2203>A G735-8
26 67 F  Neversmoked W/D Ad C 2 TINOMO [A —  — exoni192239-2253  L747-T751 del
del (15 base)
27 78 M Never smoked WD Ad o) 18 TINOMO IA ~ 1+ Normal Normal
28 76 M Currentsmoker (560) W/D Ad o] 15 TINOMO [A - 1+ Normal Normal
29 78 M Ex-smoker (280) W/D Ad c z TINOMO [A - = Normal Normal
30 49 M Currentsmoker (750) W/DAd A 10 TINOMO LA — - Normal Normal

F, female; M, male; S1, smoking index (cigarettes/day X years); v, microscopic vascular invasion; ly, microscopic lymph vessel
invasion; W/D, well-diffezentiated; M/D moderately differentiated; P/D poorly differentiated; Ad, adenocarcinoma; La, large cell
carcinoma; Sm, smal} cell carcinoma; Sq, squamous cell carcinoma; NA, not applicable; G, guanine; C, cytosine; T, thymine; A,
adenine; L, leucine; R, arginine: B, glutamic acid; A, alanine; T, threonine; P, proline; G, glycine; S, serine.

A p value less than 0.05 was considered to indicate sig-
nificance.

Results

SSCP analysis detected shifts of amplified single-strand
DNAs in electrophoretic gels in 8 samples (Fig. 1, A and
B). DNA fragments showing abnormal mobility shifts on
gels were cut and sequenced. Altered sequences were
determined in all 8 samples. Patient characteristics and
resuits of EGFR mutation screening are shown in Table

Ann Thorae Cardiovasc Surg Vol. 13, No. 2 (2007)
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1. Mutations were detected only in adenocarcinomas.

Mutations in exon 19 were detected in 5 tumors in-
cluding 1 in type C, 2 in type D, and 2 in type F accord-
ing to Noguchi’s classification. These include one point
mutation resulting in replacement of G735 by S and four
stnall deletions of 13 to 15 base pairs. The deletions caused
omission of five amino acids (E746 to A750) in 2 tumors
and omission of a slightly different sequence in 2 others
(L747 to T751). One of the latter tumors also had inser-
tion of cytosine at the deletion point, resulting in inser-
tion of P where the others were omitted. P-stages included
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Table 2. Association of EGFR mutations and clinicopatho-
logie features

BGFR (exons 18, 19, 21)

Factors Mutation ~ Nomutation  p value*
Male 3 16 0.104
Female 5 6
Smoker 2 17 0.028**
Non-smoker 6 5 ’
p-stage IA 5 10 0682
p-stages IB-TIIB 3 12

*, Fisher's exact probability test; **, significant difference.

stage IA in 2 tumors, stage I1A in 1, stage IIB in 1, and
stage IlIA in 1.

Mutations in exon 21 were detected in three tumors,
all in Noguchi type C and p-stage TA. All represented
substitution of G for T at nucleotide 2573, resulting in an
amino acid substitution (L.858R). No rmitations were de-
tected in exon 18.

All EGFR mutations were detected only in adenocar-
cinomas, which showed a frequency of the EGFR muta-
tions of 32% (8/25). Relationships between EGFR muta-
tions and clinicopathologic features are shown in Table
2. Frequency of mutations did not differ between p-IA
and the more advanced stages p-IB to IlIB (p=0.682).
EGFR gene mutations were more frequent in patients who
never smoked than in current or previous smokers
{p=0.028). Although mutations were more frequent in
women (50%) than in men (15%), this difference was not
statistically significant (p=0.104).

Discussion

In this study we initially screened for mutations using
PCR-SSCP, which enabled us to detect small amounts of
abnormal tumor-derived DNA fragments among largest
amounts of normal DNA derived from interstitial tissue.
We sucoessfully detected mutations within coding regions
of the EGFR gene in 32% of unsclected Japanese patients
with adenocarcinoma. All gene mutations resulted in
changes of amino acids. Lynch et al.” reported 10 amors
catrying five types of EGFR mutations causing amino
acid alterations, 2 representing mutations that we also
detected (E746—A750 del and 1.858R). Paez et al.® re-
ported 22 tumors carrying four types of nmtations, 3 be-
ing types that we detected. EGFR mutations detected in
seven studies including our present one™*12 are sum-
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marized in Table 3. In all stndies exons 19 and 21 repre-
sented “hot spots” for mutations, which frequently were
found in non smokers and in women.

Kosaka et al.”® detected EGFR mutations more fre-
quently in mederately and well differentiated adenocar-
cinomas than in pootly differentiated adenocarcinomas.
This is of considerable interest as gene mmitations occur-
ring in less invasive cancers have been reported asrela-
tively rare. Moreover, EGFR mutations are frequent in
tumors affecting nonsmokers, while most altered genes
in lung cancers such as RAS, p53, and FHIT were found
more frequently in heavy smokers than in nonsmokers.
According to the hypothesis of mmltistep carcinogenesis,
gene mmmutations tend to accummlate in late-stage discase
or highly malignant cancers, a generalization that seems
not to apply to EGFR mutations.

Our present study disclosed EGFR nmtations in early-
stage adenocarcinomas. Noguchi’s pathologic classifica-
tion® represents an effort to depict the sequence of car-
cinogenesis for peripherally located adenocarcinomas.
When chest CT is used to screen for hing cafnicer, most
peripheral small shadows showing pure ground glass
opacity prove to be atypical adenomatous hyperplasia or
noninvasive bronchioloalveolar carcinoma, Noguchi types
A and B.In our present study we found a point mutation
in exon 21 in 3 Noguchi type C tumors, all representing
p-1A disease. This suggests that exon 21 mutations in the
EGFR gene may be relatively early occurences in the
development of bronchioloalveolar carcinoma. In contrast,
mutations in exon 19 were found in more advanced tu-
mors such as Noguchi types D, E, and F. These results
suggest the possibility that malignant grades of pulmo-
nary adenocarcinoma may be related to mutation at dif-
ferent sites within the EGFR gene. Although a relation-
ship between exons affected and disease stage or adeno-
carcinoma subtype was not mentioned in previous stud-
ies, Tokumo et al.!? reported significantly higher preva-
lence of mutations in exon 19 in turnors from men than
women. Minna et al.!® also suggested different biologic
activities of different affected exons, given that point
mntations in exon 21 are heterozygous, including one
normal allele, while the normal allele is severely under-
represented in tumors with small exon 19 deletions. These
differences may be related to disease stages, histopatho-
logic grade, and lineage of adenocarcinomas. We suspect
that exon 21 is likely to be altered in the noninvasive
Noguchi type A to C sequence (well differentiated
broachioloalveolar carcinoma), while exon 19 might be
altered in more aggressive types such asD, B, and .~

Ann Thorac Cardiovasc Surg Vol. 13, No. 2 (2007)
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Table 3. Reported mutations in the EGFR gene in seven studies

Exon Type of mutation Number Amino acid changes Number
18 Point mutations 10 (4.0%) G7198 5* 2.0%)
G719C 2 (0.8%)
Others 3(1.2%)
19 Small deletions 118 (47.2%) del B746-A750 65 (26.0%)
Other deletions 53 (21.2%)
and/or insertions
Insertions or duplications S (2.0%)
Point mutations 1(0.4%)
20 Point mutations 2 (0.8%) S7681
Insertions or duplications 2 (0.8%)
21 Point mutations 112 (44.8%) L858R 110° (44.0%)

Other point mutations 2 (0.8%)

Studies summarized inciude our present results and those in references.»312-13
G, glycine; S, serine; C, cysteine; E, glitamic acid; A, alanine; I isoleucine; L, leucine; R, arginine;
2, A point mutation in another exon was also present in 1 tumor. *, A point mutation in another

exon was also present in 8 tumors.

Qur previous study'” revealed that Iung cancer cells
can be effectively detected in cytologic specimens using
fluorescence in situ hybridization (FISH) techniques. If
EGFR mutations might be closely associated with chro-
mosomal aberrations around the EGFR gene locus, tu-
mors carrying EGFR nmtations could be detected by FISH
more easily. This point should be further examined.

In conclusion, EGFR mtations were detected in carly
pulmonary adenocarcinomas. We believe that EGFR
mutations in exon 21 are relatively eatly events during
development of pulmonary adenocarcinomas, especially
small bronchioloalveolar carcinomas (Noguchi type A to
C). In contrast, mutations in exon 19 occur in various
types of adenocarcinoma, often at later stages. These re-
sults of our small series should be examined further in
larger numbers of patients.
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Epidermal Growth Factor Receptor Mutation Detection Using
High-Resolution Melting Analysis Predicts Outcomes in
Patients with Advanced Non-Small Cell Lung Cancer

Treated with Gefitinib

Toshimi Takano,*® Yuichiro Ohe," Koji Tsuta,” Tomoya Fukui,' Hiromi Sakamoto,® Teruhiko Yoshida,5
Ukihide Tateishi,® Hiroshi Nokihara,' Noboru Yamamoto,' lkuo Sekine,! Hideo Kunitoh,!

Yoshihiro Matsuno,? Koh Furuta,® and Tomohide Tamura'

Gefitinib (Iressa; AstraZeneca) is an orally active, selective
epidermal growth factor receptor (EGFR) tyrosine kinase
inhibitor. Phase 1l studies have shown gefitinib antitumor
activity in patients with advanced non-small cell lung cancer
(NSCLC; refs. 1, 2). Several studies have shown that the
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response rate to gefitinib is higher in women, patients with
adenocarcinoma, never smokers, and Japanese or East Asians
(1-3); subsequently, somatic mutations in the kinase domain
of EGFR were suggested to be a determinant of gefitinib
sensitivity (4, 5). Since then, many retrospective studies have
consistently revealed that EGFR mutations, tnainly in-frame
deletions including amino acids at codons 747 to 749 in exon
19 (DEL) and a missense mutation at codon 858 (L858R) in
exon 21, are associated with tumor response, time-to-progtes-
sion, and overall survival in NSCLC patients treated with
gefitinib (6-8).

In our previous study, which clearly showed a correlation
between EGFR mutations and gefitinib sensitivity in patients
with recurrent NSCLC after surgical resection of the primary
tumor (6), we used methanol-fixed, paraffin-embedded surgical
specimens and did laser capture microdissection and direct
sequencing, which we considered to be the most precise
methods available for identifying mutations at that time.
However, these methods are not useful in clinical practice for
the treatment of advanced NSCLC for two reasons. First,
the diagnostic samples of advanced NSCLC tumors, unlike
surgical specimens, contain a small amount of tumor cells and
are highly contaminated with normal cells. Second, laser
capture microdissection and direct sequencing require special
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Imaging. Diagnosis, Prognosis

n (%)

Age (y)

Median (range) 62 (29-84)
Sex

Women 92 (43)

Men 120 (57)
Smoking history*

Never smokers 96 (45)

Former smokers 38 (18)

Current smokers 78 (37)
Histology

Adenocarcinoma 193 (91)

Others 19 (9)
Performance status

0 59 (28)

1 123 (58)

2 22 (10}

3 8 (4)
Stage

I 42 (20)

v 75 (35)

Recurrence after surgery 85 (45)
Gefitinib therapy

First fine 89 (42)

Second line 66 (31)

Third or more line 57 (27)
*Never smokers were defined as patients who have never had a
smoking habit and former smokers were defined as patients who
had stopped smoking at least 1 y before diagnosis.
¥ At the beginning of gefitinib therapy.

instruments and cost time and money. Recently, high-resolu-
tion melting analysis (HRMA) using the dye LCGreen I (Idaho
Technology) was introduced as an easy, quick, and precise
method for mutation screening (9), and we established a
method for detecting DEL and L858R mutations using HRMA.
Our cell line study revealed that DEL and L858R mutations
could be detected using HRMA in the presence of 10% and
- 0.1% mutant cells, respectively (10). We also showed that the
two major mutations could be identified by HRMA using DNA

extracted from archived Papanicolaou-stained cytologic slides
with 88% sensitivity and 100% specificity (10). .

In this study, we validated EGFR mutation detection by
HRMA using DNA extracted from archived paraffin-embedded
tissues. We also did the HRMA in advanced NSCLC patients
treated with gefitinib on a larger scale using archived tissues
and/or cytologic slides.

Patients. Among 364 consecutive patients with NSCLC who began
receiving gefitinib monotherapy (250 mg/d) at the National Cancer
Center Hospital between july 2002 and December 2004, 212 patients
were retrospectively analyzed using HRMA. One hundred fifty-two
patients were excluded from the analysis because tumor samples were
not available (n = 126) or their informed consent to the genetic analysis
‘was not obtained (n = 26).

High-resolution melting analysis. On a protocol approved by the
Institutional Review Board of the National Cancer Center FHospital, we
did the following genetic analyses. Formalin-fixed, paraffin-embedded
tissues andfor Papanicolaou-stained cytologic slides containing suffi-
cient tumor cells {at least 1% of nucleated cells) were selected after
microscopic examination by a pathologist (K.T.). The detailed analysis
method has been described previously (10). Briefly, DNA was extracted
from the tissues and/or cytologic slides using a QlAamp DNA Micro kit
(Qiager). PCR was done using dye LCGreen 1 and primers designed to
amplify a region containing E746-1759 of EGFR |DEL-specific primer,
AAAATTCCCGTCGCTATC (forward) and AAGCAGAAACTCACATCG
(reverse)] or L858 of EGFR [L858R-specific primer, AGATCACA-
GATTTTGGGC (forward) and ATTCTTTCTCTTCCGCAC (reverse}] on
a LightCycler (Roche Diagnostics). The PCR products were denatured
at 95°C for 5 min and cooled to 40°C to form heteroduplexes.
The LightCycler capillary was then transferred to an HR-1 (Idaho
Technology), a HRMA instrument, and heated at a transition rate of
0.3°C per second. Data were acquired and analyzed using the
accompanying software (IJdaho Technology). After normalization and
temperature adjustment steps, melting curve shapes from 78.5°C to
85.5°C were compared between samples and control samples. Human
Genomic DNA (Roche Diagnostics) was used as a control sample with
wild-type (WT) EGFR. Samples revealing skewed or left-shifted curves
from those of conurol samples were judged to have mutations. All
analyses were done in a blinded fashion.

HRMA without LCM Direct sequencing without LCM (6)
Formalin~fixed Methanol-fixed - Cytolagic
tissues tissues slides (10)
n 66 66 29 66
Successfully analyzed, n (%) 63 (95) 66 (100) 28 (97) 66 (100)
True positive 34 36 14 28
True negative 26 29 12 29
False positive 0 0 0 0
False negative 3 1 2 S
Sensitivity (%) 92 97 88 76
Specificity (%) 100 100 100 100
Positive predictive value (%) 100 100 100 100
Negative predictive value (%) 90 97 86 76
NOTE: The results of these analyses were compared with those of direct sequencing with LCM (used as the “gold standard” method). True
positive is defined as the correct detection of deletional mutations in exon 19 or L8S8R,
Abbreviation: LCM, laser capture microdissection.
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