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expression loss in our resistant sublines. The expression of
PTEN has also been reported to be regulated by the EGR1
transcription factor, and three EGR1-binding sites have been
identified in the PTEN gene promoter (29, 30, 43). In this
study, we showed a close correlation between PTEN expres-
sion and EGRI expression in drug-resistant PC-9/GEF cells,
suggesting that the nuclear translocation of EGR1 directly
regulates the expression of PTEN: EGRI activates transcrip-
tion of the PTEN gene through binding to its consensus mouf

tumors after treatment with gefitinib (Fig. 4). Immunohisto-
chemical analysis also showed that Met and EGFR were
expressed in both the primary tumor, before gefitinib treat-
ment, and in the refractory tumors derived from three meta-
static foci from the lung of this patient. By contrast, PTEN
expression was much lower in the refractory tumors than
the primary tumor, and Akt phosphorylation was much higher
in two of the refractory tumors (Fig. 4). About the frequency
of PTEN loss, Sos and colleagues (24) have reported

in the promoter (44). Our present study showed do gula-
tion of some EGR1 target genes, cyclin D1, FGF2, and ICAM-1,
but not other EGRI target gene, PTP1B (Fig. 2E). Together,
whether expression of PTEN or other EGRI target genes
could be upregulated or downregulated might in part depend
on how activation of EGR1 is controlled in response to envi-
ronmental stimuli. Exposure of PC-9 cells to low doses of ge-
fitinib up to 5 days resulted in unchanged expression of
PTEN (Suppl y Fig. §1). B gefitinib-
cell lines were selected after stepwi to i
doses of the drug for 6 to 8 months, contmuous exposure for
longer periods might be required to induce loss of both PTEN
expression and nuclear EGR1 translocation. However, it re-
mains unclear how nuclear translocation of EGRI1 is specifi-
cally blocked by acquirement of drug resistance to gefitinib.
Further elucidation of relevant underlying mechanisms at
molecular basis should be required.

In both immunocytochemical and Western blot

rence of h yg gene deletion of PTEN and
EGFR mutation in 1 of 24 clinical NSCLC samples with EGFR
mutations. It seems likely that PTEN loss is less frequent
compared with T790M, HGF expression, and Met amplifica-
tion. To evaluate the frequency of PTEN loss in gefitinib- or
erlotinib-resistant tumors, quantitative analysis will be re-
quired wnth large number of refractury tumors.

In we sel d gefitinib-r cell lines
from PC-9 cells harboring an activating EGFR mutation
and observed PTEN loss in these resistant cell lines. PTEN
loss was also observed in one NSCLC patient who had
become refractory to gefitinib treatment. Together with re-
cent results published by another group (24, 38, 39), loss of
PTEN expression together with Akt activation could act as a
predictive marker for a therapeutic response to EGFR-
targeted drugs.

using EGFR mutation-specific antibodies (26, 28), the EGFR
delE746-A750 mutation was found to be conserved in PC-9/
GEFs (Fig. 1C and D), suggesting that there was no change in
the original EGFR deletion mutation that sensitizes the effect
of gefitinib under selection by drug resistance. Onitsuka and
colleagues (27) have recently characterized 10 NSCLC pa-
tients showing acquired resistance to monotherapy by gefiti-
nib. In the primary tumor, T790M was observed in 7, and
HGF overexpression was observed in 5, of 10 refractory tu-
mors. In one refractory patient, immunohistochemical anal-
ysis showed that PTEN was expressed in cancer cells
harboring the delE746-A750 mutation, both in the primary
tumor before treatment and also in the secondary refractory
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Molecular Diagnosis of Activating EGFR Mutations in
Non-Small Cell Lung Cancer Using Mutation-Specific
Antibodies for Immunohistochemical Analysis

Akihiko Kawahara', Chizuko Yamamoto®, Kazutaka Nakashima', Koichi Azuma?, Satoshi Hattori®,

Masaki Kashihara®, Hisamichi Aizawa?, Yuji Basaki*, Michihiko Kuwano®, Masayoshi Kage',
Tetsuya Mitsudomi®, and Mayumi Ono*

Abstract

Purpose: Therapeutic responses of non-small cell lung carcinoma (NSCLC) to epidermal growth factor
receptor (EGFR)-targeted drugs, such as gefitinib and erlotinib, are closely associated with activating
EGFR mutations. The most common mutations are delE746-A750 in exon 19 and L858R in exon 21,
accounting for ~90% of all EGFR mutations. Recently, EGFR mutation-specific antibodies were devel-
oped and did well in immunohistochemical analysis, giving a sensitivity of ~90%. We have investigated
whether this method detects activating EGFR mutations with sensitivity comparable with direct DNA se-
quencing, which is used to detect these mutations in NSCLC. .

Experimental Design: We used antibodies specific for the E746-A750 deletion mutation in exon 19
and the L858R point mutation in exon 21 in Western blot analysis and immunohistochemistry to deter-
mine the presence of these mutations in NSCLC cell lines. We also examined these EGFR mutations in
NSCLC tumor samples from 60 patients by immunohistochemically and direct DNA sequencing.

Results: We were able to identify EGFR mutations in NSCLC tumor samples immunohistochemically
with a sensitivity of 79% using the anti-delE746-A750 antibody and 83% using the anti-L858R antibody.
Additional DNA sequencing markedly improved the sensitivity obtained by immunohistochemistry.

Conclusions: This simple and rapid assay for detecting EGFR mutations, even in the small bronchial
biopsies obtained in stage IV NSCLC patients, will be useful for diagnosing responsiveness to EGFR-
targeted drugs in patients with NSCLC. Combining this with DNA sequencing is recommended for the de-
velopment of improved personalized EGFR-targeted therapeutics. Clin Cancer Res; 16(12); 3163-70. ©2010 AACR.

Lung cancer is the most common cause of death from
cancer worldwide. Non-small cell lung carcinoma
(NSCLC) is the major type of lung cancer and is classified
into three histologic types: adenocarcinoma, squamous
cell carcinoma, and large cell carcinoma (1, 2). Since the
introduction of the epidermal growth factor receptor
(EGFR) tyrosine kinase inhibitor gefitinib and its approval
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equally

for clinical use in the treatment of advanced NSCLC (3), a
critical question has been how to optimize its therapeutic
efficacy in NSCLC patients. Subsequent studies have
shown a significant association between the presence of
EGFR-activating mutations in lung tumors and their sensi-
tivity to gefitinib and another EGFR tyrosine kinase inhib-
itor, erlotinib. Most of these mutations occur in exons 18
to 21 in the tyrosine kinase domain, the most common
being deletions in exon 19, such as delE746-A750, and
the L858R point mutation in exon 21 (4-6). These muta-
tions are found more frequently in female patients, indivi-
duals who have never smoked, and patients of East Asian
ethnicity (7-11).

Of the various molecular mechanisms that bring about
EGFR activation and that affect responses to gefitinib, er-
lotinib, and other EGFR-targeted drugs (12), activating
EGFR mutations, especially delE746-A750 and the
L858R point mutation, are closely associated, with favor-
able clinical outcomes in ~80% of patients with NSCLC,
especially in patients from East Asia (13, 14). The delE746-
A750 mutation in exon 19 and the L858R mutation in ex-
on 21 are the most common mutations found in NSCLC,
accounting for ~90% of all EGFR mutations. The presence
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Translational Relevance

Activating mutations in the kinase domain of the
epidermal growth factor receptor (EGFR) gene are crit-
ical for determining the therapeutic efficacy of EGFR-
targeted drugs for patients with non-small cell lung
carcinoma. DNA sequencing of the EGFR tyrosine
kinase domain has been used to determine treatment
strategies for these patients. Recently, mutation-specific
anti-EGFR antibodies recognizing delE746-A750 in
exon 19 and L858R in exon 21 have been developed
and used immunohistochemically to identify EGFR
mutations in cancer cells. The identification of EGFR
mutations immunohistochemically and in Western
blots is further investigated in this article. Our results
suggest that a simple immunohistochemical diagnosis
using these antibodies can provide important quan-
titative and tissue-specific expression data to com-
plement DNA sequence results. We show that the
sensitivities of the immunohistochemical and DNA
tests are comparable and that the two methods show
good correlation in determining the EGFR mutations
present in non-small cell lung carcinoma in a Japanese
population.

of these activating EGFR mutations is often determined by
direct PCR-based sequencing of seven exons of the EGFR
tyrosine kinase domain, exons 18 to 24. Yu and colleagues
(15) have developed specific antibodies recognizing the
delE746-A750 and L858R mutations, which can be used
to identify the EGFR status of tumor samples and provide
a simple immunohistochemical method for diagnosing
EGFR mutations in human tissue. In this study, we have
further investigated the use of these mutation-specific anti-
bodies in immunohistochemistry and their application to
the diagnostic screening of lung cancer patients and their
to EGFR d drugs.

respor

Materials and Methods

Cell lines and tissue culture

PC9 and QG56 cells were kindly provided by Dr. Yukito
Ichinose (Kyushu Cancer Center, Fukuoka, Japan) and
11-18 cells were kindly provided by Dr. Kazuhiko Nakagawa
(Kinki University, Osaka, Japan). LK2 cells were purchased
from the Japanese Collection of Research Bioresources,
and H1975 and Hela cells were purchased from the
American Type Culture Collection. PC9, QG56, LK2,
H1975, and 11-18 cells were cultured in RPMI supplemen-
ted with 10% fetal bovine serum. HeLa cells were cultured
in DMEM supplemented with 10% fetal bovine serum
as described previously (16). The cells were maintained
under standard cell culture conditions at 37°C in a humid
environment in 5% CO,.

Western blot analysis

Cells were rinsed with ice-cold PBS and lysed in
50 mmol/L HEPES, 150 mmol/L NaCl, 1% Triton X-100,
and 10% glycerol containing 5 mmol/L EDTA, 1 mmol/L
phenylmethylsulfonyl fluoride, 10 pg/mL aprotinin,
10 pg/mL leupeptin, and 1 mmol/L sodium orthovana-
date (Triton X-100 buffer). Cell lysates were subjected
to SDS-PAGE and transferred to Immobilon membranes
(Millipore Corp.). After transfer, the membrane was in-
cubated with blocking solution, probed with primary
antibodies, and then washed. The primary antibodies
were mutation-specific anti-EGFR antibodies recognizing
the wild-type (WT) EGFR (D38B1; 16), the delE746-
A750 mutation in exon 19 (6B6), and the L858R muta-
tion (43B2) in exon 21 (15), all kindly provided by Cell
Signaling Technology. The protein content was visual-
ized using horseradish peroxidase-conjugated secondary
antibodies, followed by enhanced chemiluminescence
(Amersham).

Tumor samples

We retrospectively examined 45 primary NSCLC adeno-
carcinomas showing moderate to strong expression of
total EGFR that had been completely removed surgically
from patients at the Department of Surgery, Kurume
University Hospital, between 1995 and 2005 (Kurume tu-
mor samples). We also examined 15 primary NSCLC
tumors surgically removed from patients at the Aichi
Cancer Center (Nagoya tumor samples).

DNA extraction and direct DNA sequencing

Exon 19 (delE746-A750) and exon 21 (L858R) muta-
tions in the EGFR gene were identified by direct DNA
sequencing. In brief, genomic DNA was purified from
paraffin-embedded tissues using a QlAamp DNA Micro
kit (QIAGEN). The exon sequences of the EGFR kinase do-
main were amplified by nested PCR using specific primers,
and exons 19 and 21 were done.

1 i 1 "

y for acti
in cultured lung cancer cells

Cells cultured on slides were rinsed with ice-cold PBS and
fixed with 4% paraformaldehyde in PBS for 30 minutes.
After fixation, the slides were washed briefly in water
and boiled in a microwave for 30 minutes in 1 mmol/L
EDTA (pH 9.0) target retrieval solution (DakoCyto-
mation) to recover antigens. Intrinsic peroxidase activity
was blocked by treatment with peroxidase-blocking re-
agent (DakoCytomation) for 5 minutes. After washing in
TBS (DakoCytomation) for 5 minutes, primary antibodies,
as used for Western blotting, were diluted 1:100 and ap-
plied to the cells. The slides were incubated at room tem-
perature for 30 minutes, washed in TBS for 5 minutes, and
incubated with labeled polymer-horseradish peroxidase
secondary antibody (ChemMate ENVISION Kit, Dako-
Cytomation) for 30 minutes at room temperature. After
washing in TBS for 10 minutes, the slides were visualized
using 3,3'-diaminobenzidine.

ing EGFR .
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Immunohistochemical Diagnosis of EGFR Mutations

- k.
Score 2+ Score 3+

Fig. 1. Immunohistochemical staining and scores for NSCLC
adenocarcinoma tumor samples labeled with anti-delE746-A750 EGFR
antibody. Staining intensity was scored as 0, 1+, 2+, and 3+ (Materials
and Methods). .

Immunohistochemistry for activating EGFR mutations
in clinical samples from NSCLC patients
Paraffin-embedded tissue samples of human lung can-
cer tissues were used to cut 4-pm sections, which were
mounted on coated glass slides and incubated with the
same mutation-specific anti-EGFR antibodies used for
Western blotting 4°C overnight. We used DAKO auto-
stainer (DakoCytomation). In evaluating the expression
of EGFR mutations as biomarkers, we assumed that the
staining intensity of the cancer cell membranes or cyto-

plasm with the mutation-specific antibodies represented
the level of EGFR expression in the cancer specimens.
The intensity of staining was scored using the following
scale: no staining, 0; weak staining, 1+; moderate staining,
2+; and strong staining, 3+ in >10% of cancer cells (Fig. 1).
We classified scores of 0'and +1 as negative and scores of
2+ and 3+ as positive.

Results
ytoch 1 1} of

mutations in human lung cancer cell line

We first determined whether the mutation-specific
antibodies can specifically recognize EGFR mutations in
Western blots (Fig. 2) using five human lung cancer cell
lines (QG56, LK2, PC9, 11-18, and H1975) and Hela
cells, a cervical cancer cell line. DNA sequence analysis
showed that PC9 carried the delE746-A750 in exon 19
of the EGFR, and 11-18 and H1975 carried the L858R mu-
tation in exon 21, whereas the QG56, LK2, and Hela cell
lines carried no EGFR mutations in either of these two
exons. In Western blots, five of these cell lines showed
comparable levels of EGFR expression when labeled with
the control anti-EGFR antibody, but LK2 showed a lower
level of expression, consistent with a previous study (16).
The deletion-specific antibody recognized the mutant
EGFR with a E746-A750 deletion in PC9 cells, whereas
the antibody specific for the L858R mutation recognized
EGFR in the 11-18 and H1975 cell lines (Fig. 2A). Howev-
er, the deletion-specific antibody did not recognize EGFR
in 11-18 and H1975 cells carrying the L858R mutation,
and the antibody specific for the L858R mutation did not
recognize EGFR in PC9 cells with the E746-A750 deletion,

EGFR

EGFR

delE746-A750

LB58R

11-18/L858R  H1975/L858R, T790M
T

Fig. 2. Identification of the EGFR mutations delE746-A750 and L858R in NSCLC lines. The cervical cancer cell line HeLa was used as a control. A, Western
blots showing the expression of EGFR, the delE746-A750 mutation, and L858R mutation in five NSCLC lines (QG56, LK2, PC9, 11-18, and H1975) under
normal cell culture conditions. EGFR expression was identified using a control anti-WT EGFR antibody. Anti~delE746-A750 antibody labeled only PC9
carrying an exon 19 deletion. Anti-LB58R antibody labeled 11-18 and H1975 cells camying point mutations in exon 21. Expression of EGFR protein was
determined in immunoblots using 100 pg protein of each cell lysate per lane. The loading control used was B-actin. B, immunohistochemical analysis of four
NSCLC lines (QG56, PC9, 11-18, and H1975). Anti-WT EGFR antibody stained all cell lines, anti-delE746-A750 antibody stained only PC9 cells, and
anti-L858R antibody stained 11-18 and H1975 cells.
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Table 1. Immunohistochemistry and DNA sequence analysis of 60 NSCLC tumor samples
Patient no. DNA ing of EGFR I hemistry
delEGFR L858R WT EGFR
1 E746-A750 2+ 0 3+
2 E746-A750 3+ 0 3+
3 E746-A750 3+ 0 3+
4 E746-A750 1+ 0 2+
5 E746-T751>A" 3+ 1+ 3+
6 E746-A750 2+ 0 3+
7 E746-A750 2+ 0 3+
8 E746-A750 2+ 0 2+
9 E746-A750 2+ 0 3+
10 E746-A750 1+ 0 3+
1 E746-A750 1+ 0 3+
12 E746-A750 3+ 0 3+
13 8752-1759* 1+ 2+ 3+
14 L747-T751>P* 14+ 1+ 3+
15 L858R 0 3+ 3+
16 L858R 1+ 3+ 3+
17 L858R 0 2+ 3+
18 L858R 0 3+ 3+
19 L858R 0 2+ 3+
20 L858R 0 3+ 3+
21 L858R 0 1+ 2+
22 L858R 0 3+ 3+
23 L858R 0 3+ 3+
24 L858R 1+ 3+ 3+
25 L858R 1+ 1+ 3+
26 L858R 0 3+ 3+
27 L858R 0 1+ 3+
28 L858R 0 3+ 3+
29 L858R 0 2+ 3+
30 L858R 0 2+ 2+
31 L858R 0 1+ 3+
32 LB58R 0 2+ 3+
33 L858R 0 3+ 3+
34 No mutation 0 0 3+
35 No mutation 0 0 3+
36 . No mutation 0 0 3+
37 No mutation 0 0 3+
38 No mutation 0 0 3+
39 No mutation 0 0 3+
40 No mutation 0 0 3+
a1 No mutation 0 0 3+
42 No mutation 0 0 3+
43 No mutation 0 0 3+
44 No mutation 0 0 3+
45 No mutation 0 0 3+
46 T751-1759>NKA* 2+ 0 3+
47 L747-P753>8* 1+ 0 2+
48 L747-T751>Q" 0 0 3+
49 L747-A750>P* 1+ 0 3+
50 E746-A750 3+ 0 3+
(Continued on the following page)
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Table 1. Immunchistochemistry and DNA sequence analysis of 60 NSCLC tumor samples (Cont'd)
Patient no. DNA ing of EGFR y

delEGFR L858R WT EGFR
51 E746-A750 3+ 0 3+
52 E746-A750 3+ 0 2+
53 L858R 0 2+ 3+
54 L858R 0 3+ 2+
55 L858R 0 3+ 3+
56 L858R 0 3+ 3+
57 No mutation 0 0 2+
58 No mutation 0 0 3+
59 No mutation 0 1+ 3+
60 No mutation 0 0 2+
*Rare exon 19 deletion mutations.

confirming that these two antibodies were specific for the
two mutations and would function in Western blots.

We next asked whether these mutation-specific antibo-
dies were able to recognize mutant EGFRs in cultured lung
cancer cells in immunohistochemical tests (Fig. 2B). Ap-
parent expression of EGFR was seen in all four lung cancer
cell lines, QG56, PC9, 11-18, and H1975, when labeled
with the control anti-WT EGFR antibody. The deletion-
specific antibody labeled only PC9 cells carrying the
delE746-A750 EGFR mutation, whereas the antibody spe-
cific for the EGFR point mutation labeled only 11-18 and
H1975 cells carrying the L858R mutation. Therefore, West-
ern blotting and immunohistochemical analysis consis-
tently showed that each mutation-specific antibody was
able to identify the appropriate EGFR-activating mutation
present in lung cancer cell lines.

togi
Y
mutations in NSCLC patients
We investigated EGFR mutation status in NSCLC ade-
nocarcinomas showing moderate to strong total EGFR ex-
pression from 45 patients who were treated at the Kurume
University Hospital by direct DNA sequence analysis
(Table 1, patients 1-45). Deletion mutations in exon 19,
including delE746-A750, delE746-T751>A, delS752-1759,
and delL747-T751>P, were present in 14 patients, the
L858R point mutation in exon 21 was present in 19
patients, and WT EGFR was present in 12 patients (Table 1).
We then labeled paraffin-embedded samples of the NSCLC
adenocarcinomas immunohistochemically for the EGFR
mutations. Figure 3A shows representative images of two
examples in each case of cancers carrying the delE746-
A750 mutation, the L858R mutation, and WT EGFR. The
two cases carrying the delE746-A750 mutation were-
stained strongly by the anti-delE746-A750 and anti-WT
EGFR antibodies but not with the anti-L858R antibody;
those carrying the L858R mutation were stained strongly
by the anti-L858R and anti-WT EGFR antibodies but not

of activating EGFR

with the anti-delE746-A750 antibody; those carrying only
WT EGFR were only stained by the control anti-EGFR
antibody (Fig. 3A).

Among the 45 cases of primary NSCLC, 12 samples had
been shown to carry delE746-A750 deletion mutation, in-
cluding a delE746-T751>A mutation (patient 5), and 75%
(9 of 12) of these were stained by the deletion-specific an-
tibody with a score of 2+ or 3+. Of the three samples that
were identified by DNA sequencing as carrying rare exon
19 deletion mutations (patients 5, 13, and 14), the tumor
sample carrying a del$752-1759 mutation (patient 13) and
a delL747-T751>P mutation (patient 14) was not positively
stained by the delE746-A750-specific antibody (Table 1).

All of the tumor samples from the 19 patients shown to
carry the exon 21 L858R point mutation by direct DNA
sequencing analysis (patients 15-33) were also stained
by the anti-L858R antibody. Fifteen of 19 cases were posi-
tively stained with a score of 2+ or 3+ (Table 1). Twelve
patients (patients 34-45), whose tumors carried WT EGFR
according to DNA sequencing, were not stained by either
of the mutation-specific antibodies. As shown in Fig. 3B,
in one tumor (patient 23), the cancer cells and bronchial
epithelial cells in the sample were strongly stained by the
control EGFR antibody, but only the cancer cells were
strongly stained by the anti-L858R antibody.

We further investigated whether these two mutation-
specific antibodies can be useful for diagnosing rare exon
19 deletion mutations in 15 NSCLC patients who had
been treated at the Aichi Cancer Research Hospital (pa-
tients 46-60). Paraffin-embedded tissue samples, which
included four rare exon 19 deletions (patients 46-49),
three delE746-A750 mutations (patients 50-52), four
L858R mutations (patients 53-56), and four WT EGFR
(patients 57-60), were examined immunohistochemically
(Table 1). Of rare exon 19 deletion mutation, L747-
P753>S (patient 47), L747-T751>Q (patient 48), and
L747-A750>P (patient 49) were negatively stained by the
anti-delE746-A750 antibody, and only T751-1759>NKA

‘www.aacrjournals.org

Clin Cancer Res; 16(12) June 15, 2010

3167



3168

Kawahara et al.

EGFR antibodies

b=

delE746-A750 (exon 19)

L858R {exon 21)

No EGFR mut;

Score

Fig. 3. A, immunohistochemical analysis of human NSCLC tumor
samples. Control EGFR antibody stained all six tumor samples shown,
the EGFR deletion-specific antibody stained cancer cells only in the two
samples with delE746-A750 mutations (a and b), and the L858R-specific
antibody stained only the cancer cells in the two samples with L858R

(i and )). B, di ial d is by i
analysis of WT and mutant EGFRs in a NSCLC patient. In one tumor
sample (Table 1, patient 23), labeling for total EGFR showed strong EGFR
expression in both bronchial epithelial cells (red) and cancer cells.
However, labeling with the anti-L858R antibody only stained the cancer
cells and did not stain the bronchus.

(patient 46) was moderately stained (+2). None of these
four samples carrying deletions were stained by the anti-
L858R antibody, but tumor samples carrying L858R muta-
tions (patients 53-56) by DNA sequencing were positively
stained by the anti-L858R antibody.

The diagnostic data in Table 1 for EGFR mutations iden-
tified by immunohistochemistry are summarized in Table
2. We observed a high correlation between the results from

DNA sequencing and immunohistochemistry. When stain-
ing +2 and +3 were determined as positive, EGFR muta-
tion-specific antibodies detected delE746-A750 mutations
in 79% (11 of 14) of cases identified by DNA sequencing,
including patients from Kurume University Hospital and
Aichi Cancer Research Hospital, and detected L858R mu-
tations in 83% (19 of 23) of cases, indicating that this type
of immunobhistochemical analysis would be capable of di-
agnosing activating EGFR mutations. Thus far, rare exon
19 deletion mutations were examined using the anti-
delE746-A750 antibody (Table 2); shorter (patients 14,
48, and 49) or longer (patients 13 and 47) deletion muta-
tions than 15 bp were not positively stained. One (T751-
1759>NKA, patient 46) harboring six-amino acid deletion,
which was moderately (2+) stained and 1 (E746-T751>A,
patient 5) was positively stained. Furthermore, of the sam-
ples without these EGFR mutations, immunohistochem-
istry with the two specific antibodies identified 100%
(16 of 16) as negative for the deletion and point muta-
tions in EGFR.

We next investigated whether these two mutation-
specific antibodies can be useful in the small bronchial bi-
opsies from stage IV NSCLC patients. Each stage IV patient
harboring delE746-A750 or L858R showed strongly posi-
tive staining with the anti-delE746-A750 and anti-L858R,
respectively (Fig. 4). In contrast, a stage IV patient without
EGFR mutations showed strongly positive staining with
anti-WT EGFR antibodies but not with both the anti-
delE746-A750 and anti-L858R antibody.

Discussion

The ability to selectively administer EGFR-targeted
drugs, such as gefitinib and erlotinib, to NSCLC patients
carrying activating EGFR mutations is essential to the es-
tablishment of personalized anticancer therapy. A recent
study has shown favorable clinical outcomes for patients
with NSCLC adenocarcinoma carrying EGFR mutations
after administering gefitinib compared with cisplatin-
paclitaxel (17). The diagnosis of the activating EGFR mu-
tations that are closely associated with the therapeutic
efficacy of EGFR-targeted drugs is clearly essential to this
strategy. The development of rapid and precise diagnostic
techniques for activating EGFR mutations is particularly
important for personalizing therapeutics in East Asian pa-
tients because these activating EGFR mutations (delE746-
A750 and L858R) are significantly more frequent in this
ethnic group. These EGFR mutations have been observed
in 27.0% NSCLC patients in Japan, 36.8% in China,
19.2% in Korea, and 38.6% in Taiwan (8, 18-20).

The identification of EGFR mutations using mutation-
specific antibodies would be a very useful diagnostic
method for use in conjunction with DNA sequencing. Yu
et al. (15) have generated antibodies specific for delE746-
A750 and L858R mutations in EGFR and reported that the
sensitivity of immunohistochemical assays using these
antibodies was 92% in tests on 340 paraffin-embedded
NSCLC tumor samples compared with a sensitivity of
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Immunohistochemical Diagnosis of EGFR Mutations

Table 2. Summary of immunchistochemistry and DNA sequence analysis of NSCLC tumor samples
(A) Exon 19
istry DNA i
delE746- delE746- delS752- delL747- delT751- delL747- dellL747- dellL747- WT*
A750 T751>A 1759 T751>P 1759>NKA  P753>S  T751>Q  A750>P
delE746-A750 (+) 11 1 0 0 1 0 0 0 0
delE746-A750 (-) 3 0 1 1 0 1 1 1 16
(B) L858R
Immunohistochemistry B DNA seque gy I =
L858R WT*

L858R (+) 19 0

L858R (-) 4 16
*The same tumor samples were tested immuhistochemically in (A) and (B).

99% for DNA sequencing. This suggested that this simple
immunohistochemical approach can be useful for estab-
lishing a rapid, sensitive, and cost-effective method to
identify NSCLC patients responsive to EGFR-targeted ther-
apeutics (15). In one tumor sample (patient 23) from the
series used in this study, tumor cells, but not normal bron-
chial epithelial cells, were specifically immunostained
with anti-L858R antibody (Fig. 3B), indicating that differ-
ential diagnosis between the WT and mutant EGFR in a
single pathologic section was possible using this immuno-
histochemical approach. This result also suggested that a
somatic EGFR mutation was present in cancer cells but
not in normal cells.

In this study we have confirmed the usefulness of EGFR
mutation-specific antibodies for the identification of acti-
vating EGFR mutations. The sensitivity of the delE746-
A750- and L858R-specific antibodies was found to be
79% to 83% when all samples from Kurume University
Hospital and Aichi Cancer Research Hospital were scored.

Several other rare deletion mutations are also known to
occur close to the E746-A750 deletion in exon 19 (21). In
this study, to further investigate the presence of other
EGFR mutations in detail, we also carried out direct
DNA sequencing of exons 19 and 20 and confirmed that
several deletion mutations occurred close to delE746-
A750. We identified rare deletions in exon 19 of the EGFR

EGFR antibodies

Fig. 4. Immunohistochemical analysis
of bronchial biopsy samples of
stage IV NSCLC patients. A sample
with delE746-A750 mutation was
stained with anti delE746-A750—
specific antibody, and a sample
with L858R mutation was stained
with L858R-specific antibody.

delE746-AT50
(exon 19)

These samples were stained with % &
WT antibody. No sample without 28
EGFR mutations were stained with - &
these two mutation-specific
antibodies. Samples were stained
with H&E.
ol
EF
2z

LB58R

i
:;.. u"’iﬁ& i
- g 3

delE746-A750 Tolal EGFR
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gene in seven tumor samples: one 8-amino acid deletion
(8752-1759, patient 13), two 6-amino acid deletion
(T751-1759.NKA, patient 46; L747-P753>S, patient 47),
one 5-amino acid deletion (E746-T751>A, patient 5),
two 4-amino acid deletion (L747-T751>P, patient 14;
L747-T751>Q, patient 48), and one 3-amino acid dele-
tion (L747-A750>P, patient 49). Of these seven rare exon
19 deletion mutations, five samples (patients 13, 14, and
47-49) were not positively stained, one sample (patient
46) was moderately stained, and one sample (patient 5)
that harbor 5-amino acid deletion with T751A was
positively stained by the anti-delE746-A750 antibody
(Tables 1 and 2), suggesting that the del E746-A750 anti-
body may not be useful for identification of these rare ex-
on 19 deletion mutations. Yu et al. (15) also reported rare
deletion mutations in exon 19, one of which (E746-T751)
was stained by the anti-delE746-A750 antibody, whereas
the other (L747-A750) was not. Further refinement of
these mutation-specific antibodies will be required to
encompass these rare exon 19 deletion mutations and to
improve the sensitivity of molecular diagnosis using
immunohistochemistry.

Our immunohistochemical data described here for
EGFR mutation-specific antibodies suggest that this
approach will be very useful for identifying the EGFR
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oxoguanine DNA glycosylase that are involved in repair of oxidative stimuli-induced DNA damages
could play any role in epidermal growth factor receptor activating I h

was used to evaluate the expression of 8-hydroxy-2’-deoxyguanosine, Y-box binding protein-1, and 8-
oxoguanine DNA glycosylase in patients with non—small cell lung cancer (N = 170). We analyzed
mutations of delE746-A750 and L858R in the epidermal growth factor receptor gene using peptide
nucleic acid—locked nuclelc acid polymerase chain reaction clamping. In non—small cell lung cancer
patients, nuclear 8-hy -2'-uwx, was strongly iated with these epidermal
growth factor receptor i Furth nuclear of Y-box binding protein-1 was
inversely associated with epidermal growth factor receptor mutations; but nuclear expression of 8-
oxoguanine DNA glycosylase was not. Among 51 pancnts who were treated with gefitinib, progression-
free survival was substantially better when 8-hy y-2’-deoxy ion was positive,
when epidermal growth factor receptor mu'atlons were present, and when nuclear Y-box binding
protein—1 expression was negative. Thus, activating mutations of the epidermal growth factor receptor
gene in non—small cell lung cancer were closely associated with a decrease in the damage repair process

for 8-hydroxy-2'-deoxyguanosine in oxidized DNA.
© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Lung cancer continues to be a leading cause of cancer
death worldwide [1], and non-small cell lung cancer
(NSCLC) is the most common type of the disease. Despite
many clinical trials of platinum-based chemotherapy in
combination with various drugs, the prognosis of patients
with NSCLC remains poor [2]. The development of
molecular-targeting drugs, including gefitinib and erlotinib,
which target the epidermal growth factor receptor (EGFR),
has improved the efficacy of therapy for NSCLC. The
absence or presence of activating mutations within the kinase
domain of the EGFR gene in adenocarcinoma of NSCLC has
a key role in determining the therapeutic efficacy of EGFR-
targeting drugs [3-5]. The presence of activating EGFR
mutations in lung cancer cells confers an EGF/TGFa-
independent growth capacity together with susceptibility to
the cytotoxic effect of gefitinib [6]. About 80% of tumors
possessing EGFR-activating mutations respond to EGFR-
tyrosine kinase inhibitors. In NSCLC patients, more than
90% of EGFR mutations are located in exon 19 (delE746-
A750) or 21 (L858R point mutation). Several factors have
been reported to be iated with the freq y of EGFR
mutations, including an adenocarcinoma phenotype, female
sex, never smoker, and East Asian ethnicity [7]; but how
mutations that increase sensitivity to the therapeutic effect of
gefitinib or erlotinib are induced remains unclear. A recent
study by Mok et al (2009) [8] reported that gefitinib is
superior to carboplatin-paclitaxel as an initial treatment of
NSCLC adenocarcinoma among nonsmokers in East Asia.

Oxidative DNA damage and repair contribute to the
development of various human pathologies, including cancer.
In both nuclear and mitochondrial DNA, the oxygenated
nucleotide 8-hydroxy-2’-deoxyguanosine (8-OHdG) has
been implicated in the type of somatic mutations found in
human cancers [9]. The major pathway for oxidative DNA
damage repair is base excision repair, which in humans

involves the MutM human homolog 8-oxoguanine DNA
glycosylase (OGG1), the MutY homolog MUTYH, and the
Mthl homolog MTHI [10]. Among these base excision
repair-related genes, OGG1 appears to be very important.
Oka et al [11] have demonstrated 2 distinct pathways of cell
death by oxidative damage to nuclei and mitochondria, and
OGGl plays key role in the repair of oxidative DNA damage
in both pathways. On the other hand, OGGI-null mice
develop adenomas and carcinomas of the lungs with a marked
increase of 8-OHdG [12]; and base excision repair-defective
mice (myh™~, OGG1~") show significantly increased
accumulation of 8-OHdG in the liver, small intestine, and
lung DNA in comparison with wild-type mice [13]. Frequent
loss of heterozygosity has been observed in the region of the
OGG1 gene in lung and kidney cancer [14], and some genetic
polymorphisms of the OGG1 gene are associated with an
increased risk for various cancers [15]. Elevated levels of
urinary 8-OHdG have also been detected in patients with
various cancers, including those of the breast, bladder, and
prostate [16]. Furthermore, 8-OHdG and base excision repair
modulation are expected to be risk factors for human cancers
[17]. 8-OHdG has also been highlighted as a marker of
oxidative stress and d related to occupational and
environmental exposure [18,19]. These basic and clinical
findings strongly suggest that 8-OHdG plays a key role in
somatic mutations and human carcinogenesis.

On the other hand, the Y-box binding protein—1 (YB-1)
has been implicated in numerous functions, such as drug
resistance, cell growth/proliferation, malignant transforma-
tion, and DNA repair through its regulation of transcription
and translation, and its suppression of oxidative stress
[20,21]. Increased expression of the YB-1 gene has been
shown to induce both the development of breast cancers of
many histologic types and genome instability in an
experimental animal model, suggesting that YB-1 has
oncogenic activity [22]. A recent study by de Souza-Pinto
et al (2009) [23] showed that YB-1 depletion in human
cancer cells increases mitochondrial DNA mutagenesis,
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suggesting YB-1 as a key candidate for mitochondrial
mismatch-binding protein. YB-1 binds specifically to DNA/
RNA that has been damaged or modified by DNA-damaging
agents, including hyperoxide [24,25]. YB-1 may thus play a
protective role against various types of genotoxic damage,
including oxidative DNA damage. Furthermore, it has been
shown that the nuclear expression of YB-1 is associated with
the favorable outcome of patients with NSCLC [26,27].

In the present study, we investigated whether 8-OHdG is
associated with EGFR activating mutations and also whether
8-OHdG is associated with the nuclear expression of YB-1 or
OGGI1. We also examined the outcome after gefitinib
treatment of patients with NSCLC harboring EGFR muta-
tions in relation to 8-OHdG expression and EGFR mutations.
On the basis of our clinicopathologic findings, we discuss the
possible role of base excision repair of oxidized DNA in
EGFR mutations in NSCLC.

2. Materials and methods
2.1. Patients, tumor samples, and treatment

We retrospectively examined 170 patients with primary
NSCLC whose tumors had been completely removed
surgically at the Department of Surgery, Kurume University
Hospital, between 1995 and 2005. Among these patients, 102
were diagnosed histologically with adenocarcinoma; and the
other 68, with squamous cell carcinoma (Table 1). The age
ranged from 41 to 82 years, with a median of 68 years. Two
patients had received adjuvant chemotherapy, and the other
patients had not received neoadjuvant or adjuvant chemo-

therapy. Among 170 patients, 51 had received gefitinib
therapy for the recurrence after surgical resection between
July 2002 and February 2009. Thirteen patients had received
gefitinib as the initial therapy; and the others, as second- or
third-line therapy (33 patients, platinum doublets as first line;
5 patients, monotherapy, nonplatinum doublets, and platinum
doublets as second line). Tumor response was evaluated after
chemotherapy according to the Response Evaluation Criteria
for Solid Tumors. This study was approved by the
Institutional Review Board of Kurume University.

2.2. Antibodies and immunohistochemistry

Paraffin-embedded tissue samples were cut at a thickness
of 4 um, examined on coated glass slides, and labeled with
the following antibodies using the BenchMark XT (Ventana
Automated Systems, Inc, Tucson, AZ). Anti-8-OHdG
antibody was obtained from the Japan Institute for the
Control of Aging (Shizuoka, Japan). Anti-YB-1 polyclonal
antibody was generated against a 15-amino acid synthetic
peptide in the COOH-terminal domain, and this antibody
was used at a working dilution of 1:2000. OGG1 used the
ChemMate ENVISION method (DakoCytomation, Glostrup,
Denmark). Endogenous peroxidase activity was inhibited by
incubating the slides in 3% H,0, for 5 minutes. Each slide
was heat-treated using Target Retrieval Solution, pH 9.0
(DAKO, Glostrup, Denmark) for 30 minutes and incubated
with the antibody at 4°C overnight. Immunohistochemistry
(IHC) analysis was performed as described previously.
Positive and negative controls were used for each section.
Fig. 1 shows representative images of hematoxylin and eosin
and IHC with anti-EGFR antibody for 2 samples of each

Table 1  Characteristics of 170 patients with NSCLC according to EGFR status and 8-OHdG expression
Characteristic EGFR status P value 8-OHdG P value
Wild type (n = 122) Mutation (n = 48) Positive (n = 97) Negative (n = 73)
Age
<65 44 30 .002 49 25 .042
>65 78 18 48 48
Sex
Female 31 30 <001 44 17 .004
Male 91 18 53 56
Smoking status
Never 29 33 <001 44 18 .006
Ever 93 15 53 55
Histologic type
Squamous cell carcinoma 62 6 <.001 28 40 <.001
Adenocarcinoma 60 42 69 33
Bronchioloalveolar carcinoma 13 11 640 17 7 .806
(BAC)
Non-BAC 47 31 52 26
Pathologic stage
1 57 16 257 49 24 .010
I 29 13 16 26
11 36 19 32 23
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(® Squamous cell carcinoma

Case 1
(Wild type EGFR)

Case 2
(Mutant EGFR
-L858R)

Adenocarcinoma

Case 1

(Wild type EGFR)
Case 2

(Mutant EGFR

- del E746-A750)

Fig. 1 Typical histologic findings of sqt cell i and ad i THC with anti-EGFR antibody for 2 samples of each
cell i and ad i (A and B). Two samples with or without activating EGFR mutation are presented.
squamous cell carcinoma and adenocarcinoma. Two samples cand d). YB-1 was expressed in the cytoplasm alone, in both
with or without activating EGFR mutation are presented. nuclei and cytoplasm, or in cytoplasm in NSCLC (Fig. 2B).

The intensity of nuclear-positive cancer cells of 8-OHdG The extent of staining of nuclear YB-1 and OGG1 was
was expressed as follows: none, weak, or strong (Fig. 2A). classified based on cells with strongly stained nuclei; 5% or
We classified 8-OHdG nuclear expression of none and weak more tumor cells had nuclear-positive YB-1 or OGG1
as negative (Fig. 2A, a and b) and strong as positive (Fig. 2A, (Fig. 2B, c and dl and 2C, a), and less than 5% had nuclear

Fig.2  Examples of IHC showing negative and positive expressions of 8-OHdG (A), YB-1 (B) ,and OGG1 (C) in NSCLC. A, Expression of
8-OHdG in 4 clinical specimens: 8-OHdG negative (no or weak immunostaining) (a, b) and 8-OHdG positive (strong immunostaining) (c, d).
B, Nuclear expression of YB-1 in 2 clinical samples: negative samples show no or weak immunostaining in the nucleus; and nuclear YB-1—-
positive samples show strong immunostaining in the nucleus, as indicated by arrowheads. C, OGG] in 2 clinical specimens: defined as positive
(a) and negative (b).
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negative (Fig. 2B, a and b; and 2C, b) [25]. All
immunohistochemical studies were evaluated by 2 experi-
enced observers who were blind to the condition of the
patients (A. K. and M. Ka.).

2.3. Peptide nucleic acid-locked nucleic acid
polymerase chain reaction clamp for EGFR mutation

Mutations of the EGFR gene were examined in exons 19
(delE746-A750) and 21 (L858R) by peptide nucleic acid—
locked nucleic acid (PNA-LNA) polymerase chain reaction
(PCR) clamp as described previously. In brief, genomic
DNA was purified from paraffin-embedded tissues using a
QIAamp DNA Micro kit (QIAGEN, Valencia, CA). The
PCR primers used were synthesized by Invitrogen Inc
(Carlsbad, CA). PNA clamp primers and LNA mutant probes
were purchased from FASMEC (Kanagawa, Japan) and IDT
(Coralville, IA), respectively. PNA-LNA PCR clamp was
performed using a SDS-7500 System (Applied Biosystems,
Foster City, CA).

2.4, Statistical analysis

Histologic type and clinicopathologic factors (age, sex,
smoking status, and pathologic stage) by EGFR mutation
and 8-OHdG expression were tested by Fisher exact test. The
association between EGFR mutations and 8-OHdG and also
between 8-OHdG and YB-1 was tested by Fisher exact test.
It was also applied to examine whether they are associated
with the nuclear expression of YB-1 and OGGI. In 51
patients who were treated with gefitinib after recurrence, the
effects of 8-OHdG, EGFR mutation, and nuclear YB-1 on
progression-free survival (PFS) were examined. PFS was
defined as the time until disease progression from the start of
gefitinib treatment. Kaplan-Meier estimators for PFS were
calculated according to 8-OHdG, EGFR mutation, and
nuclear YB-1, respectively. Log-rank tests were applied to
examine the effects of 8-OHdG, EGFR mutation, and nuclear
YB-1; and hazard ratios and 95% confidence intervals (Cls)
were estimated with the Cox proportional hazards models.
Statistical significance was declared if the 2-sided P value
was less than .05. Statistical analysis was performed with
SAS version 9.1 (SAS Institute Inc, Cary, NC), R version
2.8.1, and StatXact 7 (Cytel Inc, Cambridge, MA).

3. Results

3.1. Nuclear expression of 8-0HdG was associated
with activating mutations of the EGFR in NSCLC

Fig. 2 shows representative examples of IHC staining for
8-OHdG (Fig. 2A), YB-1 (Fig. 2B), and OGGl (Fig. 2C) in
NSCLC. IHC staining showed very clear differences
between positive and negative expressions of 8-OHdG,

YB-1, and OGG!1 in the nucleus. The clinical and
pathologic characteristics at the time of diagnosis according
to EGFR mutations are summarized in Table 1. Among the
170 patients, 48 (28.2%) harbored activating mutations of
the EGFR; delE746-A750 and L858R mutations were
observed in 26 and 22 patients, respectively. None showed
simultaneous mutations at the 2 loci. There were higher
proportions of younger patients, women, and nonsmokers
among patients with the EGFR mutation. Adenocarcinoma
was also more frequent in patients with the EGFR mutation.
All of these differences were statistically significant. In 102
cases of adenocarcinoma, 24 cases of pure bronchioalveolar
carcinomas and 78 cases of invasive adenocarcinomas were
observed; and there was no minimally invasive bronchioal-
veolar carcinoma. EGFR mutations of pure bronchioalveo-
lar carcinomas and invasive adenocarcinomas were
observed in 11 (45.8%) of 24 and in 31 (39.7%) of 78,
respectively.

Of 170 patients, 97 patients were found to be positive for
8-OHdG expression (57.1% of the total). The predominance
of younger patients, men, smokers, and adenocarcinomas
was evident in patients positive for 8-OHdG expression
(Table 1). On the other hand, more patients showing
positivity for 8-OHdG were at the earliest stage. On the
basis of 8-OHdG expression and EGFR ion in the 170
patients, EGFR mutation showed significantly (P < .001)
higher frequency in patients positive for 8-OHdG expression
than in those who were negative (Table 2).

3.2. Nuclear YB-1 expression was associated with
EGFR mutations, but not with 8-0HdG

Because YB-1 or OGG]1 is expected to be involved in the
repair process for oxidized DNA, we next examined whether
the nuclear expression of YB-1 or OGG1 was associated
with the 8-OHdG expression or EGFR mutations. We
observed that those with delE746-A750 or L858R mutation
in the EGFR gene had a significantly (P < .001) lower
prevalence of the nuclear positivity for YB-1 expression than
those who were negative (Table 3). Concemning the possible
correlation between 8-OHdG and nuclear YB-1 expression,
nuclear YB-1 expression was found to be positive in 32
(33.0%) and negative in 65 (67.0%) of 8-OHdG-positive

Table2 Correlation b EGFR status and 8-
OHdG expression
EGFR status 8-OHdG P value
Positive Negative
®=97) (=73)
Wild type (n = 122) 58 (59.8%) 64 (87.7%)  <.001
Mutation (n = 48) 39 (40.2%) 9(12.3%)
delE746-A750 22 4
L858R 17 5
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Table 3  Correlation of 8OHdG and EGFR mutation with nuclear expression of YB-1 and OGG1
8-OHdG P value EGFR status P value
Positive Negative Wild type Mutation
(=97) n=13) (n=122) (n=48)
Nuclear YB-1
Positive (n = 66) 32 (33.0%) 34 (46.6%) .082 58 (47.5%) 8 (16.7%) <.001
Negative (n = 104) 65 (67.0%) 39 (53.4%) 64 (52.5%) 40 (83.3%)
0GG1
Positive (n = 43) 28 (28.9%) 15 (20.5%) 285 30 (24.6%) 13 (27.1%) .845
Negative (n = 127) 69 (71.1%) 58 (79.5%) 92 (75.4%) 35 (72.9%)

patients (n = 97), whereas there was similar number of YB-1
positive in 34 (46.6%) and YB-1 negative in 39 (53.4%) of 8-
OHdG-negative patients (n = 73). However, the correlation

between 8-OHdG expression and nuclear YB-1 expression
was just short of statistical significance (P = .082). In
contrast, OGG1 expression was not statistically significantly
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Fig.3  Kaplan-Meier estimate of PFS from the start of gefitinib therapy in relation to 8-OHdG expression (A), nuclear YB-1 expression (B),
and EGFR mutation (C) in 51 patients who received the drug for NSCLC recurrence after surgical resection. Abbreviation: HR, hazard ratio.
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associated with 8-OHdG expression or EGFR mutation
(Table 3).

3.3. Correlation of 8-OHdG and EGFR mutations
with PFS in patients who received gefitinib

Among 51 patients who received gefitinib for recurrence
after surgical resection, tumors in 46 were histologically
diagnosed as adenocarcinoma; and the other 5, as squamous
cell carcinoma. Fifteen patients were men and 36 were
women. Fifteen were smokers and 36 were nonsmokers. Six
patients were classified as stage III and the other 45 as stage
IV at the start of gefitinib therapy. The response rate in
patients with mutant EGFR was 10 of 27 = 37.0% (10 partial
response [PR], 12 stable disease [SD], and 5 progressive
disease [PD]), whereas that in patients with wild-type EGFR
was 6 of 24 =25.0% (6 PR, 11 SD, and 7 PD). The response
rate in patients with nuclear YB-1 positive was 4 of 11 =
36.4% (4 PR, 2 SD, and 5 PD), whereas that in patients with
nuclear YB-1 negative was 12 of 40 = 30.0% (12 PR, 21 SD,
and 7 PD).

The estimated product-limit survival functions of 8-
OHAG and EGFR mutation with respect to the progression-
free period from the start of gefitinib therapy are shown in
Fig. 3. PFS was distinctly better in patients who were 8-
OHAdG positive than in those who were negative (hazard
ratio, 0.34; 95% CI, 0.18-0.65; P = .001) (Fig. 3A).
Furthermore, patients who were nuclear YB-1 positive had
a shorter progression-free period than those who were
nuclear YB-1 negative (hazard ratio, 4.03; 95% CI, 1.86-
8.77; P < .001) (Fig. 3B). Patients with EGFR mutation also
showed a significantly longer progression-free period than
those without the mutation (hazard ratio, 0.29; 95% ClI, 0.15-
0.57; P < .001) (Fig. 3C). By multivariate Cox regression
analysis, even adjusting for possible confounding factors of
age (<65, >65), sex, and smoking status, 8-OHdG
expression (hazard ratio, 0.34; 95% CI, 0.17-0.68; P =
.002), EGFR mutation (hazard ratio, 0.28; 95% CI, 0.14-
0.57; P < .001) and nuclear YB-1 (hazard ratio, 4.80; 95%
CI, 2.10-10.99; P < .001) were found to be independent
prognostic factors with regard to the progression-free period.

4. Discussion

(2008) [29] examined the impact of sex and smoking status
on the mutational spectrum of the EGFR gene in NSCLC
(n=1467) and found that, in women, mutations in exons 19
and 21 were significantly less frequent in ever smokers than
in never smokers, whereas in men, mutations in exons 19, 21,
and 18 were significantly less frequent in ever smokers than
in never smokers.

Conceming the induction of 8-OHdG, smoking has been
identified as an important factor. Although some studies
concluded that 8-OHdG is a biomarker of oxidative stress
associated with chemical exposure, including smoking,
benzene, and asbestos, various occupational studies did not
reveal higher levels of 8-OHdG in smokers [18]. It remains
to be further studied how 8-OHdG is induced in response to
oxidative stress in lung cancer and also how 8-OHdG could
affect mutatlons in the EGFR gene in lung cancer. One

ibl hereby 8-OHdG affects EGFR muta-
tlons in NSCLC could be failure of the base excision repair
process for eliminating oxidized DNA, thus resulting in
augmentation of EGFR mutations and promotion of lung
carcinogenesis. Two large independent case-control studies
of lung cancer demonstrated that the rate of base excision
repair of 8-OHdG was decreased in blood leukocytes of
cancer patients in comparison with controls [30,31].
Furthermore, Speina et al (2003) [32] reported that repair
capacity was significantly lower in blood leukocytes of lung
cancer patients than in those of controls. Our findings
suggest that decreased efficacy of base excision repair to
eliminate 8-OHdG in oxidized DNA lesions may enhance
not only the development of lung cancers, but also mutations
in EGFR genes.

Our present study demonstrated that YB-1 expression was
inversely associated with EGFR-activating mutations in
NSCLC. A protective effect of YB-1 against genotoxic
damage may explain the inverse relationship between EGFR
mutation and nuclear YB-1 expression. YB-1 shows much
higher affinity for DNA/RNA that has been damaged by
oxidation or genotoxic drugs than for undamaged DNA/
RNA [21,33]; and this molecule interacts with the repair-
related proteins PCNA, p53, and HMGBI to promote the
repair of genotoxic damage. In particular, YB-1 harboring

d 1 III is considered to diate base excision
repair and strand separation of damaged DNA [34,35]. On
the other hand, DNA base excision repair by OGGI and
relevant molecules is known to be a major pathway for repair
of oxidative DNA damage. Some genetic changes of OGG1

In this study, we demonstrated a strong

are iated with i d risks of various human

between mutations in the EGFR gene and the presence of
elevated levels of 8-OHdG in patients with NSCLC.
Mutations identified in this study included a small in-frame
deletion (delE746-A750) in exon 19 and a missense mutation
(L858R) in exon 21 of the EGFR gene, both of which are
highly sensitive to the therapeutic effects of EGFR-targeting
drugs, such as gefitinib and erlotinib [3-6]. These mutations
in NSCLC are well known to be significantly associated with
female sex and never having smoked [28]. Toyooka et al

malignancies [14,15]. However, in our present study,
OGG]1 exp was not si ly correlated with 8-
OHJG expression or EGFR mutation status. The reparative
property of YB-1 might play a rather more important role in
activating EGFR mutations than that of OGG1.
The present study further d ated a sut
better prognosis after gefitinib treatment among NSCLC
patients with 8-OHdG expression and among those with
EGFR mutation. No previous study has evaluated the effect
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of gefitinib in relation to oxidative DNA damage, and we
present for the first time evidence that EGFR mutations are
positively correlated with 8-OHdG expression in NSCLC.
Our study also demonstrated that 8-OHdG expression and
EGFR mutation were associated with nonsmoking status and
female sex. Thus, it is considered that 8-OHdG is a
biomarker for mutagenesis in the EGFR gene and could be
used to optimize anticancer therapeutics using EGFR-
targeting drugs.
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Y-box binding protein-1 (YB-1) plays pivotal roles in acquisition of global drug resistance
and cell growth promotion through transcriptional activation of genes for both drug resis-
tance and growth factor receptors. In this study, we investigated whether YB-1 is involved
in regulation of the cell cycle and cell proliferation of human cancer cells. Treatment with
YB-1 siRNA caused a marked suppression of cell proliferation and expression of a cell cycle
related gene, CDC6 by cancer cells. Of cell cycle of cancer cells, S phase content was specif-
ically reduced by knockdown of YB-1. The overexpression of CDC6 abrogated this inhibition
of both cell proliferation and S phase entry. ChIP assay demonstrated that YB-1binds to a Y-
box located in the promoter region of the CDC6 gene. Expression of cyclin D1, CDK1 and
CDK2 was also reduced with increased expression of p21°%? and p16™¥*A when treated
with YB-1 siRNA. Furthermore, the nuclear YB-1 expression was significantly associated
with the level of CDC6 nuclear expression in patients with breast cancer. In conclusion,
YB-1 plays an important role in cell cycle progression at G1/S of human cancer cells.
YB-1 thus could be a potent biomarker for tumour growth and cell cycle in its close asso-
ciation with CDC6.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

encoding ABCB1 (P-glycoprotein) in cultured human cancer
cells in response to genotoxic stimuli.** Nuclear expression

The Y-box binding protein-1 (YB-1) whose cold shock do-
main is highly conserved plays essential roles in transcrip-
tional and translation regulation and DNA repair. It has

of YB-1 has been significantly correlated not only with the
expression of the ABCB1 gene in various human malignan-
cies”™ but also with expression of non-P-glycoprotein-

been involved in cell growth, apoptosis, drug i e,
embryogenesis and carcinogenesis.? Specifically, YB-1 acti-
vation enhances expression of the ABC transporter gene

dd . i

E-mail

I d drug resistance-related genes,® suggesting that
YB-1 could be a biomarker of global drug resistance in hu-
man cancer."?
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