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BRGI may compose a large protein complex, which may play a
crucial role in the expression of growth- or differentiation-associ-
ated genes. Allered expression of any compeonent may contribute
to cancer development and progression, :

Our study demonstrates that class Il HDAC genes might play a
crucial role in cancer development/progression. Further studies on
the relation of altered expression of class I1 HDAC genes with

expression profiles and epigenetic alterations may clarily the bio-
logic and pathogenetic function of class II HDAC genes. HDAC
inhibilors are promising cancer therapeutic reagents. Some thera-
peutic compounds (FK2282 and MS-27-27525) have demonstrated
inhibitory activity, specifically against class I HDACs. These
HDAC inhibitors with class I specificity might be desirable as they
exhibit anticancer effects.
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ABSTRACT

Recently it has been reported that mautations in the tyrosine kinase
domain of the epidermal growth factor receptor (EGFR) gene occur in a
subset of patients with lung cancer showing a dramatic response to EGFR
tyrosine kinase inhibitors. To fain further insights in the role of EGER in
lung carcinogenesis, we sequenced exons 18-21 of the tyrosine Kinase
domain using total RNA extracted from unsclected 277 patients with lung
cancer who underwent surgical resection and corrclated the results with
clinical and pathologic features. £GFR mutations were present in 111
patients (40 %). Fifty-two were in-frame deletions around codons 746750
in exon 1%, 54 were point mutations including 49 at codon 858 in exon 21
and 4 at codon 71% in exon 18, and 5 were duplications/insertions mainty
in exon 20. They were significantly mote frequent in female (P < 0.001),
adenocarcinomas (£ = 0.0013), and in never-smokers (P < 0.001). Mul-
tivariate analysis suggested EGFR mutations were independently associ-
ated with adenocarcinoma histology (P = 0.0012) and smoking status
(P < 0.001), but not with female gender (7 = 0.9917). In adenocarcinomas,
. EGFR mutations were more frequent in well to moderately differentiated
tumeors (P < (.001) but were independent of paticnt age, disease stages, or
patient survival. KRAS and TP53 mutations were present in 13 and 41%,
respectively. EGFR mutations never occurred in tumors with KRAS mu-
tations, whereas EGFR mutations were independent of TP53 mutations.
EGFR mutations define a distinct subset of pulmonary adenocarcinoma
without KRAS mutations, which is not caused by tobacco carcinogens.

INTRODUCTION

Non-small-cell lung cancer (NSCLC) frequently overexpresses re-
ceptors of the erbB family including the epidermal growth factor
receptor (EGFR) encoded by erbB-1 (HERI; ref. 1, 2). The EGFR is
a 170 kilodaltons receptor tyrosine kinases (TK) that dimerizes and
phosphorylates several tyrosine residues after binding of several spe-
cific ligands (1). These phosphorylated tyrosines serve as the binding
sites for several signal transducers that initiate multiple signaling
pathways resulting in cell proliferation, migration, and metastasis,
evasion from apoptosis, or angiogenesis, all of which are associated
with cancer phenotypes (1). Downstream pathways include ras-raf-
MEK-ERK (raf-mitogen-activated protein kinase kinase-extracellular
signal-regulated kinase), phosphatidylinositol-3 kinase-AKT and
PAK-JNKK-INK (p2l-activated protein kinase—c-Jun NH, terminal
kinase kinase-c-Jun NH, terminal kinase; ref. 1). Gefitinib is an
orally administered small molecule that specifically inhibits EGFR
tyrosine phosphorylation (3). Clinical trials revealed that there was a
significant variability in response to gefitinib. Good clinical response
has been observed most frequently in women, nonsmokers, patients
with adenocarcinomas, and Japanese patients (4, 5). However, it has
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not been possible to predict gefitinib sensitivity by levels of EGFR
overexpression as determined by immunohistochemistry (6) or immu-
noblotting (7). The factor(s) that determine gefitinib sensitivity has
long been an enigma. It has been reported recently that activating
mutations of EGFR are present in a subset of pulmonary adenocarci-
nomas and that tumors with EGFR mutations are highly sensitive to
gefitinib (8, 9). Furthermore, the incidence of EGFR mutations is
higher in Japanese than in Caucasian patients (8). In this study, we
searched for EGFR mutations in a large cohort of unselected Japanese
NSCLC to correlate them with clinical and pathologic features in-
cluding KRAS or TP33 mutations.

MATERIALS AND METHODS

Patients. Primary tumor samples were obtained from 277 unselected pa-
tients with lung cancer who underwent potentially curative pulmonary resec-
tion at the Department of Thoracic Surgery, Aichi Cancer Center Hospital from
May, 2000 through November, 2000 and from January, 2001 threugh Decem-
ber, 2002, after obtaining appropriate approval from the institutional review
and patients’ written informed consent. These cases corresponded to 82% of all
consecutive cases. Inclusion of the cases into this study was dependent on
availability of frozen tumor material. About 20 cases were excluded because
tumor cells were too few to sufficiently extract tumor RNA because of
inflammation and/or necrosis. There were 159 males and 118 females with an
age at diagrosis ranging from 26 to 89 (median 64) years. One hundred
fifty-nine patients had stage [ disease, 39 had stage II, 74 had stage 11f and §
had stage IV diseases. There were 224 adenocarcinomas, 35 squamous cell
carcinomas, 9 large cell carcinomas, 5 adenosquamous carcinomas, 3 small
cell carcinomas, and 1 carcinoid. There were 115 never-smokers and 162
ever-smokers including current and former smokers. Smoking history was
obtained by interviewing each patient at admission or first outpatient visit.

Molecular Analysis of Lung Cancer Specimens. Tumor samples were
obtained at the time of surgery, rapidly frozen in liquid nitrogen, and stored at
—80°C. Frozen tissue of the tumor specimens were grossly dissected to enrich
as much umor cells as possible by a surgical pathologist (Y. Y.). We isolated
total RNA using the RNAgasy kit (Qiagen, Valencia, CA).

The first four exons (exons 18-21) of the seven exons (exons 18-24} that
code for TK domain of the EGFR gene that includes all of the mutations
reported thus far (8, 9} were amplified with primers Fl (5'-AGCTTGTG-
GAGCCTCTTACACC-3) and RI (5'-TAAAATTGATTCCAATGCC-
ATCC-3"), in a one-step reverse transcription-PCR setup with Qiagen OneStep
reverse transcription-PCR kit (Qiagen, Valencia, CA). The cDNA sequence of
EGFR gene was obtained from GenBank (accession number NM005228).
Reverse transcription-PCR conditions were available after request, Reverse
transcription-PCR products were diluted and cycle-sequenced with the Big
Dye Terminator v3.1/1.1 cycle sequencing kit (Applied Biosystems, Foster
City, CA). Sequencing reactions were electrophoresed on an ABI PRISM 3100
(Applied Biosystems). Both the forward and reverse sequences obtained were
analyzed by BLAST and chromatograms by manual review.

KRAS and TP53 Gene Analysis. We had previously examined the same
cohort for KRAS mutations and P53 mutations (10, 11). Briefly, TP53 gene
(exon 4 through 10) and KRAS gene (exons 1 and 2) were amplified and
directly sequenced with ABI PRISM 310 Genetic Analyzer (Applied Biosys-
tems).

Statistical Analysis. For comparisons of proportions, the x* test or Fisher's
exact test were used. The Kaplan-Meier method was used to estimate the
probability of survival as a function of time, and survival differences were
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amalyzed by the log-rank test. The two-sided significance level was set at
P < 0.05. Tu identify which independent factors jointly had a significant
influence on the incidence of EGFR mutations, the logistic regression model-
ing technique was used. We did all analyses using a StatView (version 5, SAS
Institute Inc., Cary, NC) software on a Macintosh computer,

RESULTS

EGFR Mutations in Unselected Lung Cancer Specimens. Of
277 unselected patieats who underwent surgical resection of their
tumors, we found that 111 patients (40%) had mutations in exons
18-21 of the EGFR gene. There were 52 deletion mutations, 54 point
mutations, and 5 duplicationfinsertion mutations. In 14 tumors, cor-
responding cDNA from normal lung tissue far from the tumors was
also sequenced, which confirmed that all these mutations were so-
matic. Details of the resulting changes in EGFR protein as a conse-
quence of these mutations are iflustrated in Fig. 1.

All of the 52 deletion mutations occurred around codons 746-750
in exon 19. About half (25 of 52) of deletion mutations were simple
deletions of five amino acid residues ELREA from codon 746 to 750.
However, 22 deletions were coupled with point mutations or inser-
tions, yielding various changes in amino acid sequences as shown in
Fig. 1. It is noted that, in all cases, such alterations were in-frame.
Forty-six of the 54 point mutations were from a T to a G transversion
at the second nucleotide of codon 858 in exon 21 resulting in substi-
tution of leucine with arginine residue. Four of the point mutations
occurred at codon 719 in exon 18. We noted that one tumor with a
mutation at codon 719 and three tumors with mutations at codon 858
had another mutation occurring at codons 709, 768, 776, and 790,
respectively. For rare mutations (all 5 insertions, E709H, T790M,
§7681, R776C, V769L), we resequenced and confirmed that these
mutations were actually present, In summary, 52 of the 111 (47%)
EGFR mutations were deletions around codons 746-750 and 49
(44%) were L858R, altogether accounting for 91% of all of the EGFR
mutations found. The four major classes of mutations (i.e., deletions,
L858R, mutations at codon 719, duplicationsfinsertions) never oc-
curred simultancously, Furthermore, it is of note that only mutant
sequences were present in chromatograms in 19 of 52 deletions, 13 of
46 in L858R, and ! of 4 codon 719 mutations.

Relationship between EGFR Mutations and Clinical-Pathologic
Features. EGFR mutations were significantly more frequent in fe-
males (59%) than males (26%; P < 0.001), in never-smokers (66%)
than ever-smokers (22%; P < 0.001), and in patients with adenocar-
cinomas (49%) than in those with nonadenocarcinomas (2%;
P < 0.001). There was only one patient with an EGFR mutation of 53
nonadenocarcinoma patients. This patient was a 61-year-old male
with adenosquamous carcinoma. Because female patients tended to be
never-smokers and were likely to have adenocarcinoma, we did lo-
gistic regression analysis to determine which of these three variables
independently contributed to the EGFR mutations. The result sug-
gested that smoking status and adenocarcinoma histology independ-
ently atfected EGFR mutations whereas female gender did not {(smok-
ing status, odds ratio 3.949, P < 0.001; histologic type, odds ratio
27.486, P = 0.0013; gender odds ratio 0.996, P = 0.9%17).

Further Analysis of Patients with Adenocarcinoma, EGFR mu-
tations were found almost exclusively in adenocarcinomas with only
one exception; hence, we did more detailed analysis limited to this
subset of patients (Table 1). EGFR mutations were also significantly
frequent in female, nonsmeking patients, When we divided ever-
smokers into 3 categories depending on smoke exposure, there was a
trend that the higher the exposure, the lower the incidence of EGFR
mutations. EGFR mutations were significantly more frequent in well
to moderately differentiated adenocarcinomas (58%) than in poorly

I.Daletions 52
719 740 750 760 860
* - L *
G+ + * KIPVAIKELREATSPKANKEILD * * * FGLAKLLG
n) Simple deletions 30
G+ * " KIPYAIK--——= TSPKANKEILD = = » FGLAKLLG * + * 25
G* r *KIPVAIKE-——~-~ SPKANKEILD + + * FGLAKLLG * * * 1
G* * "KIPVAIXKE-——=== PKANKEILD » = - FGLAKLLG 3
G+ * * KIFPVAIKELREAT-------- LD+ + * PGLAKLLG 1
B} beletion plus point mutation 2
G* * *KIPVAIKE----PSPKANKEILD * * * FGLAKLLG 1
G* * *KIPVAIKE====== QKANKEILD + + + FGLAKLLG 1
C)Deletion plus insertion 20
G+ + +KIPVAIK---RPTSPKANKEILD * * * FGLAKLLG 1
G+ * *KIPVAIK-~==-VASSKANKEILD - » ¢ FGLAKLLG 1
G* ¢ *KIPVAIK-—--—=-- APKANKEILD « » + FGLAKLLG 1
G* * *KIPVAIKE---=-Q0SPKANKEILD * * * FGLAKLLG 3
G* * *KIPVAIXE----QUPKANKEILD * * * FGLAKLLG 1
G+ * *KIPVAIKE~=-=-PTSPKANKEILD * - - FGLAKLLG 2
G+ * *KIPVAIKE------ SKANKEILD * * * FGLAKLLG 10
G+ * *KIPVAIKELREA--—=—=== SLD - + * FGLAKLLG 1
II. Point mutations 54
719 740 150 160 860
* * * *
G+ * * KIPVAIKELREATSPKANKEILD * * * FGLAKLLG
Codon 713 4
§+ * *KIPVAIKELREATSPKANKEILD * * * FGLAKLLG
C* * *+ KIPVAIKELREATSPKANKEILD * - * FGLAKLLG +E70%H
B+ * * KIPVAIKELREATSPKANKEILD = - * FGLAKLLG
Codon 858 43
G* * * KIPVAIKELREATSPKANKEILD * * * FGRAKLLG 46
G+ + + KIPVAIKELREATSPKANKEILD + - + FGRAKLLG +T79%0M 1
G+ *» * KIPVAIKELREATSPKANKEILD = * * FGRAKLLG +ST768L 1
G+ * * KIPVAIXKELREATSPHKANKEILD = « * FGRAKLLG +R776C 1
Codons 768 and 769
STE8L+VI6IL 1
III. Duplications / insertionsa 5
740 750 760 770
* L] *
G+ + KIPVAIf(ELREATSPKANKEILDEAYV SVDNP
KIPVAT 1
1
1
1
1

Fig. 1. Analysts of [11 EGFR mutations in the TK domain of the EGFR gene found
in unselected cases with lung cancer.

differentiated adenocarcinomas (30%; P < 0.001). There were five
bronchioloalveolar cell carcinomas (BAC) in our cohort, of which
three harbored EGFR mutations (60%), according to the World Health
Organization classification of lung cancers (which states that BAC is
a true noninvasive cancer without stromal or pleural invasion; ref. 12).
It seemed that EGFR mutations were associated neither with age of
the patients nor with stage of diseases. There was no difference in
incidence of EGFR mutations between both sexes in patients of age 50
(average age of menopause in Japan} or younger, although the number
of patients of this age group was small (2 of 7 males, 2 of 7 females).

Qur preliminary study indicated that patients with EGFR mutations
survived for a longer period after gefitinib treatment than those
without EGFR mutations.® However, EGFR mutations also might
have prognostic impact on patients with pulmonary adenocarcinoma,
even when the patients were not exposed to gefitinib because EGFR

5T. Mitsudomi, T. Kosaka, H. Endoh, Y. Horio, T. Hida, $. Mori, 8. Hatooka, M.
Shinoda, T. Takahashi, Y. Yatabe, submitted for publication.
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Tuble 1 Refetionship etween EGFR mintgrions and clinical and pathelogic feareres in a subset of patients with adenocarcinoma

EGFR
Variables Catcgory Mutation (%) Wild-type P

N 110 (49} f4

Gender Male 40 (36) 7l <0.001
Female 70 (62) 43

Age =64 51 (40) 60 0.3481
> 64 39 (52) 54

Smoking status Never-smoker (pack years = Q) 76 (63) 36 <0.001
Ever-smoker 4 (31) 73
Puack years <20 It (33) 9
20-50 I3 27 40
>20 8 (22) 29

Differentiation Well o moderately differentiated 9 (58) 65 <0.001
Poorly differentiated 2 (30) 49

Stage IA and 1B 69 (50) 70 0.8333
1A through [V 41 48) 44

Survival 3-year survival rate 86% 9% 0.9933

KRAS mutation Mutated 1] 0y 26 <0.001
Wild-wype 97 (57) 73

TP53 muation Mutated 37 47 42 0.4634
Wild-type 59 (52) 54

There were five BACs in our cohort, of which three harbored EGFR mutations.

Mutation

160 { ==
80

e
RCLLTA Py

SEPOSP .

Wild-type
60 1

40 {

% Survival

20
0

0 1 2 3
Years after surgery
Number of patients at risk
Mutation a1 87 47 4
Wild-type 145 129 71 9

Fig. 2. Effect of EGFR mulations on survival of patients with adenocarcinoma
calculated from the day of surgery. Patients later treated with gefitinib and those whose
surgery was done for recurrent or second primary cancers were excluded.

mutations defined subsets of pulmonary adenocarcinoma with distinct
features as described. Therefore, we did survival analysis in patients
excluding those who were treated with gefitinib when they had
recurrent diseases. The Kaplan-Meier curve (Fig. 2) indicated that
EGFR mutations did not affect prognosis of the patients (P = 0.9933),
although the follow up period was relatively short (median follow up,
788 days)

KRAS and TP53 Gene Mutational Analysis. Of 224 patients with
adenocarcinoma, KRAS and TP53 data were available for 196 and 192
patients, respectively. KRAS mutations were present in 26 of 196
patients (13%; 22 at codon 12, 1 at codon 13, and 3 at codon 61).
TP53 mutations were present in 79 of 192 (41%). KRAS and TP53
mutations were significantly more frequent in ever-smokers, respec-
tively [20% versus 6% for KRAS (P = 0.0054) and 54% versus 30%
for TP53 (P < 0.001)]. Interestingly, EGFR mutations were never
found in tumors with KRAS mutations, showing a mutually exclusive
relationship. By contrast, EGFR mutations and TP53 mutations
seemed to occur independently. Figure 3 shows the relationship
among the three mutations by a Venn diagram in 192 patients in
whom information about the status of these three genes was available.

TP53 mutations seemed more widely distributed in tumors without
EGFR mutations (Fig. 4). Of seven mutations either at codon 157,
248, or 273 in which strong and selective adduct formation of ben-

zo(a)pyrene diol epoxide, one of the major tobacco carcinogens,
occurs (13), six were in tumors without EGFR mutations (Fig. 3).
Furthermore, of 16 mutations caused by a G to a T transversions
characteristic of mutations caused by aromatic polycyclic hydrocar-
bons (14), 15 were in tumors without EGFR mutations (Fig. 3).

DISCUSSION

Adenocarcinoma is the most predominant histologic subtype, and
its incidence is increasing in Fapan. Registration of resected lung
cancer in Niigata prefecture, Japan, revealed that the incidence of
adenocarcinoma is 71% of 1211 patients operated on from 2001 to
2002 (15). In our institution, adenocarcinoma accounted for 54% of
975 patients who were operated on from 1965 through 1995, 69% of
522 from 1996 through 2000, and 76% of 407 from 2001 through
2003, Considerable evidence indicates that the EGFR pathway also
plays an important role in both the pathogenesis and the progression
of lung cancer (1).

We found that 40% of 277 unselected patients with lung cancer
carried mutations in the TK domain of the EGFR gene. More than
90% of the mutations were either deletions around codons 746-750 in

n=192

41 TP53

Fig. 3. The Venn diagram illustrating relationship among EGFR mutations, KRAS
mutations and 753 mutations in patients with adenocarcinoma (n = 192), Diameters of
each circle are roughly proportional to the number of mutations,
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Adenocarcinomas without EGFR mutations

Fig. 4. Distribution of TP53 gene musations in adenocarcinomas without
EGFR mutations {n = 42) or with EGFR mutations (¢ = 32). Numbers
below show codons of exon boundaries. Asterisks show codons 157, 248, and

x

| wﬂu L

273, where strong and selective benza(a)pyrene diol epoxide adduct forna-
tion is reported to occur {13). White circles indicate where TP33 mutations
were caused by a G to a T transversion,

| 2
3 ey
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7 8’”910 11

187 275 137] 357 33

Adenocarcinomas with EGFR mutations

exon 19 or L858R in exon 21, which all flank the ATP-binding pocket
that is important for TK activity (8, 9). We also noted that in about
30% of the cases with EGFR mutations, only bands derived from
mutant allele were detected on chromatogram. This is somewhat
puzzling considering the heterozygous nature of the EGFR mutations
reported thus far (8, 9) and the presence of stromal cells in resected
tumor specimens. This finding may suggest that loss of wild-type
alleles or amplification of mutant alleles accompanied with mutations
in these cases, as indicated by Minna et al. (16).

EGFR mutations were alinost exclusively present in adenocarci-
noma. Mutations were more prevalent in females and nonsmokers,
confirming and extending the results of previous reports (8, 9). It is
noteworthy that these characteristics and Japanese ethnicity are all
predictors of gefitinib sensitivity at least by univariate analysis (4, 5).
Multivariate analysis suggested that nonsmoking status and adenocar-
¢inoma histology independently contributed to EGFR mutations but
female gender did not. The fact that premenopausal women did not
show higher incidence of EGFR mutations further suggested that
apparent difference between female and male was caused by a differ-
ence in lifestyle including smoking habit rather than involvement of
sexual environment.

Previousty described genetic alterations in lung: cancer are almost
always more frequent in smokers than nonsmokers. For example,
mutations of the TP53 gene (17), KRAS genes (18), or deletion of the
short arm of chromosome 3 (19) are known to be more frequent in
smokers, as was the case in the present study for the first two. A
plausible explanation for the reason why EGFR mutations are asso-
ciated with nonsmoking status are not possible at this time, but it is
natural to assume that EGFR mutations are caused by carcinogen(s)
other than those contained in tobacco smoke. In Taiwan, human
papilloma virus type, 16 of 18 infections (20) or cooking oil fume (21)
have been investigated as a cause of lung cancer occurring in non-
smoking women. These cbservations might be relevant with prefer-
ential EGFR mutations in nonsmoking women. Nevertheless, EGFR
mutations should provide a clue for pathogenesis of adenocarcinoma
occurring in nonsmokers and should ultimately lead to discovery of
effective prevention.

We were able to confirm higher incidence of EGFR mutations in
Japanese patients. Lynch er al. found EGFR mutation in 2 of 25
unselected United States patients (9), and Pacz er al. (8) did soin 1 of
61 United States patients and 15 of 58 Japanese patients, The reason
for this marked difference between Japanese and United States pa-
tients is not very clear. However, difference in incidence of nonsmok-
ing patients between Japanese and American female patients with
lung cancer may partly account for this. In our cohort, 83% of female
patients and 10% of male patients were never-smokers. This trend is
common in Japan. For example, Toyooka ez al. (22) and Minami et al.
(23) reported that the proportion of never-smoking women in lung

cancer patients is 96% and 75%, respectively. This makes quite a
contrast with the fact that only 15% of 706 United States female and
6% of 1,347 male patients with lung cancer are never-smokers (24).

We found that EGFR mutations and KRAS mutations known to play
an important role in pathogenesis of adenocarcinoma of the lung (25)
were strictly mutually exclusive, reminding us of a similar exclusion-
ary relationship between retinoblastoma and pl6 inactivation in lung
cancer (26). This finding may be explained by the fact that the
KRAS-mitogen-activated protein kinase pathway is one of the down-
stream signaling pathways of EGFR (1). Because it has been shown
that L858R and delL747-P753ins § are activating mutations that result
in markedly increased phosphorylation of EGFR when EGF was
added (8, 9), tumors with KRAS mutations that already have activated
further downstream effectors do not need to have EGFR mutations.
The high incidence of EGFR mutations in lung adenocarcinomas may
explain why KRAS mutations ate lower in Japanese than in Caucasian
patients, In the present study, KRAS mutations were found in 13% of
adenocarcinomas, whereas they were present in 33% of Dutch cases
(25). This may be also at least partially attributable to the difference
in smoking status, because KRAS mutations were more frequent in
smokers as reported previously (18). In contrast, the incidence of
TP53 mutations was not associated with EGFR mutations, although
TP53 mutations also occurred more frequently in smokers (17). How-
ever, TP53 mutations in tumors without EGFR mutations showed
characteristics of mutations caused by tobacco carcinogens in terms of
sites ot base substitution patterns (13, 14).

We also noted that well to moderately differentiated adenocarcino-
mas had a significantly higher incidence of EGFR mutations than
poorly differentiated ones. This observation might be relevant to the
fact that adenocarcinomas showing BAC feature show higher sensi-
tivity to gefitinib (27). However, when we used the strict criteria as
stated by the World Health Organization Classification of lung tumors
(12), our cohort included only five BAC, of which three had EGFR
mutations. Unfortunately, these strict critecia are not applied by many
pathologists, leading to considerable confusion between BAC and
adenocarcinoma with BAC features in the literature, Alternatively, we
proposed terminal respiratory unit type adenocarcinoma that is charac-
terized by morphological resemblance to type II pneumocytes, Clara
cells, and/or bronchioles as well as expression of thyroid transcription
factor-1 and surfactant proprotein B (refs. 28, 29). In the World Health
Organization classification, most nonmucinous bronchioloalveolar,
mixed bronchioloalveolar and acinar subtypes, and some papillary sub-
types belong to the terminal respiratory unit type adenocarcinoma (28,
29}, We found that most adenocarcinoma with EGFR mutations were
categorized into terminal respiratory unit type adenocarcinoma,®

6y, Yatabe, T. Kosaka, T. Takahashi, T. Mitsadomi, submitted for publication.
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EGFR mutations were not associated with stage of disease, suggesting
that EGFR mutations occurs relatively early in clinical course and are
associated with pathogenesis of adenocarcinoma rather than progression.

In conclusion, we found a high incidence of EGFR mutations in
Japanese patients with pulmonary adenocarcinoma, especially in those
who never smoked. EGFR mutations were never present in tumors
with KRAS mutations, indicating possibilities of genotype-oriented
approach for pulmonary adenocarcinoma.
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The risk of developing second primary cancers is
increased in patients with breast cancer. The lung is
one of the major target organs, and therefore a dif-
ferential diagnosis between primary and metastatic
cancers is required for the treatment of lung tumors
in patients with a history of breast cancer. However,
biopsy specimens frequently result in small, frag-
mented tissues containing only a few, degenerated
cancer cells. We attempted to find a useful marker for
differential diagnosis, using the online SAGE data-
base, We selected three molecules, small breast epi-
thelial mucin (SBEM), prostate epithelium-specific Ets
transcription factor (PDEF), and mammaglobin
(MGB1), as potential markers for breast cancer, SBEM
and PDEF proved of no use for practical differential
diagnosis because they are expressed in the normal
bronchus. In contrast, expression of MGB1 was de-
tected in all 22 primary breast cancers, but not in 22
normal Jung tissues. Furthermore, all 12 metastatic
breast cancers examined demonstrated positive
MGB1 transcripts, whereas one of 48 primary lung
adenocarcinomas expressed MGB1. This suggests that
MGB1 can serve as a differential molecular marker, In
practice, prospective examination, using the nine
cases with a history of breast cancer, confirmed the
usefulness of MGB1 in differential diagnosis. (7 Mol
Diagn 2004, 6:90-95)

The lung is a major target of hematogeneous metastases
from a variety of cancers. Thus, a diagnosis differentiat-
ing between primary and metastatic cancers is always
required in clinical practice. In our institute, on average
250 lung biopsies are performed every year, and about
two thirds of the tumors are diagnosed as malignant.
Metastatic cancers make up 10% to 20% of these. Al-
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though this incidence may not be very high, a differential
diagnosis of the metastatic cancer is important to deter-
ming the therapeutic strategy. For example, in the case of
a smafl solitary lung tumor without any lymphadenopathy,
the patient may be treated with chemotherapy or may
undergo partial resection of the lung when the lung tumor
is diagnosed as a metastatic breast cancer. On the other
hand, standard lobectomy may be the treatment of
choice when the diagnosis is of a primary non-small cell
lung cancer.

The risk of developing second primary cancers is in-
creased in patients with breast cancer, and the lung is
one of the major sites involved.® Some articles have
described an increased risk of primary lung cancers in
association with radiation therapy following mastecto-
my.*® Furthermore, the long latent period before identifi-
cation of metastasis makes a differential diagnosis chal-
lenging. Indeed, a latent period of more than 10 years is
not rare in patients with breast cancer. Histologically, a
differential diagnosis between metastatic breast cancer
and primary lung adenocarcinoma is difficult. Cytoplasm
with secretory feature and stromal fibrosis were fre-
guently observed in both adenocarcinomas. Moreover,
metastatic breast cancer can grow along with the alveo-
lar septa, in a similar manner to bronghioloatveclar car-
cinornas.® Difficulty is also caused by the need to carry
out a differential diagnosis on biopsy specimens. Often,
iung biopsies produce small amounts of fragmented tis-
sue, which contain only a few degenerated cancer cells.
Therefore, the differential diagnosis has to draw on aux-
ifiary analysis, such as immunohistochemistry.

There are a limited number of immunchistochemical
markers to identify breast cancers, Gross cystic disease
fluid protein-15 (GCDFP-15) is one such marker: it is
positive in only a few normal breast epithelia, but fre-
quently expressed in breast carcinomas showing apo-
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crine features. Estrogen receptar (ER) is also commonly
used for differential diagnosis. The combined application
of GCDFP-15 and ER are very helpful for differential
diagnosis, but each marker is not complete. About 50%
to 60% of breast cancers express one or both, but the
remaining tumors are negative for both markers. Indeed,
Perry et al” reported that GCDFP-15 and ER are specific,
but insensitive, for breast origin through the differential
diagnosis of 68 metastatic adenocarcincmas to the brain.
Currently, extensive human genome data have been ac-
cumulated, and the data contain much information that
can be directly used in clinical practice. In the present
study, we searched for molecules of potential breast-
specific expression using the online database of serial
analysis of gene expression {SAGE) from the National
Center for Biotechnology Information (NCBE). Our results
demonstrated that one of the molecules examined was
specifically expressed in breast cancers, indicating that
the melecule can serve as a differential marker.

Materials and Methods

Patients

Using a database of the Departrment of Pathology and
Molecular Diagnostics of Aichi Cancer Center Hospital
{Nagoya, Japan} , we first analyzed the incidence of lung
biopsies that required a differential diagnosis of primary
or metastatic lung cancer. For RT-PCR studies, 70 pri-
mary lung cancers, 51 metastatic lung cancers, and 22
normal lung tissue samples, as well as 22 invasive breast
cancers were analyzed. All these tissues were obtained
immediately after surgery, snap-frozen, and stored at
—80°C until use. In addition, for prospective analysis,
nine touch-imprint slides were prepared from fine-needle
biopsy specimens.

Reverse Transcription and PCR (RT-PCR)
Analysis

Total RNA was extracted using a standard acid guani-
dinium thiocyanate-phenol-chloroform method,® and was
digested with DNase |, followed by conversion to cDNA
with Superscript Il reverse transcriptase (Invitrogen, Carls-
bad, CA) and random hexamers. After confirmation of RNA
integrity and negative contamination of gencmic DNA by
RT-PCR for S-actin {275 and 369 bp products for cDNA and
genomic DNA, respectively), cDNA was subjected to PCR
analysis. Gene-specific amplification was performed using
Amplitaq Gold (Applied Biosystems, Foster City, CA). The
nucleatide sequences of MGB1, SBEM and PDEF were
obtained from GenBank (NM 002411, NM 058173, and
NM 0123391, respectively) and primers were designed to
span an exon junction as follows: MGB1, 5-ACCATGAA-
GTTGCTGATGGTC-3' and 5'-AAACACCTCAACATTGCT-
CAGA-3"; SBEM, 5'-GTATCCAGCTACTGGTCCTGCT-3
and 5'-CAATTGCAGAAGACTCAAGCTG-3'; PDEF, 5'-
CGGTCATTGACAGCCAAG-3' and 5-AGGAGCCACT-
TCTGCACATT-3",
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Products were analyzed by electrophoresis on 2.5%
high-resolution gels {(NuSieve GTG agarose, BioWhittaker
Molecular Applications, Rockland, ME). Some products
were directly sequenced using an ABIl 310 Genetic An-
alyzer and BigDye Primer Cycle Sequencing Kits (ABI,
Foster City, CA), to confirm the amplified sequences. To
determine the precise location of the mRNA expression of
the gene of interest, parts of the tissues were isolated with
a laser-captured microdissection system ({Arcturus,
Mountain View, CA). Extraction of RNA and RT-PCR were
carried out as described above.

Results

Incidence of Lung Biopsies Requiring Differential
Diagnosis

For the years 2000-2002, 834 lung bicpsies were sub-
mitted to our department; 564 were diagnosed as malig-
nancies or suspicious malignancies, A differential diag-
nosis between primary and metastatic cancers was
required for 174 (21%) of the specimens submitted, be-
cause these patients had histories of cancer before the
identification of lung tumors. The primary sites of the
previous cancers included lung (26%), head and neck
(22%), breast (13%), stomach (13%). colon (7%), and
others (19%). We have reported on the differential diag-
nosis of metachronous® and synchronous lung can-
cers,'? and, therefore, this study focused on the differen-
tial diagnosis of primary lung cancer and metastatic
breast cancer.

Searching for Sensitive Markers of Metastatic
Breast Cancer

To obtain markers that are sensitive and specific to
breast cancers, we searched the online SAGE database
of the NCBI (http://www.nchi.nim.nih.gov/SAGE/). Three
candidates, mammaglobin (MGB1, Hs.46452), small
breast epithelial mucin (SBEM; Hs.348419), and prostate
epithelium-specific Ets transcription factor (PDEF;
Hs.79414), were selected. Although only a few articles
have described these molecules, they support breast-
specific expression.’'5 Detailed rasults from the SAGE
database and the literature are summarized in Table 1.
We next examined whether expression of these mole-
cules could be used as practicat distinguishing markers
between primary lung cancers and metastatic breast
cancers. In the 22 primary breast cancers, MGB1 was
expressed in all 22, SBEM in 20, and PDEF in 20. In
contrast to the results from the SAGE database, SBEM
and PDEF transcripts were detected in 21 and 20 of 22
normal lung tissues, respectively, whereas MGB1 was
not expressed in any (Table 1). SBEM has also bheen
reported to be expressed in salivary glands,™ which
histologically resemble bronchial glands. We therefore
determined the precise location of expressions in iso-
lated bronchial glands, bronchial surface epithelium, and
peripheral lung tissue, using a laser-capture microdis-
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Table 1. Expression of MGBL, SBEM, and PDEF in Breast Cancers and in the Normual Lung

MGB1 SBEM PDEF

SAGE database*

Normal tissues Q.2 376.0 4.0

Cancer tissues 17:4 32:0 126:0
Reported description

Tissue-specific expression Yes Yes Yes

Expressing organ(s) Breast! Breast and salivary glands Breast and prostate

Expression in breast cancers Yes Yes Yes

References 11, 16 14 12, 13
RT-PCR

Primary breast cancer {n = 22}t 22 20 20

Normal lung {n = 22) 0 21 20

“Ratic of total breast counts to lung counts; librarles used were GSMB92, 677, 691, 760, and 780 for normal breast tissue: GSM 670, 671, 672, 673,

and 694 for breast cancer tissue, and GSM762 far normal lung tissue.

tOne article reported low-level of expression in gynecological malignancies, using nested RT-PCR.

*All are invasive ductal carcinoma.

section device. SBEM expression was detected both in
bronchial glands and bronchial surface epithelium, but
not in parenchyma without bronchicles (Figure 1). The
same experiment was carried out on PDEF, which was
also expressed in bronchial cells.

Expression of MGB1 in Primary and Metastatic
Cancers of the Lung

The lack of expression of MGB1 in the normal lung
prompted us to examine whether MGB1 could be used in
differential diagnosis between primary lung cancers and
metastatic breast cancers. All of the 14 metastatic breast
cancers of the lung were confirmed to express MGB1,
whereas cnly seven of 70 primary lung cancers {10%)
were positive {Table 2). No MGB1 expression could be
detected in the 47 cases of adenocarcinoma of the lung

A,
Lane # 1 2 3 4 5 6
MGBL — - Lane 1, Normal lung tissue (bulk)
Lane 2. Bronchial surface cpithelivm
Lane 3. Bronchial glands
soev [l [ bt
Lane 5, Breast cancer fissuc
B.
Primary
Normal Metmsiatic breant
hung Primary lung cancer brexm canoar CANGED Dw

Lane# M 2 3 4 56 7 8 9 10111213 1415 16

MGB!

B-Actin

Figure 1. Expression analysis of potential breast-specilic molecules (A) re-
veals thae bulk tissue of normal ling (lane 1) expressed SBEM and PDEF, but
not MGB1. Detiiled examination using laser capture micrexlissection (lanes
2 to 4) demonstried that bronchial surface epithelium and bronchial gland
cells, but not the peripheral lung, were the source of the expression. In
tumors (B}, MGB1 expression was specific to breast ¢ancers (B, lanes 9 1o
15), with the notable exception of smll-cell lung carcinonus (B, lane 8).
DW indicates distilled warter.

except for one, which interestingly metastasized to the
breast 1 year after the lung operation. Detailed immuno-
histochemical analysis of this case revealed that both
lung and breast tumors were positive for thyroid tran-
scription factor-1 (TTF-1) and surfactant apoprotein A,
and negative for estrogen and progesterone receptors.
The morpholegical features were that of an ordinary lung
adenocarcinoma. Five of the remaining six tumors with
unexpected MGB1 expression were three small cell lung
cancers, two large cell neuroendocring carcinomas and
a squamous cell carcinama expressing neuroendocrine
markers (CD56 and synaptophysin) in parts. Conversely,
for high-grade neuroendocrine tumors of the lung, half
the small celt lung cancers and large cell neuroendocrine
carcinomas were positive for MGB1 expression.

We also examined the expression status of MGB1 in
various other metastatic cancers. All 15 colon cancers
and 12 sarcomas were negative for MGB1 expression,
whereas three of four salivary gland carcinomas {adenoid
cystic carcinomas) and one each of metastatic escpha-
geal and endometrial cancers showed MGB1 expres-
sion. All of the PCR products of MGB1 in the non-breast
metastatic cancer cases were confirmed by direct se-
quencing of the products. The other metastatic cancers,
including one each of thyroid, tongue, gastric, pancreas
and uterine cervix cancers, were negative for MGB1 ex-
pression. Because MGB1 transcripts were detected in
the metastatic tumors, 17 primary esophageal cancers,
and 10 primary salivary tumors were examined: the
esophageal cancers were all negative for MGB1, and six
of the 10 salivary gland tumers expressed MGB1.

Practical Application of MGB1 in Differential
Diagnosis

These results indicated that MGB1 could serve as a
marker of breast cancers, and thus we prospectively
evaluated MGB1 expression in touch-imprint specimens
of fine-needle biopsies from nine lung tumors with a
breast cancer histery. In six of the nine, MGB1 expression
was detected, and detailed immunochistochemical results
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n Positive cases Freguency
Cancers metastatic to lung (total) 51 16 31%
Metastatic breast cancer 12 12 100%
Metastatic colon cancer 15 0 0%
Metastatic sarcoma 12 0 0%
Metastatic salivary gland cancer 4 3 75%
Metastatic cancer, others 8 1" 13%
Primary lung cancers {total) 70 7 11%
Adanocarcinoma 48 1t T 2%
Squamous cell carcinoma 12 1 8%
High-grade neurocendocrine turmnor 10 5t 50%
Low-grade neuroendocrine turmor® 3 0 0%

*A metastatic endometroid cancer.
TA primary lung adenocarcinoma thal metastasized to the breast,

"Positive cases wera 2 of 4 large cell neuroendocnne carcinomas and 3 of 6 small cell carcinomas.

Al these were carcinoid tumors,

of these cases were summarized in Table 3. Among
these, a representative case (Case 2) is presented be-
low.

Case 2

A small lung nodule and right cervical lymphadenop-
athy were found in an 80-year-old woman, and both
lesions were biopsied. She had undergone mastectomy
for breast cancer 13 years before the biopsy. In the
fine-needle lung biopsy, atypical carcinoma cells were
identified (Figure 2). However, the tumor cells were so
few that a diagnosis differentiating between metastatic
breast cancer and primary lung cancer was difficult. The
lymph node biopsied was replaced by an infiltration of
metastatic cancer, which histologically resembled breast
cancer cells. Immunohistochemical and transcript pro-
files were as follows: TTF-17, surfactant apoprotein A~
and ER™ in the breast cancer; TTF-1*, surfactant apo-
protein A*, ER™ and MGB1~ in the lung tumor, and
TTF-17, surfactant apoprotein A=, ER*, MGB1* in met-
astatic cancer cells of the lymph node. This suggested
that the lung tumor was a primary lung adenocarcinoma,
and the tumor cefls in the lymph node were metastases
from the breast cancer.

Table 3. Summary of Prospective Analysis, Using Biopsy Specimens

Discussion

We describe here a novel appreach to the differential
diagnosis of lung tumors in patients with a history of
breast cancer. Immunchistochemical analysis is easier
and more practical than nucleic acid-based assays; how-
ever, accumulated human genome data can be used for
the nucleic acid-based assays. In this study, three can-
didate molecules, MGB1, SBEM, and PDEF, were se-
lected from the public database as highly expressed in
breast cancers but not expressed or very low in normal
lung. Only a few articles have described these mole-
cules, but they support breast-specific expression,''-'%
However, both SBEM and PDEF could be detected in
normal lung. Such a discrepancy might result from our
highly sensitive RT-PCR analysis, which we used to ob-
viate the possibility of pseudo-tissue-specific expression
due to a low level of expression. Indeed, expression of
SBEM and PDEF were detected in the bronchus, which
was a minor component in the lung parenchyma.

In contrast, MGB1 exhibited a very restricted expres-
sion pattern in the breast and salivary gland. Gruenewald
et al'' reported that MGB1 is also expressed in normal
and cancerous tissues of the ovary, endemetrium, and
uterine cervix, as well as in normal breast and breast

Case Years after breast cancer Lung tumor MGB1 ER TIF-1 Surfactant Evaluation

1 2 Solitary, lymphadenopathy + - - - Metastatic breast cancer
2 13 Solitary, lymphadenopathy - - + + Primary lung cancer

3 20 Salitary, 20 mm + + - - Metastatic breast cancer
4 i1 Solitary, 18 mm + + - - Metastatic breast cancer
5 0 Multiple* - - + + Primary lung cancer

6 12 Solitary, 37 mm + - - - Metastatic breast cancer
7 2 Sclitary, 25 mm + - - - Metastatic breast cancer
8 2 Sclitary, 20 mm - - + - Primary lung cancer

9 12 Solitary, 15 mm + + - - Metastatic breast cancer

“Simultanecus presantation of multiple lung nodules and a breast tumor.
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Lane 1: Lung tumor
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Figure 2. Practical application of MGB1 to an 80-year-old woman, who had a history of breast cancer 13 yeurs previously. A lung tumor (A) and a lymph node
of her left neck (B) were biopsied. In the lung umor specimen, o few degenentted atypical cells are seen in the background fibrosis. Although the mypical cells
are suggestive of an adenocaccinonu, it is impossible w determine whether the adenocarcinoma is primary or metastatic simply from HE sections (A), Positive
staining of TTP-1 (C) and the absence of a transeript for MGBL (D) suggests that this lung tumor is a primary pulmonary adenocarcinoma. By contrast, the

mewstnie cancer in the lymph node specimen is negative for TTF-1 and positive for MGB1 (D), suggesting metastatic breast cancer,

cancer tissues. Indeed, a metastatic endometrial cancer in
our series expressed this molecule. MGB1 is a member of
the uteroglobulin gene family, and is characterized as being
a small secretory protein with glycosylation sites. It is requ-
lated by steroid hormones, including estrogen and andro-
gen.'® It is of note that all members of this gene family show
tissue-specific expression: Clara cell antigen (secretoglo-
bin, family 1A, member 1) in the lung and kidney;'? pros-
tatein-like lipophilin A (secretoglobin, family 1D, member 1}
in the prostate and tears;'® and uteroglobin-related protein
1 (secretoglobin, family 3A, member 2) in the lung."® Fur-
thermore, all but uteroglobin-related protein 1 are localized
in tandem in chromosomal region 11q12.2. In addition, their
physiclogical functions remain unclear.

The present study demonstrated that MGB1 is a sen-
sitive and specific marker to identify metastatic breast
cancers in the differential diagnosis. However, there was
a notable exception of unexpected MGB1 expression in
small cell carcinomas. Interestingly, small cell carcino-
mas unexpectedly expressed TTF-1, which regulates
functional pulmeonary molecules, such as surfactant apo-
protein, and is expressed commonly in terminal airway
unit cells and their cancers. Recent research suggests

that stern cells can express a broad range of genes. 292!
Morphologically, small cell carcinomas appear as very
primitive or undifferentiated cells, and thus the unex-
pected co-expression of MGB1 and TTF-1 may have
some association with the multi-lineage gene expression
of stem cells. Indeed, ectopic expression of c-Kit, stem
cell factor,®23 and some cancer testis antigens®* are
more commen in small cell lung carcinomas than in non-
small cell lung cancers.

In contrast to morphological analysis, RNA just for
RT-PCR is relatively tolerant of degeneration, and RT-
PCR analysis of MGB1 can be applied to a small number
of tumor cells, even in a biopsy. Application of the assay
to paraffin-embedded tissues may be more practical.
However, a preliminary study using paraffin-embedded
tissues resulted in successful detection for MGB1 ampli-
fication in only half of the positive controls studied (data
not shown). RT-PCR of shorter sequences and RT-PCR
followed by RNA amplification may lead to more consis-
tent detection. Alternative material for the assay is a
touch-imprint specimen of the biopsy, as described.
These specimens provide high quality and sufficient
amounts of RNA to perform RT-PCR. Moreover, tumor



cells were significantly enriched by the procedure.?® A
similar approach using SAGE and ¢cDNA-microarray da-
tabases may allow the identification of molecules specific
for other organs or cancers that are applicable for tumors
of unknown origin.

In interpreting the results of MGB1 expression, atten-
tion should be paid to two factars. First, high-grade neu-
roendacrine cancers may show positive transcripts for
MGB1. In this case, TTF-1, which is commonly used for
the identification of pulmonary adenocarcinomas, may
also be positive. When tumor cells show poorly differen-
tiated or undifferentiated morphology, andfor atypical
gene expression, such as the MGB1*, TTF-1* pheno-
type, the possibility of high-grade neuroendocring tumars
should be excluded. Second, metastatic salivary gland
cancers and gynecologic malignancies are possible tu-
mors that may express MGB1. Like lung cancers, ovarian
cancers and endometrial cancers preferentially occur as
second primary neoplasms.® However, gynecological tu-
mors rarely metastasize to the lung as solitary tumors
without peritoneal involvement.

Although a validation study based on a larger series of
various cancers is needed, the strategy described in this
study provides a useful tool to develop methods for the
differential diagnosis of primary and metastatic tumors. It
appears to be mare important to develop novel methods
for the differential diagnosis of squamous cell carcino-
mas in those patients with head and neck cancers, be-
cause differential diagnosis is required second most fre-
quently for these cases. Squamous cell carcinomas of
the head and neck often arise in a multi-focal fashion,
which is explained by the field cancerization theory, and
squamous cell carcinomas of the head and neck and of
the lung are morphologically indistinguishable. It is there-
fore of urgent need to develop markers distinguishing
squamous cell carcinomas arising from the two organs.
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APE1 (apurinic/apyrimidinic endonuclease 1) and XRCC1
(X-ray cross-complementing group 1) are DNA repair pro-
teins that play important roles in the base excision repair
{BER) pathway. Polymorphisms in their encoding genes
are associated with altered DNA repair capacity and thus
may impact on cancer risk. In the present case-control
study with 178 Japanese incident lung cancer cases and
449 age- and sex-matched controls, we investigated the
gene-environment interaction among APEI Aspl48Glu,
XRCCI Arg399GIn and smoking habit in lung cancer
risk. The results were analyzed by using conditional logistic
regression models, adjusted for age, sex and smoking sta-
tus. The adjusted odds ratio for the current smokers with
APE1 148Asp/Asp, Asp/Glu and Glu/Glu genotype as com-
pared with the never smokers with the Asp/Asp genotype
were 3.01 (95% CI 1.39-6.51, P = 0.005), 2.73 (95% CI
1.29-5.77, P = 0.008) and 7.33 (95% CI 2.93-183, P <
0.001), respectively. The gene-environment interaction
between current smoking and APEI 148Glu/Glu genotype
was statistically significant (OR 3.59, 95% CI 1.28-10.1,
P =0.015). When APE1 Asp148Glu and XRCCI Arg399Gin
polymorphisms were evaluated together, the adjusted odds
ratios for the current smokers with 0-1, 2 and 3-4 of APEI
148Glu or XRCCI 399Gln alleles as compared with never
smokers with the 0 of these alleles were 2,96 (95% CI
1.57-5.58, P = 0.001), 3.86 (95% CI 1.85-8.05, P < 0.001)
and 6.01 (95% CI 2.25-16.1, P < 0.001), respectively. The
gene-environment interaction between current smoking
and three or more APEI 148Glu or XRCC1 399Gln alleles
was statistically significant (OR 2.44, 95% CI 1.00-9.22,
P = 0.049). The OR for the gene-environment interaction
of Glu/Glu genotype of APE1 codon 148 with heavy smoking

Abbreviations: AP, apurinic/apyrimidinic; APEL, apurinic/apyrimidinic
endonuclease 1; BER, base excision repair; XRCCl, X-ray cross-
complementing group 1.
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was 1.04 (95% CI 0.38-2.90, P = 0.936) and that with light
smoking was 2.67 (95% CI 1.00-7.68, P = 0.049). These
results suggest that APEIl Aspl48Glu and XRCCI
Arg399Gin polymorphisms might modify the risk of lung
cancer attributable to cigarette smoking exposure.

Introduction

Cigarette smoke contains large quantities of carcinogens,
including polycyclic aromatic hydrocarbens, such as benzo[al-
pyrene, which damage DNA by covalent binding or oxidation,
following activation in vive into benzo[a]pyrene-diol epoxide
(1). Although extensive prospective epidemiologic data have
clearly established cigarette smoking as the major cause of
lung cancer (2), only a fraction of cigarette smokers develop
smoking-related lung cancer (3). This variation has been
suggested to be due, in part, to genetically determined varia-
tion in carcinogen metabolism (4) and/or in the capacity of
DNA repair (5-13), which is essential in protecting the gen-
ome of cells.

The apurinic/apyrimidinic (AP) endonuclease (APE1) and
DNA repair enzyme X-ray repair cross-complementing group
1 (XRCC1) coordinate (14) and play a central role in the DNA
base excision repair (BER) pathway, which operates on small
lesions such as oxidized or reduced bases, fragmented or non-
bulky adducts, or those produced by methylating agents (15).
APE]l, the rate-limiting enzyme in the BER pathway (16),
assembles pol B onto AP sites and allows pol $ and ligase III
to engage in DNA repair (17). Although the APES Aspl48Glu
polymorphism does not resuit in reduced endonuclease activity
(18), the Glu allele may have higher sensitivity to ionizing
radiation (19). Only one result has so far been reported about
its relevance to lung cancer risk and this showed no significant
association (20). XRCCI interacts with ligase III, DNA poly-
merase 3 and poly (ADP-ribose) polymerase (PARP) in the C-
terminal, N-terminal and central regions of XRCC1, respectively.
Contradictory results have been reported about the association of
the XRCC! Arg399GIn polymorphism with either DNA repair
capacity (21,22) or the risk of lung cancer (20,23-28). The Gin
allele of this polymorphism is associated with increased levels of
DNA damage that may be due to reduced DNA repair, as
reflected in 2 higher level of DNA adducts (21,29), glycophorin
A variants (21,30) and bleomycin sensitivity (31) as well as
chromatid exchange frequencies (22). However, other authors
found no association between this polymorphism and DNA
adducts (30,32). A joint effect of APE! Aspl48Glu and
XRCC! Arg3%99Gln allele genotypes has been reported regard-
ing elevation of sensitivity to ionizing radiation (19).

Cigarette smoking may induce DNA damage (33) and indi-
viduals with a reduced capacity of DNA repair would be
expected to have more carcinogen-DINA adducts in their tissue
(13). Indeed, lung cancer patients may have a lower capacity of
DNA repair when compared with healthy subjects and this
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may modulate the risk of lung cancer associated with smoking
(11,12,34). Polymorphisms of DNA repair genes that impair
their function should theoretically predispose an individuat to
development of tobacco-related cancers such as those in the
lung {34). Therefore, we conducted the present hospital-based
case-control study to test this biological hypothesis by evalu-
ating the relationship between polymorphisms of two DNA
repair genes, APE! and XRCC/, smoking and the risk of lung
cancer.

Materials and methods

Study subjects
Cases and controls were first-visit outpatients at Aichi Cancer Center Hospital
(ACCH) who were enrolled in the Hospital-based Epidemiologic Research
Program at Aichi Cancer Center (HERPACC) (35,36). All subjects gave
written informed consent to participate in the study, completed a self-adminis-
tered questionnaire and provided peripheral blood. Cases of lung cancer newly
diagnosed on the basis of pathologic cxamination at ACCH from November
2000 1o April 2002 were deemed cligible, a total of 178 cases. Controls were
selected by random sampling from 2158 cancer-free individuals without a past
history of cancer, who visited ACCH and provided peripheral blood between
November 2000 and October 2001. They were confirmed not to have cancer by
the hospital-based cancer registry system by the end of 2002 and were fre-
quency-matched to cases by sex and age group. Consequently, 178 cases and
449 controls were selected for the study.

The Institutional Ethical Review Board of Aichi Cancer Center approved
this study before it was commenced (approved number 41-2).

Genotyping procedure

DNA was extracted from the buffy coat fraction using QIAamp blood mini kit
(Qiagen, Valencia, CA) and genotyping for APE! Glul48Asp and XRCC/
Arg399GIn polymorphisms was performed by a PCR-CTPP (PCR with con-
fronting two-pair primers) method (37), For the APE Glul48Asp (2197 T to )
polymorphism, extracted DNA was amplified with the four primers by ‘Ampli
Tag Gold® {Perkin-Etmer, Foster City, CA); Fl, §-CCT ACG GCA TAG
GTG AGA CC-¥; Rl, 5-TCC TGA TCA TGC TCC TCC-3; F2, 5-TCT
GTT TCA TTT CTA TAG GCG AT-¥; and R2, 5-GTC AAT TTC TTC ATG
TGC CA-¥. PCR conditions were 1-min denaturation at 95°C followed
by 30 cycles of 95°C for 1 min, 60°C for 1 min, and 72°C for 1 min, with 2
5-min extension at 72°C. Primer pairs F1 and R for the G allele (148Glu), F2
and R2 for the T allele (148Asp) produced allele-specific bands of 167- and
236-bp, respectively, as well as a 360-bp common band, For XRCCI
Arg399GIn (28152 G to A), extracted DNA was amplified with the four
primers by ‘Ampli Taq Gold’ (Perkin-Elmer, Foster City, CA); FI, 5-TCC
CTG CGCCGC TGC AGT TTC T-3; R1, 5-TGG CGT GTG AGG CCT TAC
CTC C-¥; F2, 5'-TCG GCG GCT GCC CTC CCA-3'; and R2, 5'-AGC CCT
CTG TGA CCT CCC AGG C-3'. PCR conditions were 1-min denaturation at
94°C followed by 30 cycles of 94°C for 1 min, 59°C for 1 min, and 72°C for
1 min, with a 10-min extension at 72°C. Primer pairs F1 and R1 for the G allele
(399Arg) and F2 and R2 for the A allele (399GIn) produced allele-specific
bands of 447- and 222-bp, respectively, as well as a 630-bp commen band.
Both of APE! and XRCC1 genotyping were confirmed by PCR-RFLP with
Baf1 (19) and Mspl digestion (33), respectively.

Statistical analysis

All statistical analyses were performed with STATA Version 8 software
(STATA, College Station, TX), The obscrved genotype frequencies for con-
trols were compared with those calculated from Hardy-Weinberg disequili-
brium theory. The odds ratios (ORs) and their 95% confidence intervals (CIs)
were calculated by conditional logistic regression analysis with adjustment for
age, sex and smoking status. Smoking status at interview was classified into
three categories: current smokers (individuals who either were currently smok-
ing or had quit smoking within the previous 1 year); never smokers [those who
smoked < 100 cigarettes in their lifetime (before diagnosis for cases)]; former
smokers (those who had quit smoking 1 year and more previously). For
analysis of combined effect of APEJ and XRCC1 genotypes, three categorics,
0-1, 2 and 3-4 were defined according to the number of rare allele (APE
143Glu and XRCC1 399GlIn) in APE! and XRCCI genotypes. Gene-cnviron-
ment interactions were estimated by the logistic regression model (38), which
included an interaction term as well as a variables for exposure (smoking),
genotypes (APE! or XRCC!) or haplotype (number of rare alleles) and poten-
tial confounders (age and sex).
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Results

As shown in Table I, the analysis included 178 cases and 449
controls. Because of frequency-matching by sex and age strata,
there were no significant differences in the sex distribution and
the mean age between the cases (male, 70.2%, mean % SD,
62.9 £ 9.1, range 36-79 years) and the controls (male, 69.9%
mean + SD, 62.6 & 9.1, range 35-79 years) (P = 0.943 for sex
distribution, two-sided y*-test and P = 0.677 for mean age,
t-test). Histological subtypesof the cases were: adenocarcinoma,
62.4% {rn = 111); squamous cell carcinoma, 19.7% (n = 35);
small cell carcinoma, 12.4% (n = 22) and others, 5.5%
(n = 10). There were more current smokers in the cases
(50.6%) than in the controls (29.2%) (P < 0.001). In addition,
there were more heavy smokers (41 or more of pack-years of
smoking) in the cases (69.6%) than in the smoker controls
(33.7%) among smokers (P < 0.001).

Figure 1 shows representative results of genotyping of APE!
Aspl48Glu and XRCCI Arg399Gin genotypes by the

Table 1. Characteristics of cases and controls

Characteristic Cases (%) Controls (%) P value
(n=178) (n = 449)
Sex
Male 125 (70.2) 314 (69.9) 0.943*
Female 53 (29.8) 135 ¢30.1)
Age at diagnosis
-3% 2L 5(L1) 1.000*
40-49 12 (6.8) 31(69)
50-59 49 (27.5) 124 (27.6)
60-69 70 (36.3) 176 (39.2)
70+ 45 (25.3) 113 (25.2)
Mean age £ SD 629+£91 626+91 0.677"
Histology
Adenocarcinoma 111 {62.4) - -
Squamous cell carcinoma 35191 -
Small cell carcinoma 22(12.4) -
Others 10 (5.5) -
Smoking status
Never smoker 53(29.8) 182 (40.5) <0.001*
Former smoker 35 (19.7) 136 (30.3)
Currernt smoker 90 (50.6) 131 (29.2)
Pack-years of smoking
(Among smokers)
1-40 35 (28.0) 177 (66.3) <0.001*
41+ 87 (69.6) 90 (33.7)
Unknown 324 4]
*Two-sided x? test.
bp-test.
Lane
M 1 2 3 4 5 6

“—
=
—
—
——

Fig. 1. Representative results for the APE! Asp148Glu (lanes 1-3) and
XRCC! Arg399Gin (lanes 4-6) polymorphisms by the PCR-CTPP method.
DNA fragments stained with ethidium bromide are shown. Lane M,
markers; lane 1, Asp/Asp; lane 2, Asp/Glu; lane 3, Glu/Glu; lane 4, Arg/Arg;
lane §, Arg/Gln; lane 6, GIn/Gla,



PCR-CTPP methods. The genotyping results were completely
in accordance with those generated by the PCR-RFLP method.
The APE! 148Glu allele frequencies for contrels and cases
were 0.39 and 0.41 and the genotype distribution among con-
trols was in accorddnce with the Hardy-Weinberg equilibrium
law (P = 0.250, x? test): Asp/Asp, 35.4%; Asp/Glu, 50.3%;
Glu/Glu, 14.3%. The distribution among cases was: Asp/Asp,
34.8%; Asp/Glu, 47.2%; Glu/Glu, 18.0%. The XRCC1 399GIn
allele frequencies for controls and cases were 0.25 and 0.26
and the genotype distribution among controls was again in
accordance with the Hardy-Weinberg equilibrium law: Arg/
Arg, 56.5%; Arg/Gln, 37.7%: GIn/Gln, 5.8% (P = 0.750, ¥*
test). The distribution among cases was: Arg/Arg, 55.0%:; Arg/
Gln, 37.1%; GIn/GIn, 7.9%. Thirty-two cases (18%) and
64 controls (14.3%) were homozygous for the codon 148 poly-
morphism (148 Glu/Glu) of APEI (P = 0.507, ¥x? test), and
14 cases (7.9%) and 26 controls (5.8%) were homozygous for
codon 399 polymorphism (399 GIn/Gln) of XRCC! (P =
0.635, x* test) (Table I).

The crude ORs for APE! Asp/Glu and Glu/Glu as compared
with Asp/Asp genotype were not statistically significant and

DNA repair gene polymerphism, smoking, lung cancer

risks were virtually unchanged after adjustment for age, sex,
smoking status and pack-years of smoking {adjusted OR =
0.99, 95% CI 0.66-1.49 for Asp/Glu and 1.29 0.75-2.21 for
Glu/Glu, respectively; Table II). Likewise, the ORs for XRCC!
Arg/Gln and GIn/Gln compared with Arg/Arg genotype were
not statistically significant (adjusted OR = 1.02 for Arg/Gln,
0.69-1.50 and 1.36, 0.65-2.79 for Gln/Gln, respectively;
Table II). When we examined the combined APE! and XRCC/
genotypes, similar results were obtained [adjusted OR = 1.18,
0.79-1.75 for the subjects with 2 rare alleles (APE] 148Glu
and XRCC! 399GIn) and 1.22, 0.63-2.37 for the subjects with
3—4 rare alleles, respectively; Table I1].

The adjusted ORs for joint effect of environmental factor
(smoking habit) and APE! codon 148 and XRCC! codon 399
genotype are shown in Table III. For APE! codon 148 genc-
type, the impact of the Glu/Glu genotype in current smokers

.appeared higher than that of Asp/Asp and Asp/Glu genotypes.

ORs of current smokers with Asp/Asp, Asp/Glu and Glu/Glu
genotypes were 3.01 (95% CI 1.39-6.51, P = 0.005), 2.73
{95% CI 1.29-5.77, P = 0.008) and 7.33 (95% CI 2.93-18.3,
P < 0.001), respectively, when compared with never smokers

Table 11, APE! codon 148 genotype and XRCC! codon 399 genotype frequencies and odds ratios in lung cancer patients and controls

Crude OR (95% CI) Adjusted OR* (95% CI)

Genotype Case (%) Control (%)
APE!

AspfAsp 62 (34.8) 159 (35.4)
Asp/Glu 84 (47.2) 226 (50.3)
Glu/Glu 32 (18.0) 64 {14.3)
XRCC!

Arg/Arg 98 (55.0) 253 (56.5)
Arg/Gln 66 (3T.1) 169 (31.71)
Gln/GIn 14 (7.9) 26 (5.8)
APE! and XRCC!

0-1° 101 (56.7) 270 (60.3)
20 59 (33.2) 144 (32.1)
3-4b 18 (10.1) 34 (7.6)

1.00 {reference)
0.95 (0.65-1.40)
1.29(0.77-2.15)

1.00 {reference)
1.01 (0.70-1.45)
1.39 (0.70-2.76)

1.00 (reference)
1.09 {0.75-1.59)
1.41 (0.76-2.63)

1.00 (reference)
0.99 (0.66-1.49)
120 (0.75-2.21)

1.00 (reference)
1.02 (0.69-1.50)
1.35 (0.65-2.79)

L.00 (reference)
1.18 (0.79-1.75)
1.22 (0.63-2.37)

"ORs are adjusted for age, sex, smoking status and pack-years of smoking.

®0-1, 2 and 3-4 were defined according to the number of rare alleles (APE! 148Glu and XRCC1 399GlIn) in the APE[ and XRCC! genotypes.

Table III. Adjusted odds ratios and 95% CI for the joint effect of smoking habit and polymorphisms of APEL Apsl4SGlu and XRCCl Arg399Gin, and

combined these genotypes

OR*® (95%CT)

Never

Former

Current

Cases Controls
Never/former/current MNever/former/current
APEL
Asp/Asp 19/11/32 62/47/50
Asp/Glu 29/19/36 91/70/65
Glu/Glu 5/5022 29/19116
XRCCH
Arg/Arg 28/19/51 971719117
Arg/Gln 19/15/32 T7/49/43
Gla/Gln 6/1/7 37111
APE! and XRCC!
0-1° 31/21/49 106/81/83
20 20/11/28 60/47/37
340 21313 16/7/11
All 53/35/90 182/136/131

1.00 {reference)
111 (0.57-2.16)
0.58 (0.20-1.74)

1.00 (reference)
0.83 (0.43-1.61)
2.80 (0.90-8.77)

1.00 (reference)
1.20 (0.63-2.31)
0.43 (0.09-2.00)

1.00 (reference)

1.09 (0.44-2.71)
1.24 (0.55-2.80}
1.17 (0.36-3.80)

L.08 {0.52-2.27)
L.51 {0.67-3.39)
0.66 (0.07-5.79)

1.21 (0.59-2.46)
1L.11 {0.47-2.63)
2.08 (0.47-9,15)

117 (0.65-2.13)

3.01 (1.39-6.51)"
2.73 (1.29-5.77)*
7.33 (2.93-18.3)*

3.39 (1.76-6.50)*
3.67 (1.80-7.46)*
315 (1.04-5.79)*

2.96 (1.57-5.58)"
3.86 (1.85-8.05)*
6.01 (2.25-16.1)*

3.36 (1.97-5.73)"

‘ORs are adjusted for age and sex.

50-1, 2 and 3-4 were defined according to the number of rare alleles (APE/ 148Glu and XRCCI 399GIn) in the APE! and XRCC! genotypes.

‘P < 0.05.
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Table IV. Adjusted odds ratios and 95% CI for the joint effect of smoking habit and polymorphisms of APE1 Aps148Giu and XRCC1 Arg399Gin, and combined

these genotypes

Cases (n = 178) Control {n = 449)

Never/light/heavy Never/light/heavy

OR* (95% CI)

Never

Light®

Heavy®

APE!

Asp/Asp 19/14/29 62/61/36
Asp/Glu 20/12/41 91/96/39
Glu/Glu 59/17 2912015
XRCCH

ArglArg 28/19/49 97/114/42
Arg/Gln 19/16/30 77/52/40
Gln/Gln 6/0/3 snin
APE! and XRCCI

o-Lb 31721149 106/91/83
2t 20711728 60147137
3-4b 21313 1677111
All 53735187 182/171/90

1.00 (reference)
1.10 (0.57-2.15)
0.56 ¢0.19-1.66)

1.00 (reference)
0.86 (0.44-1.67}
2.72 (0.86-8.57)

1.00 (refarence)
1.20 (0.62-2.31)
042 (0.09-1.93)

1.00 (reference)

1.24 (0.52-2.94)
0.68 (0.29-1.63)
2.62 (0.92-7.48)

0.92 (0.45-1.90)
1.69 (0.77-3.06)
NA

1.00 (0.50-2.1)
1.16 (0.49-2.73)
2,76 (0.60-12.8)

1.07 (0.59-1.92)

5.56 (2.35-13.2)°
7.24 (3.16-16.6)"
8.38 (3.09-22.7)*

3.07 3.82-17.00°
541 (246-11.9)*
7.55 (2.28-24.9)°

6.81 (3.26-14.2)"
6.88 (3.08-15.4)*
7.65 (2.75-20L.3)*

6.65 (3.55-12.4)"

“ORs are adjusted for age and sex.

BLight and heavy were defined according to pack-years of smoking (Light, pack-years <40, Heavy; pack-year >40).
%1, 2 and 3-8 were defined according to the number of rare alleles (APES 148Glu and XRCCI 399GIn) in the APET and XRCC! genotypes.

*P < 0.05.

with Asp/Asp genotypes. The OR for the gene—environment
interaction between Glu/Glu genotype of APE! codon 148 and
current smoking in lung cancer risk was 3.59 (95% ClI
1.28-10.12, P = 0.015). For XRCC{ codon 399 genotype, on
the other hand, OR for current smeokers with Gln/Gln genotype
(3.15, 95% CI 1.04-5.79, P < (1.042) was similar to that with
Arg/Arg and Arg/Gln (OR = 3.39, 95% CI 1.76-6.50, P <
0.001 and OR = 3.67, 95% CI 1.80-7.46, P < 0.001, respecti-
vely), and this gene-environment interaction between Gln/Gln
genotype and current smoking in lung cancer risk was not
statistically significant (OR, 0.93, 95% C], 0.46-1.96, P =
0.893). Joint effects of combined APEI and XRCC1 genotypes
and the smoking habit are also shown in Table HI. The impact
of 3-4 rare alleles among current smokers appeared substan-
tially higher than that of 2 and fewer rare alleles. Adjusted ORs
were 2,96 (95% CI 1.57-5.58, P = 0.001) for current smokers
with 0-1 rare alleles, 3.86 (95% CI 1.85-8.05, P < 0.001) for
those with 2 rare alleles and 6.01 (95% CI 2.25-16.1, P <
0.001) among those with 3-4 rare alleles. The gene-environ-
ment interaction between 3 and 4 rare alleles and current
smoking was statistically significant (adjusted OR 2.44, 5%
CI 1.02-9.22, P = 0.049).

The adjusted ORs for joint effect of tobacco exposure (pack-
years of smoking) and APE! codon 148 and XRCC! codon 399
genotype are shown in Table IV. The impact of the APE]
148G1u/Glu genotype in light smokers appeared substantially
higher than that in heavy smokers. The ORs of heavy smokers
with APE1 148Asp/Asp, Asp/Glu and Glu/Glu genotypes were
5.56 (95% CI2.35-13.2, P < 0.001),7.24 (95% CI 3.16-16.6,
P < 0.001) and 8.38 (95% CI 3.09-22.7, P < 0.001}, respect-
ively, when compared with never smokers with Asp/Asp geno-
types. And the OR for the gene-environment interaction
between Glu/Glu genotype of APEI codon 148 and heavy
smoking in lung cancer risk was 1.04 (95% CI 0.38-2.90,
P = 0.936). On the other hand, the ORs for light smokers with
Asp/Asp, Asp/Glu and Glu/Glu genotypes were 1.24 (95% Cl1
0.52-2.94, P = 0.623), 0.68 (95% C1 0.29-1.63, P = 0.389)
and 2.62 (95% CI 3.09-22.7, P = 0.049), respectively, when
compared with never smokers with Asp/Asp genotypes, and
the OR for the gene—environment interaction between Glu/Glu
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genotype of APE! codon 148 and light smoking in lung cancer
risk was 2.67 (95% C1 1.00-7.68, P = 0.049). For XRCCI
Arg399Gln polymorphism, comparison of joint effects with
light smoking could not be estimated due to small sample size
in this category and the differences of the ORs among heavy
smokers between the polymorphisms was not observed (8.07,
95% CI 3.82-17.0, P < 0.001 for ArgfArg, 541, 95% CI
246-119, P < 0001 for Arg/Gln and 7.55, 95% CI
2.28-24.9, P = 0.001 for GIn/Gln, respectively). For combined
APEI and XRCCI genotypes and the smoking exposure, the
impact of 3-4 rare alleles among light smokers also appeared
higher than among heavy smokers. Gene-environment
interactions with the 3-4 rare alleles regarding lung cancer
risk were 2.20 (95% CI 0.45-10.8, P = 0.329) for light
smoking and 1.43 (95% CI 0.37-5.48, P = 0.602) for heavy
smoking.

Discussion

Polymorphisms altering DNA repair capacity may lead to
synergistic effects with tobacco carcinogen-induced lung can-
cer risk. Based on this hypothesis, we examined the relation-
ships between polymorphisms of two DNA repair genes, APE]
Asp148Glu and XRCC! Arg399Gln, smoking and the risk of
lung cancer. We found a statistically significant interaction of
current/light smoking with APE! Aspl48Glu polymorphism
but not with XRCCI Arg399GIn. Moreover, we found the
combination of these polymorphisms to have a statistically
significant joint effect with current smoking. In contrast, we
did not find significant associations with APE! Aspl43Glu
polymorphism alone as well as XRCCI Arg399Gin poly-
morphism regarding the risk of lung cancer. To the best of
our knowledge, this is the first report showing a gene-environ-
ment interaction between the APE] and XRCC! genotypes and
cigarette smoking with regard to lung cancer risk.

In this study, the allele frequency of APE! codon 148 Glu
{0.39) was consistent with the previous studies (13,19). How-
ever, Misra et al. (20) reported Glu allele frequency of 0.52 for
APE] codon 148 among male smakers, That of XRCTT
399GIn (0.26) was much lower, as well as in Koreans (0.22)



(39), in Chinese (0.25-0.27) (23,39) and in Taiwanese (0.26)
(21) than those in Caucasians (0.34-0.38) (21,25,29). The
differences in allele frequencies detected among these studies
might be due to ethnic variation, heterogeneity of study popu-
lations and different sample sizes.

The polymorphism of APE! Aspl48Glu has so far only been
looked at regarding lung cancer risk among male smokers and
a lack of any link has been reported for Caucasians (20).
Regarding biological significance, the Glu allele of this poly-
morphism appears to be associated with hypersensitivity te
ionizing radiation (19). Another study found a possible effect
on endonuclease and DNA binding ability for APE! codon 148
Glu allele {(18). Although the authors did not observe APE1
148 Glu protein defective in endonuclease and DNA binding
activity, their results suggested a reduced ability to commu-
nicate with other BER proteins giving rise to reduced BER
efficacy. The available evidence is thus basically accordant
with our observations.

The XRCC! Arg399Gln polymorphism occurs within the
BRCA C-terminal domain, which interacts with PARP (40).
Considering the important roles of BRCAI and PARP in
DNA repair, the XRCC1 399GIn may have functional sig-
nificance. This polymorphism has been reported to be linked
with a higher level of DNA adducts (21,29), glycophorin A
variants (21,30), bleomycin sensitivity (31) and chromatid
exchange frequencies (22). Based on potential biological
significance, this polymorphism has been evaluated epide-
miologically in many cancers. However, no association was
found with esophageal cancer (32,41), bladder cancer (32)
or malignant lymphoma (42). On the other hand, possible
associations have been reported for pancreatic cancer (43),
prostate cancer (44), breast cancer (45) and gastric cancer (46).
Regarding lung cancer, two studies in Caucasians (22,24),
an American-African study (26) and a Korean study (27)
demonstrated significant association with the XRCCI
Arg399GIn polymorphism. A Caucasian study (26), Chinese
studies (23,39) and our study failed to demonstrate signifi-
cant association, although the trend was positive, in line
with the significant assoctations (22,24). Although the reason
for inconsistency across various types of cancer is unclear,
one may say that the effect of this polymorphism on lung
cancer is consistent across studies and is accordant with
biclogical mechanisms. For different polymorphism of
XRCCI, Arg194Trp, inconsistent results have been reported
regarding lung cancer risk and gene-environment interaction
with smoking, alcohol and serum antioxidants (23,39,47).

Although the result for joint effect of polymorphisms of
APEI Aspl48Glu and XRCCI Arg399Gin on lung cancer risk
was not significant, it suggested that the individuals with 3-4
rare alleles are at increased risk of lung cancer. This result is in
agreement with the evidence that APE1 and XRCC1 coordinate
to the BER pathway (14) and that the joint effect of two
genotypes yvields higher sensitivity to ionizing radiation (19).

The risk for lung cancer among smokers is thought to
increase with cumulative tobacco exposure (48), and genetic
susceptibility to lung cancer may depend on the level of
exposure to tobacco smoke (49,50). Therefore, we examined
further gene-environment interaction between tobacco smoke
exposure (pack-years of smoking) and the polymorphisms of
APEI and XRCC1. When the subjects were divided into two
groups according to cumulative cigarette consumption (<40
pack-years and >40 pack-years of smoking), we found that
light smoking had a statisticilly significant intera¢tién with

DNA repair gene polymorphism, smoking, lung cancer

the Glu/Glu genotype of APE! codon 148 regarding risk of
lung cancer, while heavy smoking did not. Although com-
parison of joint effects of the light and heavy smoking with
XRCC! Arg399Gin polymorphism could not be estimated
due to small sample size in this study, such epidemiological
comparisons have been recently conducted (26-28). In these
studies, results among Caucasians, African-Americans and
Koreans have consistently demonstrated that the XRCC! Gln
allele may confer higher risk in light smokers. One study
with healthy Italian subjects had significantly higher DNA
adduct levels in lymphocytes with GIn/GIn genotypes only
in never smokers, but not ever smokers (32). The exact
mechanism of how cigarette smoking changes the DNA
repair capacity by each genotype of these DNA repair
polymorphisms is unknown. One possible mechanism is
that, at high levels of exposure, the DNA repair capacity
is saturated even in individuals having higher repair capacity
(49,50).

Although we have evaluated the feasibility of using non-
cancer outpaticnts participating in HERPACC program as
controls and found them to reflect the general population in
Japan (51), the present investigation, as a hospital-based
case-control study, has several limitations. Our results may
be biased by the relatively small number of subjects in the
various subgroups and therefore need to be duplicated by
others. Further studies with a larger sample and more com-
plete measures of tobacco exposure are needed to clarify the
gene—environment (smoking) interaction. Furthermore, we
only evaluated the specific distribution of APE! Aspi48Glu
and XRCCI Arg399Gin polymorphisms but not the other
polymorphisms of these two genes, including the APE!
Gln51His, Ile64Val and Gly241Arg and the XRCC!
Argl94Trp, because of relatively low allele frequencies for
these polymorphisms and limited information regarding their
functional significance (18,21,22,25,26). Cigarette smoke is
a complex mixture of substances, and APEl1 and XRCC!
contribute partially to BER. It is possible that polymerph-
isms of other genes not evaluated in this study could play a
role in lung cancer risk, but evaluation of more polymorph-
isms would require larger sample sizes. Although the exact
biological mechanisms for the gene-environment (smoking)
interaction related to the APEl and XRCCI phenotypes as
consequences of these polymorphisms could not be clarified,
this study did provide important additional evidence of
gene—environment interactions between APE! and XRCCI
polymorphisms and smoking.

In cenclusion, APE! Aspl48Glu and XRCC! Arg399GIn
polymorphisms appear to play an important role in modifying
the direction and magnitude of the association between cigar-
ette smoking exposure and lung cancer risk.
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Progression of Focal Pure Ground-Glass Opacity Detected by
L.ow-Dose Helical Computed Tomography Screening for
Lung Cancer

Ryutaro Kakinuma, MD, Hironobu Ohmatsu, MD, Masahiro Kaneko, MD, Masahiko Kusumoto, MD,
Junji Yoshida, MD, Kanji Nagai, MD, Yutaka Nishiwaki, MD, Toshiaki Kobayashi, MD,
Ryosulke Tsuchiya, MD, Hiroyuki Nishiyama, MD, Eisuke Matsui, MD, Kenjt Eguchi, MD, and
Noriyuki Moriyama, MD

Objective: To clarify the progression of focal pure ground-glass
opacity (pGGO) detected by low-dose helical computed tomography
(CT) screening for lung cancer.

Methods: A total of 15,938 low-dose helical CT examinations were
performed in 2052 participants in the screening project, and 1566 of
them were judged to have yielded abnormal findings requiring further
examination. Patients with peripheral nodules exhibiting pGGQ at the
time of the first thin-section CT examination and confirmed histologi-
cally by thin-section CT after follow-up of more than 6 months were
cnrolled in the current study. Progression was classified based on the
follow-up thin-section CT findings.

Results: The progression of the 8 cases was classified into 3 types:
increasing size {(n = 5: bronchioloalveolar carcinoma [BAC]), de-
creasing size and the appearance of a solid component (n =2: BAC, n
= 1; adenocarcinoma with mixed subtype [Ad], n= 1), and stable size
and increasing density {n = 1: BAC). In addition, the decreasing size
group was further divided into 2 subtypes: a rapid-decreasing type
(Ad:n=1)and aslow-decreasing type (BAC: n = 1). The mean period
between the first thin-section CT and surgery was 18 months (range:
7-38 months). All but one of the follow-up cases of lung cancer were
noninvasive whereas the remaining GGO with a solid component was
minimally invasive.
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Conclusions: The pGGOs of lung cancer nodules do not only in-
crease in size or density, but may also decrease rapidly or slowly with
the appearance of solid components. Close follow-up until the appear-
ance of a solid component may be a valid option for the management
of pGGO.

Key Words: ground-glass opacity, low-dose helical computed to-
mography screening, lung cancer
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Focal pure ground-glass opacities (pGGOs), or nodules of
the lungs, has become a major concern as low-dose helical
computed tomography (CT) screening for lung cancer be-
comes more widely available, not only in the field of diagnos-
tic imaging,'~® but also in the field of limited surgery.5°
GGO is a finding on thin-section CT images of the lung which
has been described as a hazy, increased attenuation of the lung
tissue with preservation of the bronchial and vascular margins.
GGO is usually a nonspecific finding that is found in many
types of pulmonary disease.!! However, some investigators
have recently reported that most localized pGGOs or focal
GGOs are malignant.">* Although a few reports have de-
scribed the evolution of lung cancer using conventional chest
CT,'*" thin-section CT'*"'7 and low-dose screening CT,'5°
the natural history of peripheral lung cancers that exhibit as
pGGO on thin-section CT images detected using low-dose he-
lical CT screening is still unclear.

The purpose of this retrospective study was to clarify the
progression of pGGOs, which were not visible on chest radio-
graphs, detected by low-dose helical CT screening examina-
tions performed every 6 months. We evaluated the progression
of pGGOs based on the thin-section CT findings obtained dur-
ing the follow-up after the first thin-section CT.

PATIENTS AND METHODS

Subjects |
Between September 1993 and January 2003, low-dose
helical CT screening was conducted semiannually in Tokyo by
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