incidence has been increasing in contrast to the decreasing trend
of the intestinal type.'7>” We have been especially interested
in diffuse-type gastric cancer, because this type includes a dis-
tinet form called linitis plastica."® Linitis plastica, or type 4
advanced gastric cancer by the Japanese Classification,'¥
accounts for approximately 10% of all gastric_cancer in Japan,
but its 5-year survival rate there is 10-20%2" with no signifi-
cant improvement in the past decade.

JSNP-based GWAS by the Millennium Genome Project. Var-
ious environmental factors, including diet and smoking. have
been su_%gesled in relation to a predisposition to gastric
cancer."” Tn Japan, H. pylori infection appears almost as a
prerequisite for the development of this cancer, because 99% of
Japanese with gastric cancer and 90% of the Japanese adult
(>40 years old) population were seropositive for H. pylori. and
the infection was significantly associated with both the differen-
tiated (= intestinal) and undifferentiated (= diffuse) types of
gastric cancers.®> Overall, however, development of the intesti-

cer &

ously.120)

(Fig. 2 and

cer and 750

genetic factors involved in the polygenic, common type of dif-
fuse-type gastric cancer. For instance, the role of the CDHJ
polymorphism is not clear in the Asian meta-analysis.‘
fore, we performed the first GWAS for this type of gastric can-
a part of the five-disease joint GWAS (other diseases:
Alzheimer’s disease, type 2 diabetes, hypertension. and asthma)
in the Millennium Genome Project.

The design and results of the GWAS were published previ-

&
2 There-

and only their cssential points are summarized here
Table 1). Briefly, the first stage of this two-stage

GWAS analyzed 85576 JSNPs in 188 cases with linitis plastica
and 752 references (a 752 case mix of four other common dis-
eases and another 752 population control data from the ISNP
database). We selected 2753 SNPs from the first-stage screening
purely by statistical criteria, without relying on gene annotation,
and genotyped another 749 cases with diffuse-type gastric can-

controls. The screening and a subsequent high-den-

nal type is greatly influenced by environmental factors, while it
is presumed that for the diffuse type a non-environmental factor,
such as genetic predisposition, is also important. Several genetic

sity typing identified a significant association with an SNP
(1s2294008) in the first exon of the PSCA (prostate stem cell
antigen) gene: gender- and age-adjusted odds ratio (OR) by
dominant model = 4,18, 95% confidence interval (CI) = 2.88—

and epigenetic alterations in gastric cancer were reported,

including the CDH/ (E-cadherin) gene mutation, which is causal
to hereditary diffuse-type gastric cancer.*> However, the patho-
genic germline CDHI mutation is rare among Japanese pedi-
grees of familial gastric cancer,”® and little is known about

[ 1st stage: 2 sets of case-reference comparison ]

Control allele

frequencies

| from JSNP DB

752 Japanese
volunteers

Approx. 90,000 gene-centric JSNPs
For double Case-"Reference" Studies
(188 cases vs 752 references)

Common selection criteria for the SNPs submitted to 2nd-stage screening
2880 SNPs with MAF » 0.1 and genotype OR »15 orallelic OR>1.3
were selecied in the ascending order of P-values

Median OR = 1.6, Median P = 0,009, Max P= 0.02

2nd stage: 5 independent case-control studies ]

2880 SNPs selected for each of
the 5 diseases.

752 case~752 control panels
different from the 1st stage scan.

1584

TN

Alzheimer
188 cases

‘[ Diabeles
| 188 casos

| —
| Hypertension
| 188 cases

[e
|

Asthma

188 cases

[ Alzheimer
‘752 controls

[ Gastric ca
] 752 controls

Diabetes
| 752 controls

Hypertension
752 controls

Asthma
752 controls

6.21. P = 1.5 107" for a total of 925 cases with diffuse-type

gastric cancer and 1396 controls. Because case-control associa-
tion studies are so prone to error and bias, validating in indepen-
dent populations is critical. The ass
was replicated on diffuse-type gastric cancer in 454 cases and

ciation of the PSCA SNP

Fig. 2. Design of the two-stage genome-wide
association study (GWAS) by Millennium Genome
Project. As shown in Supplementary Table S1
online, GWAS is often performed in multiple
stages. In the Millennium Genome Project, five
diseases, including gastric cancer, were analyzed
simultaneously in the same GWAS. Therefore, one
of the reference (control) groups in the first
screening was a case mix of the other four diseases,
while the second stage was a more conventional
case-control study. DB, database; MAF, minor allele
frequency; OR, odds ratio.
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Table 1. Association of the PSCA SNP (rs2294008) and gastric cancers in Japan and Korea ™"

Dominant
Allele OR 95% CI P-value (Fisher) model OR 95% Cl P-value (logistic)

Risk allele frequency among 1396 Japanese control individuals = 0.617

Diffuse type 925 cases 1.67 1.47-1.90 22x107" 4.18 2.88-6.21 1.5x 107"

Intestinal type 599 cases 1.29 1.11-1.49 5.1x 107* 1.59 1.15-2.21 0.0041
Risk allele frequency among 390 Korean control individuals = 0.462

Diffuse type 454 cases 1.91 1.57-2.33 6.3x 107" 3.61 2.41-5.51 32x 107"

Intestinal type 417 cases 137 1.12-1.68 0.0017 1.85 1.27-2.71 0.0011

Cl, confidence interval; OR, odds ratio; PSCA, prostate stem cell antigen.

390 controls in Korea (adjusted don‘uuaut model OR = 3.61,
95% CI = 2.41-5.51, P =3.2x 107'"). The SNP was far less
significant in 599 and 417 cases with intestinal-type gastric
cancer in Japan (P = 0.0041) and Korea (P = 0.0011), respec-
tively. Moreover, Matsuo er al.®” reported an independent
replication of the association with the diffuse-type gastric cancer
in Japan. They also detected a significant heterogeneity between
the diffuse and intestinal types (P-heterogeneity = 0.007).

Functional studies on PSCA and its SNPs. The discovery of the
PSCA SNP as a novel genetic susceptibility factor for gastric
cancer was totally unexpected. The gene was originally identi-
fied db APIO\VI[C specific antigen overexpressed in prostate can-
cers ’ but it was also expressed strongly in the S(()lnd(.h and
less intensely in the bladder, gallbladder. and tonsils.
noteworthy that the PSCA SNP identified for gastric cancer was
recently found to be associated also with bladder cancer.*"” To
explore a biological basis for this association, we pcnormcd a
series of fumuonal analyses of the gene and its SNPs as detailed
previously. "

First, our anti-PSCA monoclonal antibody localized PSCA
protein expression in differentiating epithelial cells in the isth-
mus and neck regions of normal gastric epithelium (Fig. 3). This
was a very interesting observation, because these regions of the
gastric gland are considered to harbor stem cells and precursors
for the two-directional differentiation of gastric epithelial cells
(Fig. 3) and because diffuse-type gastric cancer is suggested to
arise from the stem cells and/or progenitors of the isthmus
region.!” Second, immunohistochemistry and quanmamc RT-
PCR revealed a frequent silencing of the gene in gastric cancer
tissues. We analyzed 19 diffuse-type and 21 intestinal-type gas-
tric cancers, and no PSCA staining was detectable in any of the
diffuse-type cancers, while 20 of the 21 intestinal-type cancers

Surface mucous cells
A Pit
f

Si;g:: Isthmus

type GC7 Glandular
Fig.3. PSCA (prostate stem cell antigen) Musous nesk ealls neck
expression at isthmus and neck region of gastric : :
epithelium.!'”  Center and left, a schematic
architecture of the gastric gland. The isthmus is Chief cells Glandular
considered ta contain stem cells and precursors of (pepsinogen) body
three major cell lineages of the gastric gland: Parietal cells
pit, parietal, and zymogenic cells. Right, an (HCI) Glandular
immunohistochemistry by anti-PSCA monoclonal base
antibody (stained blue) and by anti-PCNA antibody

(brown). Bar, 100 wm. GC, gastric adenocarcinomas;
HCl, hydrochloric acid; PCNA, proliferating cell
nuclear antigen. Modified from G.R. Van Den Brink
et al. Gastroenterol 2001; 121:317.
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appeared to retain some, but definitely reduced, PSCA expres-
sion, as compared to the surrounding normal gastric epithelium
on the same scction. Third, the transfection and overexpression
of the PSCA ¢DNA induced inhibition of in vitro colony-forma-
tion and growth of the HSCS57 gastric cancer cells, which do not
detectably express the endogenous PSCA gene (Fig. 4). Fourth,
a reporter assay on the 3.2-kb upstream fragment of the
gene revealed that the fragment containing C allele at SNP
(152294008) residing in the first exon has higher transcriptional
activity than that containing T, the risk allele. In particular, a
single substitution of the C allele with the risk allele T of
rs2294008 reduces transcriptional activity of an upstream frag-
ment of the PSCA gene. suggesting that the SNP is functionally
responsible for the observed association with diffuse-type gas-
tric cancer.

PSCA (p stem cell g i generated by a
hypothesis-free GWAS on diffuse-type gastric carcinogenesis.
These functional studies suggest a simple but attractive
hypothesis regarding the PSCA gene and diffuse-type gastric
carcinogenesis as follows: ““The PSCA protein is expressed pre-
dominantly at the stem cell/precursor-rich region of the gastric
epithelium (which is also considered as the origin of diffuse type
gastric cancer), has a tumor suppressor-like activity, and is
involved in the regulation of gastric epithelial-cell proliferation.
Individuals with a low promoter activity of the tumor-suppres-
sive PSCA gene are susceptible to diffuse-type gastric cancer
development. By contrast, the polymorphisin does not signifi-
cantly predispose to intestinal-type gastric cancer, congruous to
the hypothesis of the two distinctive carcinogenesis pathways
for the two major types of gastric cancer as depicted in Figure 1.
PSCA (prostate stem cell antigen) appears to play a different
role in a different tissue context, because the protein is

PSCA: blue
PCNA: brown
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Quantitative RT-PCR for expression of
PSCA transgene by various clones.

Colony formation assay of PSCA cDNA-
transfected gastric cancer cells.

{] HSC57PO
W HSC57P1
- A HSC57P2

16 @ HSC57P3

4

N

Fig. 4. In vitro tumor suppressor-like activities of
PSCA (prostate stem cell antigen) (DNA.\' Left, the
PSCA <DNA was cloned into an expression vector
driven by CMV promoter in the sense and anti-
sense orientations and transfected to HSC57 gastric
cancer cells. Colonies of stable transfectants
selected by G418 selection were counted. The
GSDM (gasdermin) <¢DNA was used as a positive
control for the tumor suppressor-like activity.*”
Right, cell growth inhibition of the stable clones of

Day0 4

g is study may become
another example in which an agnostic GWAS has unveiled an™
unexpected molecular mechanism of a disease development.

Genome-Wide Association Study (GWAS) Databases and
GeMDB}

Genome-wide association study (GWAS) databases in the
world. Collaboration, as we experienced at the validation stage
on the Korean gastric cancer cases and controls in the PSCA
research, has been not only crucial. as in much other human dis-
ease research, but also potentially robust for genetic association
studies, because the genotype part of the relevant data is less
prone to ascertainment error, unlike many other molecular
phenotypes or clinico-epidemiological and lifestyle-related
information. One step forward to such an ad hoc, gene- or mar-
ker-specific collaboration for a replication purpose would be the
sharing of genome scan data through public accessible databas-
es. In fact, there has been an increasing demand for an efficient
use of research resources, such as invaluable human genome
samples and phenotype information. especially those obtained
by public funded research. The mission of such a database
includes, at least (i) validation and evaluation of published
research results and conclusions by allowing access to the
authors’ original data: (ii) offering reference data to allow com-
parison with the users’ own experimental data; (iii) hypothesis
generation through a biostatistical/bioinformatics exploration of
the database data; and (iv) development and validation of tools
and methods in biostatistics/bioinformatics. Therefore, a datas,
base should present data in two ways simultaneously: (i) lhmugh
an easily navigatable, reference-dictionary type interface to
respond to each user’s specific data search; and (ii) as a down-
loadable flat file of as-raw-as-possible data.

A number of omics databases, especially those offering gen-
ome and/or transcriptome datasets, have been established on the
web. For germline genomic data for human diseases, examples
include: dbGaP (database of Genotyping and Phenotypes),
which is presented by NCBI (National Center for Biotechnology
Information) and archives and distributes the results of genome-
wide association studies, medical sequencing, and mo[cculdr
diagnostic assays. as well as the association between genotype
and non-clinical traits  {http://www.ncbi.nlm.nih.gov/gap/);
CGEMS (Cancer Genetic Markers of Susceptibility), which

1586

the PSCA-transfected HSC57. The parental HSC57P0
cells do not detectably express endogenous PSCA.

presents GWAS data on various cancers such as breast, prostate,
pancreatic, and lung from the NCI (National Cancer Institute)
Cohort Consortium as well as collaborative case-control epidemi-
ologic studies with biospecimens (http://cgems.cancer.gov/);
WTCCC (Wellcome Trust Case Control Consortium), which
provides GWAS data on case-control and cohort studies on
various diseases, mostly on UK samples (hup://www.wiccce.
org.uk/); and GWAS DB and Mutation Database (http://
gwas.lifesciencedb.jp/). which is a part of the Integrated Data-
base project by the Ministry of Education, Culture, Sports, Sci-
ence and Technology of Japan (hup:/lifesciencedb.mext.go.jp/
en/index.html) and offers GWAS data on several diseases.
Availability of GWAS databases representing different ethnic
groups is important, because a minor allele frequency (MAF)
of disease susceptibility locus is one of the critical factors
determining the statistical power of a GWAS, and a significant
cthnic difference in MAF 1s often observed among Cauc S,
Africans, and Asians; GWAS in each ethnic group has actually
detected a different set of SNPs in the same disease.®?
Genome Medicine Database of Japan (GeMDBJ). GeMDBIJ
(Genome Medicine Database of Japan, http:/gemdbj.nibio.
20.jp/) was originally developed to release GWAS data from the
Millennium Genome Project in Japan. Since the Project was fin-
ished in 2005, the database has been maintained by the National
Institute of Biomedical Innovation (NiBio), a funding agency
supported by the Ministry of Health, Labour and Welfare of
Japan, and the contents of GeMDBJ have been further devel-
oped by a collaboration of five national centers and a national
research institute: National Center for Neurology and Psychiatry
(NCNP). National Cancer Center (NCC), National Center for
Global Health and Medicine (NCGM. formerly International
Medical Center of Japan), National Cardiovascular Center
(NCVC), National Center for Child Health and Development
(NCCHD), and National Institute of Health Sciences (NTHS)
(Fig. S). The database offers genome-wide SNP typing data
(allele and genotype frequency data) for five major diseases
(Alzheimer’s disease, gastric cancer. type 2 diabetes, hyperten-
sion, and asthma) targeted by the Millennium Genome Project.
In addition to the SNP data, the database contains Affymetrix
GeneChip transcriptome data on >1000 samples, most of which
are various types of clinical cancer nssues A recent addition to
the database is GeMDBJ Proteomics,”™’ which presents cancer
proteome analysis data based on the standardized pmmm!“‘“

doi: 10.1111/.1349-7006.2010.01590.x
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Fig. 5. Status of GeMDBJ (Genome Medicine
Database of Japan). Since the completion of the
Millennium Genome Project, GeMDBJ (http:/
gemdbj.nibic.go.jp/) has been developed by a joint
effort of five national centers (NCNP, NCC, NCGM,
NCVC, and NCCHD) and a national research
institute (NIHS) (see text for full names). The left
figure shows that expression profile data have been
provided by three centers, genome scan data from
two additional (total five) centers, and candidate
gene SNP data from all six institutions, each "
specializing in different diseases (five national

centers) or on drug responses (NIHS). GeMDBJ

Proteomics was constructed by NCC researchers.®?

Universilies. slc.

with protein spot quantification by 2D-DIGE (two-dirmensional
difference gel electrophoresis) and protein identification by mass
spectrometry.

Privacy protection issue with GWAS databases. In August
2008, a shockwave spread among GWAS database constructors.
A paper by Homer er al.* demonstrated that it is feasible to
infer whether an individual DNA sample was included in an
aggregate genotype dataset, such as genotype and allele fre-
quency data of a group of patients, which had been considered
safe for posting in the publicly accessible database. Their simu-
lation suggested that 50 000 SNP data can detect an individual
within aggregate data of 1000 people. To make such a group
assignment (case or control) possible for an individual, it is
necessary to have high-density genomic data for that specific
individual, as well as the allele frequencies of the control (or ref-
erence) population. While the latter population control genomic
data are available for many major ethnic groups. the former indi-
vidual genome-wide data are currently unlikely to be easily
obtained outside the research context. However, such a situation
will rapidly change by the introduction of commercial or medi-
cal massive genotyping or rescquencing services. In response ©
the Homer paper, the major GWAS databases removed aggre-
gate datasets from the open access tier and moved them into the
controlled access category.©*® In Japan, the Integrated Database
Project has recently established a policy to share the GWAS and
resequencing data for disease-associated genes (hup:/gwas.
lifesciencedb.jp/gwasdb/db_policy_en.html), which we have
decided to adopt for GeMDBI, because the policy was very well
contemplated and also because we believe that policy standardi-
zation is important.

Towards an integrated database. Currently, GeMDBI should
be considered still in its infancy in the sense that each dataset is
presented relatively separately, and we are exploring a way for a
powerful synthetic analysis by correlating the multiple types of
the omics and phenotype data. However, the potential power of
such omics data integration was already hinted at in our first
experience with gastric cancer GWAS. Because the data from
the Millennium Genome Project was posted in the database as
soon as possible. the first screening data from the two-stage
JSNP genome scan had been already made available to the pub-
lic when we were still in the midst of narrowing down our target
to the PSCA gene through extensive second-stage screening, val-
idation by the Korean researchers, and functional analyses. At
that time, hundreds of Affymetrix GeneChip data were also
accessible at GeMDBI on various types of cells and tissues,
including those of the stomach. When we combined the database

Yoshida et al.
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search for a low P-value in the GWAS first-screening data and
the increased expression in the gastric tissue, we were surprised
to see that the PSCA gene was actually selected, without the
then unpublished second-screening data. Of course, this could
not be generalized for all of the susceptibility genes, because
some of them may not necessarily be expressed in the tissues
from which the cancer arises: for instance, some cancer suscep-
tibility genes may not be expressed in the target tissues but in
the liver or kidney involved in carcinogen metabolism and trans-
port. Moreover, the PSCA case should be considered a rather
fortunate case, because. as described in the Introduction, a
hypothesis-free GWAS often results in a genome region in
which a protein-coding gene was not known or cannot be sin-
gled out from many possible candidates. Integration of various
data, knowledge, and information by an interactive database is
expected o play a crucial role in such difficult GWAS cases and
may accelerate a novel discovery in science and medicine.

Prospects for the Next Generation Germline Analyses

The genetic architecture of discase susceptibility has not yet
been fully resolved for any common disease. Even for cases
with identified causative gene mutations of classical Mendelian
dis s, inter-pedigree differences are often observed regarding
disease penetrance and expressivity, which may be explained by
an involvement of modifier genes. For common diseases, one
popular hypothesis for genetic architecture is a CD-CV, or com-
mon disease-common variant, hypothesis which predicts a rela-
tively frequent (common) disease susceptibility allele at each of
the major underlying disease loci.®” Because disease suscepti-
bility alleles have been able to achieve a high equilibrium fre-
quency in a given population, they should at least have little or
no effect on reproductive fitness,™ and the overall effect size
(such as risk ratio) may also be small. The classical example of
the CD-CV model is the APOE e4 allele for Alzheimer’s dis-
ease.™ Although common diseases are believed to be poly-
genic, the number of common alleles involved in a disease is
still a matter of speculation; for instance, as suggested by one
simulation for breast cancer,*” there may be 30—40 alleles with
a relative risk of 1.5 and a minor allele frequency of 0.1. How-
ever, there are several cases against the CD-CV hypothesis, with
the altenative model being called CD-MRV (multiple rare
variants) or by other related names.“" The simple but strong
argument for CD-MRYV is that a common disease is common
because of highly prevalent non-genetic factors, not because of
common ‘‘susceptibility alleles’ in a given population.” Tt
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Next generation GWAS?

\ Target of current GWAS

Allele frequency

Familial clustering, young-onset, multiple/double cancer

/\/S Hereditary cancer syndromes

L

Effect size

Fig. 6. Genetic architecture of disease susceptibility (an image). It is
assumed that multiple genetic polymorphisms with a range of allele
frequencies and effect sizes constitute an individual and population
genetic architecture of disease risk. However, current and past linkage
and association studies could access only limited segments of the
curve. Personal genome sequencing by next or future generation
sequencers is expected to fill, at least some, gaps. GWAS, genome-
wide association study. Adapted from ref. 39,

has been predicted that *‘neutral” susceptibility alleles without
evolutionary selection pressure become non-polymorphic, while
susceptibility alleles under weak selection tend to remain poly-
morphic, especially at loci with high mutation rates. In this
model, there will be extensive allelic heterogeneity in the
genetic architecture of a common disease. Although some of the
<u§cepnb| ity alleles may be rare in the population, tlu, collec-
tive frequency of these alleles may be quite high,3*4!

Figure 6 illustrates an image of the genetic architecture of
cancer (modified from ref. 39). The current GWAS covers a rel-
atively limited range of allele frequency (i.e. common variants)
and effect size (OR of approximately 1.2 or higher) for most
diseases. To capture the entire landscape of genetic factors, the
current GWAS can be extended along the upper left direction
(higher fx‘equencv and lower effect size), if a sufficient research
resource is available, but the clinical/public health significance
is doubtful.“? On the other hand. it is conceivable that a num-
ber of significant genetic factors are yet to be disclosed on the
righl lower area; in addition to some cases with clinically defini-
tive, but mutation-undetectable, hereditary cancer syndromes,
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many cases with familial clustering, young age at onset, and/or
multiple/double cancers may be due to underlying genetic
causes.

For these cases, the recent advent of whole genome or even
exome sequencing is beginning (o show several early successes
on recessive non-cancer hereditary diseases. >~ Unlike cl
cal linkage analyses on large pedlgnes it is remarkable that
these studies reached the causative genes on a small number of
sub|ccm who were not nccessarily related, ¥ alrhouvh a fam-
ased sequencing would be more powerful.‘ 44) Thc hurdies
will be higher for dominant Mendelian traits, > which may
account for most of the hereditary cancer syndromes. However,
many of them are ‘‘dominant’” because of the second-hit
somatic inactivation of a causative tumor suppressor gene. The
combination of the exomic sequencing of the tumor and blood
(germline) DNAs 1dentmed a novel susceptibility gene for a
familial pancreatic cancer.™® In the coming era of personal gen-
ome sequencing, we will witness amazing progress in unveiling
the missing portion of the genetic Au,hltecmre of cancer
(Fig. 6). which will be followed by intervention research for the
development of personalized prevention based on genomic
factors.
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Abstract

The poly(ADP-ribose) polymerase-1 protein (PARP-1) functions in DNA repair, maintenance of
genomic stability, induction of cell death, and transcriptional regulation. We previously analyzed
alterations of the PARP] gene in 16 specimens of human germ cell tumors, and found a heterozy-
gous sequence alteration that causes the amino acid substitution Met129Thr (M129T) in both tumor
and normal tissues in a single patient. In this study, aberration of the PARP/ gene and protein was
further analyzed in human germ cell tumor cell lines. We found a nonheterozygous sequence alter-
ation that causes the amino acid substitution Glu251Lys (E251K) located at a conserved peptide
stretch of PARP-1 in cell line NEC8. Sequencing of 95 samples from Japanese healthy volunteers
revealed that all the samples were homozygous for the wild-type alleles at M129T and E251K. The
MI29T allele is thus suggested to be a rare single-nucleotide polymorphism (SNP). We observed
a decrease in auto-poly(ADP-ribosyl)ation activity of PARP-1 proteins harboring M129T or
E251K amino acid substitution, but the difference was not statistically significant. The levels of
PARP-1 and poly(ADP-ribosyl)ation were heterogencous among germ cell tumor cell lines. The
SNPs of the PARPI gene, as well as differences in the levels of PARP-1 and poly(ADP-ribosyl)a-
tion of proteins, may influence germ cell tumor development and responses to chemotherapy and

radiotherapy. © 2010 Elsevier Inc. All rights reserved.

1. Introduction

Poly(ADP-ribose) polymerase-1 (PARP-1) is activated by
DNA damage and catalyzes poly(ADP-ribosyl)ation of
various proteins, including PARP-1 itself, using nicotinamide
adenine dinucleotide (NAD™) as a substrate. PARP-1 is
involved in DNA repair, maintenance of genomic stability,
and cell death induction. We and others have previously re-
ported that Parp-1 knockout (Parp-1~'~) mice showed higher
susceptibility to carcinogenesis induced by alkylating agents
in the colon [1] and lung [2], compared with wild-type
(Parp-1*"*) mice. The incidence of spontaneous tumors
developed at an advanced age in the liver was also higher in
Parp-1~"" mice [3.4].

Involvement of PARP-1 in the development of human
cancer has not yet been fully clarified. In human cancers,

* Corresponding author. Tel.: +81-3-3542-2511; fax: +81-3-2542-
2530.
E-mail address: mmasutan@ncc.go.jp (M. Masutani).

0165-4608/10/$ — see front matter © 2010 Elsevier Inc. All rights reserved.

doi:10.1016/j.cancergencyt0.2009.10.012

increased expression of the PARPI gene has been reported
in Ewing’s sarcoma [5,6], in malignant lymphoma [7], and
in the familial adenomatous polyposis (FAP) tumors [8].
Decreased expression of the PARPI gene has been
observed in several gastric and colon cancer cell lines [6],
grade II and III endometrial carcinomas [9], and in some
breast cancers [10].

The A/A homozygotes of the V762A single-nucleotide
polymorphism (SNP) in the PARP! gene have been
reported to be associated with decreased activity of
PARP-1. The A/A homozygotes are shown to be associated
with an increased risk for prostate cancer in European-
origin subjects [11] and in lung cancer and esophageal
cancers in Chinese heavy smokers [12,13]. In the case of
lung and esophageal cancers, a twofold increase in risk
with the A/A homozygotes was observed in Chinese
smokers [12,13]. The combination of the 762A allele of
the PARP! gene and the 399 G allele of the XRCC! gene
was associated with increased risk of lung, esophageal,
and gastric cardia cancers [12—15].
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PARP-1 also participates in the transcriptional regula-
tion of some genes [16—18] and in cellular differentiation
[18—20]. Parp~1_/_ mouse embryonic stem cells show
preferential induction of the trophoblast lineage [20],
including trophoblast giant cells (TGCs), during teratocar-
cinoma formation in vivo or during cell culture in vitro
[19]. The biochemical properties of TGCs resemble those
of syncytiotrophoblastic giant cells (STGCs) of human
germ cell tumors [21,22]. It is thus suggested that PARP]
deficiency may possibly trigger differentiation to STGCs
during germ cell tumor formation. The appearance of
STGCs in trophoblastic or choriocarcinomatous human
germ cell tumors has been reported to be associated with
poor prognosis [21]. Teratocarcinoma cells undergo differ-
entiation into epithelial cells in vitro, at least in part, in the
presence of the PARP inhibitor 3-aminobenzamide [23].

The aberrations of the PARPI gene in 16 human germ
cell tumors were previously analyzed, and a heterozygous
sequence alteration (ATG to ACG) that causes amino acid
substitution, Met129Thr (M129T) [24] was found in one
patient in both cancer and normal tissues. In the present
study, we further analyzed aberration of the PARPI gene
and poly(ADP-ribosyl)ation level in human germ cell
tumor cell lines and evaluated effects of any amino acid
alterations found on PARP-1 function.

2. Materials and methods
2.1. Cell culture

Cell lines JEG-3, NCCIT, PA-1, Tera-1, and Tera-2 were
purchased from the American Type Culture Collection
(ATCC, Manassas, VA). Cell lines ITOIIl and NEC8 were
purchased from the Japanese Collection of Research Biore-
sources (http://cellbank.nibio.go.jp/cellbank_e.html). Cell
lines NEC14 and NEC15 were purchased from the Riken
Bioresource  Center  (hutp://www.brc.riken.go.jp/inf/en/
index.shtml). Each cell line was cultured under the
conditions recommended by the providers. The growing
cells at mid-late log phase were used as the materials for
preparation of genomic DNA, total RNA, and total protein.

For transfection experiments, an immortalized Parp-1 -
mouse embryonic fibroblast (MEF) clone, PH13b, estab-
lished from spontaneously immortalized Parp-1~'~ MEFs
[25] was used. The cells were cultured at 37°C under 5%
CO, and 95% humidity.

2.2. Direct sequencing of the human PARPI gene

Polymerase chain reaction (PCR)-based direct
sequencing of all 23 exons of the PARPI gene in germ cell
tumor cell lines was performed as previously described
[24]. Oligonucleotide primer sets for the 23 exons were de-
signed from intron sequences of each exon as previously
described [24]. Amplified PCR products were subjected
to sequence analysis (ABI PRISM 310 genetic analyzer,

Applied Biosystems, Carlsbad, CA; model CEQ8000, Beck-
man Coulter, Fullerton, CA). Sequence comparison was per-
formed against the sequence of the human PARP/ gene
(NCBI accession numbers NT_004559 and NT_167186)
and its cDNA (NCBI accession numbers MI18112,
M32721, M17081, J03473, BC037545, and BC014206).

2.3. Pyrosequencing

Pyrosequencing for codon 129 and codon 251 of the
PARPI gene was performed as previously described [26].
Briefly, genomic DNA samples were extracted from blood
of 95 healthy Japanese volunteers, and samples were sub-
jected to genotyping by pyrosequencing using the PSQ96
System (Pyrosequencing, Uppsala, Sweden). For sequencing
of codons 129 and 251, we used S-CGTGCAAGGGGTGTA-
3’ and 5-TGAACACACTTTCTTTAGC-3' as sequencing
primers, respectively. In the case of codon 251, the
sequencing result of one sample was not informative.

All subjects provided informed consent, and the study
was approved by the Ethical Committee of the National
Cancer Center of Japan.

2.4. Construction of PARPI mutants

PARPI] mutant cDNA harboring either M129T, E251K,
or K940R amino acid substitution was prepared using
primers harboring respective mutation and Phusion poly-
merase (Fynnzymes, Espoo, Finland) according to the
protocol of the QuikChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA). The human PARPI cDNA
[27] was modified using PCR to harbor restriction enzyme
recognition sites of Sall, Smal, Agel, and Xbal at the 5’ and
3’ terminus, respectively, and modified Kozack’s sequences
derived from pEGFP-C1 (Clontech Laboratories, Mountain
View, CA) in the 5-UTR (untranslated region) of the
PARPI cDNA. The PARPI! cDNA harboring either
M129T, E251K, and K940R amino acid substitution was
inserted into pcDNA3.1(+)hygro (Invitrogen, Carlsbad,
CA) for measurement of PARP-1 enzymatic activity.
pEGFP-C1 was used for construction of the GFP protein
fused to the N-terminus of PARP-1 protein for analysis of
subcellular localization.

2.5. Transfection of the PARP1 mutant constructs

Four micrograms of each construct was transfected into
the Parp-1~'~ MEFs in six-well plates using Lipofectamine
2000 (Invitrogen). At 24 hours after transfection, whole-
cell extracts were prepared by suspending cells in a lysis
solution containing 50 mmol/L Tris—HCI (pH 6.8), 10%
glycerol, 2% sodium dodecyl sulfate (SDS), complete
protease inhibitor cocktail tablets (Roche Applied Science,
Mannheim, Germany), and 10% B-mercaptoethanol. The
samples were frozen in liquid nitrogen and stored at
—80°C until use.



10 H. Ogino et al. | Cancer Genetics and Cytogenetics 197 (2010) 8—15

2.6. 'Ac/ivity gel analysis

PARP-1 enzymatic activity was measured as auto-
poly(ADP-ribosyl)ation activity of PARP-1, as described
elsewhere [28]. Briefly, crude extracts were separated by
6% SDS—polyacrylamide gel electrophoresis (SDS-PAGE)
containing 100 pg/mL of sonicated salmon sperm DNA as
an activated DNA. After renaturation of proteins in the gel,
the gel was incubated in a reaction mixture containing
50 mmol/L Tris—HCl (pH 8.0), 1 mmol/L dithiothreitol,
50 pmol/L  [**PJadenylate-labeled nicotinamide adenine
dinucleotide (1 pCi/mL, NEN—PerkinElmer, Waltham,
MA), and 25 mmol/LL MgCl, at 37°C for 1 hour. The gel
was fixed with 10% methanol—30% acetic acid (v/v) solu-
tion, and washed with 5% trichloroacetic acid—0.2%
sodium pyrophosphate. The radioactivities of the dried gels
were analyzed using a BAS-2500 bio-imaging analyzer
(Fujifilm, Tokyo, Japan).

2.7. Western blot analysis

Whole-cell extracts were prepared by suspending cells in
a lysis solution containing 50 mmol/L Tris-HCI (pH 6.8),
10% glycerol, 2% SDS, complete protease inhibitor cocktail
tablets (Roche Applied Science), and 10% B-mercaptoetha-
nol, followed by sonication. Equivalent protein amounts of
lysate (8 ug) were separated by 4—20% gradient SDS-PAGE.
After transfer of proteins to Immobilon-P polyvinylidene
difluoride membranes (Millipore, Billerica, MA), the
membrane was incubated with anti-poly(ADP-ribose) mono-
clonal antibody 10H (Alexis Biochemicals—Enzo Life
Sciences, Lausanne, Switzerland) [29], anti-PARP-1 mono-
clonal antibody C2-10 (Oncogene Research Products, Merck
Chemicals, Darmstadt, Germany), F1-23 (Alexis Biochemi-
cals) or anti-a-tubulin monoclonal antibody DM1A (MP
Biomedicals, Irvine, CA). Immune complexes were visual-
ized using a horseradish peroxidase-linked secondary
antibody and an enhanced chemiluminescence reaction
ECL kit (Amersham Biosciences, Piscataway, NJ). The
PARP-1 protein level was quantified using a LAS-3000
bio-imaging analyzer (Fujifilm).

3. Results
3.1. Sequence alterations in germ cell tumor cell lines

The human germ cell tumor cell lines used in this study
are listed in Table 1. All 23 exons and their flanking regions
of the PARPI gene in nine germ cell tumor cell lines were
sequenced. Sequence alterations and SNPs found in the
PARPI gene are listed in Table 2. We found that the two
missense SNPs, Phe54Leu (F54L) and V762A, were
described in the NCBI (National Center for Biotechnology
Information) database of SNPs. These SNPs of F54L and
V762A in NEC14 and NEC15 were observed as nonheter-
ozygous sequence alterations. A nonheterozygous sequence

Table 1
Human germ cell tumor cell lines used in this study
Cell line  Type
NEC8 Embryonal carcinoma: testis
NEC14 Embryonal carcinoma,
choriocarcinoma: testis
NECI5 Embryonal carcinoma,
yolk sac tumor: testis

Reference

Motoyama et al., 1987 [39]
Motoyama et al., 1987 [39]

Motoyama et al., 1987 [39]

ITon Embryonal carcinoma: testis Motoyama et al., 1987 [39]
Tera-1 Embryonal carcinoma: lung Fogh et al., 1978 [40]
Tera-2 Embryonal carcinoma: lung Fogh et al., 1978 [40]
NCCIT Embryonal carcinoma Teshima et al., 1988 [41]
PA-1 Teratoma: ovary Zeuthen et al., 1980 [42]
JEG-3 Choriocarcinoma: placenta Kohler et al., 1971 [43]

alteration (GAG to AAG) that causes amino acid substitu-
tion Glu251Lys (E251K) in NEC8 was also found (Table
2 and Fig. 1). This sequence alteration has not been listed
in the NCBI database of SNPs. Further information for
NEC8 was not available, and it is not known whether this
is a somatic or germ line mutation or sequence alteration
caused during establishment of this cell line.

To determine whether E251K is a common SNP in the
Japanese population, we sequenced 94 samples from Japa-
nese healthy volunteers using a pyrosequencing method.
Similarly, sequencing data were obtained from 95 volunteers
for M129T, which we previously found in a germinoma and
its normal tissue from a patient [24]. In both cases, all the
sequenced samples were homozygous: GAG (251E) and
ATG (129M). None were heterozygous, which suggests that
the two amino acid substitutions, E251K and M129T, are not
common SNPs in the Japanese population.

Three synonymous SNPs were also found at Asp8l,
Ala284, and Lys352 (Table 2). In the noncoding region,
a SNP of G to C in 5-UTR, 17 bases upstream of the
translation initiation site, downstream of a putative ETS-
1-binding site (base —26 to —22) [30]), was found
(rs907187). NEC15 had a nonheterozygous C allele, and
ITOII and Tera-1 had heterozygous G/C alleles. We also
noted that the nonheterozygous allele at a SNP in intron
2 (rs1805405) was observed at higher frequency (3/9) than
a heterozygous allele (1/9) in germ cell tumor cell lines, but
the difference was not statistically significant. NECS,
NEC15, and ITOIl had the nonheterozygous A allele,
whereas NCCIT had heterozygous C/A alleles.

3.2. Effect of amino acid alteration
on the activity of PARP-1

The effect of amino acid substitution of methionine to
threonine at codon 129 (Met129Thr) and glutamic acid to
lysine at codon 251 (Glu251Lys) on PARP-1 enzymatic
activity was examined. We transiently expressed the
mutated PARP-1 harboring either M129T or E251K
substitution in the Parp-1~'~ MEFs, and measured the
enzymatic activity of PARP-1 by the activity gel method.
Both Parp-1 mutants showed a decrease in PARP-1 activity
relative to the wild type, although the difference was not
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Table 2

Sequence alterations and SNPs found in the PARP gene in human germ cell tumor cell lines

Exon Nucleotide® No. Germ cell tumor cell line” SNP ID* Heterozygosity*
Amino acid substitution
PheS4Leu Z2 TTC 8 NECS, NEC14, ITOII, Tera-1, Tera-2, rs3738708 0.023
NCCIT, PA-1, JEG-3
TTC/TTG 0
TG 1 NEC15
Glu251Lys 6 GAG 8 NEC14, NEC15, ITOI, Tera-1, Tera-2, not listed not listed
- NCCIT, PA-1, JEG-3
GAGIAAG 0
AAG 1 NEC8
Val762Ala 17 GTG 7 NECS, ITOII, Tera-1, Tera-2, NCCIT, PA-1, JEG-3 151136410 0.351
GTGIGCG 0
GCG 2 NEC14, NEC15

SNPs without amino acid substitution

NECS, Tera-2, NCCIT, PA-1, JEG-3

NECIS5, ITOII, Tera-2, PA-1, JEG-3

NEC14, NEC15, ITOII, Tera-1, Tera-2,

rs1805404 0.372

rs1805414 0.498

rs1805415 0.379

NCCIT, PA-1, JEG-3

SNPs in noncoding region

Asp81Asp 2 GAC 5
GAC/GAT 2 ITOII, Tera-1
GAT 2 NEC14, NEC15
Ala284Ala 7 GCT 5
GCT/GCC 2 NCCIT, Tera-1
Gee 2 NECS, NEC14
Lys352Lys 8 AAA 8
AAANAAG
AAG 1 NEC$
5-UTR (~17 bp) G 6
GIC 2 ITOIL, Tera-1
c 1 NEC15
Intron 2 (5592 bp) c 5
CIA 1 NCCIT
A 3

NECS, NEC14, Tera-2, NCCIT, PA-1, JEG-3

NECI4, Tera-1, Tera-2, PA-1, JEG-3

rs907187 0.357

rs1805405 0.362

NEC8, NECIS, ITOI

Abbreviations: SNP, single nucleotide polymorphism; UTR, untranslated region.

* The altered is indicated by ing.
® See Table 1 for cell lines.

statistically significant (P = 0.1266 for 129T, P = 0.2752
for 251K) (Fig. 2A).

Cellular localization of E251K and M129T mutants
was also analyzed as GFP-fusion protein expressed in the
Parp-1 ~/~ MEF. The cellular localization of another
PARP] mutant harboring K940R amino acid substitution
was analyzed as well [24]. Wild-type, 129T, 251K, and

A B

G>A C>T

L L I . I ) ! I A
ACAACCT AA TTAG CTT TCC
Asp  Glu/lys  Leu Leu  Glu/lys Asp

Fig. 1. Electropherograms of sequences surrounding codon 251 of the
PARP] gene in NEC8 cells. Sequence alterations of both strands were
confirmed by sequencing using the sense (A) and anti-sense (B) primers.

NPi and average esti ygosity data are from the NCBI database of SNPs, available at http://www.ncbi.nlm.nih.gov/SNP/index.html.

940R protein localized exclusively in the nuclei
(Fig. 2B). The localization is observed in a punctuated
manner in the nuclei, and the localization pattern did not
differ between wild-type and the mutants.

3.3. Levels of PARP-I protein, activity,
and poly(ADP-ribosyl)ation

The levels of PARP-1 proteins were measured by Western
blot analysis (Fig. 3). PA-1 and NEC8 cells both showed lower
levels of PARP-1 proteins. We also examined the enzymatic
activity of PARP-1 as PARP-1 auto-poly(ADP-ribosyl)ation
activity using whole-cell extracts (Fig. 3, activity gel anal-
ysis). PA-1 and NEC8 cells both showed lower levels of
auto-poly(ADP-ribosyl)ation activity, compared with the
other cell lines analyzed. PA-1, NECS8, and also Tera-2
exhibited lower levels of overall poly(ADP-ribosyl)ation of
proteins, compared with the other cell lines.

4. Discussion

Among the germ cell tumor cell lines analyzed in this
study, five cell lines were established in Japan, and these
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Fig. 2. Effects of amino acid alteration in PARP-1 on enzymatic activity and subcellular localization. (A) Semiquantitative analysis of auto-poly(ADP-
ribosyl)ation activity of wild-type and mutant PARP-1 proteins in the whole cell extracts from the Parp-1~'~ mouse embryonic fibroblasts transfected with
cither the wild-type (WT) or mutant PARP-1 expression plasmid. The representative result of the activity gel analysis (middle panel) and Western blot anal-
ysis of PARP-1 (top panel) is shown. The auto-poly(ADP-ribosyl)ation activity normalized to the expressed PARP-1 level measured by Western blot analysis.
A linear relationship between the amount of PARP-1 and auto-poly(ADP-ribosyl)ation activity was confirmed (data not shown). (B) Subcellular localization
of GFP-fused PARP-1. At 24 hours after transfection, localization of wild-type PARP-1 and mutant proteins harboring either 129T, 251K, or 940R amino acid

substitution was observed exclusively in the nuclei. Scale bars: 10 Hm.

may reflect a spectrum of polymorphisms in the Japanese
population. We found a nonheterozygous sequence alter-
ation (GAG to AAG) that causes amino acid substitution
of E251K of PARP-1 in NECS. Because the corresponding
normal tissue samples were not available for the NECS cell
line, we could not examine whether E251K is a SNP. It is
not known whether the nonheterozygosity represents
a homozygosity or an allelic loss, nor could we exclude
the possibility that this sequence alteration was introduced
during or after establishment of NEC8. We previously
reported that a heterozygous sequence alteration that causes
amino acid alteration of M129T was observed in a human
germ cell tumor specimen [24]. Our analysis in the present
study suggests that the sequence alterations of E251K and
MI29T are not common SNPs in the Japanese population.

E251K is located at a peptide stretch conserved among
species in the C-terminus of a DNA binding domain close
to the nuclear localization signal. The third zinc-binding
motif (codon 295—321) [28,31] is present close to codon
251. The third zinc-binding domain of codon 216—366 is
required for dimerization of PARP-1. K249E substitution
is reported to decrease PARP-1 enzymatic activity [32]. A
decrease in auto-poly(ADP-ribosyl)ation activity but no
alteration in nuclear localization of PARP-1 harboring
MI129T or E251K amino acid substitution was observed;
however, we noted that NEC8, which has a nonheterozyous

E251K allele, had a lower level of PARP-1 protein in the
extract (Fig. 3). The effects on DNA binding or DNA repair
regulation, as well as stability, should be further analyzed.

Within nine cell lines, both nonheterozygous minor
alleles of V762A and intron 2 (5,592 bp) (SNP ID,
rs1805405) showed a tendency of higher frequencies than
expected, although it was not statistically significant. These
tendencies are similar to the result obtained with our
previous study using 16 germ cell tumor specimens [24].
The V762A SNP was found to be associated with the risk
of prostate cancers in European-origin subjects, in whom
the A/A genotype showed a twofold increase in suscepti-
bility [11]. Recently the PARP! V762A polymorphism
has been reported to reduce the enzymatic activity of
PARP-1 and the ability of interaction with XRCCI
[15.33]; however, a decrease in PARP-1 auto-poly(ADP-ri-
bosyl)ation activity and overall poly(ADP-ribosyl)ation
levels was not observed in NEC14, which harbors a nonhe-
terozygous V762A allele (Table 2 and Fig. 3).

The nonheterozygous allele of SNP rs1805405, located
within the polypyrimidine tract close to the 3’ splice
acceptor site in the intron 2, was observed at a higher
frequency (3/9) than expected, as in the case with human
germ cell tumor specimens (3/16) [24]. A stretch of (C/
T)eNCAGG(C/T) at a splicing acceptor site is relatively
conserved in the introns [34]. The polypyrimidine tract is
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Fig. 3. PARP-1 protein levels and activity, with overall poly(ADP-ribosyl)-
ation protein levels. Western blot analysis was performed for detection of
PARP-1 protein and poly(ADP-ribosyl)ated proteins (upper and middle
panels). For detection of PARP-1 enzymatic activity, activity gel analysis
was performed (bottom panel) to analyze PARP-1 auto-poly(ADP-ribosyl)-
ation activity; 30 pg of cell extracts was subjected to 6% SDS-PAGE in the
presence of activated DNA in the gel.

highly conserved, and the frequency of adenine at this posi-
tion is low (~7%) [35]. In the case of all introns of PARPI
reference sequences (NCBI numbers NT_004559 and
NT_167186), the frequency of adenine at this position is
~9%. In the case of hereditary nonpolyposis colorectal
cancer proband, a single base-pair T-to-A transversion at
position —11 of the MLH1 gene intron 1 splice acceptor site
caused exon 2 skipping [36]. We detected only a full-length
transcript of PARP] in the cell lines harboring minor alleles
of the SNP at intron 2 by Northern blot analysis (data not
shown). Whether the SNP at intron 2 of PARPI affects
the splicing efficiency of exon 3 needs further investigation.

It is noteworthy that the poly(ADP-ribosyl)ation level is
lower in NECS8, PA-1, and Tera-2, compared with other
germ cell tumor cell lines. The lower poly(ADP-ribosyl)a-
tion level in NEC8 and PA-1 could be explained by the
lower PARP-1 level, but that is not the case for Tera-2. Ac-
tivites of other PARP family proteins or of PARG, a major
poly(ADP-ribose) degradation enzyme, may also affect the
poly(ADP-ribosyl)ation level in Tera-2. We did not find any
SNPs or other base alterations in the 3'UTR of the PARP]
gene in nine cell lines. Therefore, the mechanism for lower
levels of PARP-1 in NEC8 and PA-1 may not be due to
altered posttranscriptional regulation of PARP-1.

In this study, we identified sequence alterations, including
SNPs, in the PARP] gene of human germ cell tumor cell
lines. The nonheterozygous minor alleles of SNPs at
V762A and intron 2 showed a slightly higher frequency.
Differences in the levels of PARP-1 and poly(ADP-ribosyl)a-
tion were observed. Because poly(ADP-ribosyl)ation reac-
tion is involved in several physiological processes in cancer
cells, including DNA repair and differentiation, the alteration
of PARP-1 activity may affect the development of cancers
through multiple processes. It is also suggested that PARP
family proteins, including PARP-2, may complement
PARP-1 functions [37]. It may therefore be necessary to
examine aberrations of PARP-1 and other PARP family
proteins in cancers not only at gene expression levels but also
at protein or enzymatic activity levels. Clinical trials are
ongoing with PARP inhibitors in combination with chemo-
therapeutic agents [38]. Understanding the mechanisms of
functional regulation of PARP-1 in cancer cells is important.
Because the activity of PARP-1 and other PARP family
members is important in DNA repair and cell death induc-
tion, the levels of PARP-1 and poly(ADP-ribosyl)ation
activity may also substantially affect the outcome of cancer
therapies that target DNA.
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Contribution of the TP53, OGG1, CHRNA3, and HLA-DQAT
Genes to the Risk for Lung Squamous Cell Carcinoma
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Introduction: Recent genome-wide association studies (GWASs)
have identified polymorphisms in several genes associated with lung
cancer risk. Nevertheless, functional polymorphisms in DNA repair
and metabolic genes that had been reported as being associated with
risk for lung cancer, particularly for lung squamous cell carcinoma
(SQC). were not examined in those studies. Therefore, significance
of these functional polymorphisms was evaluated in a population, in
which polymorphisms in the GWAS genes showed associations with
lung SQC risk.

Methods: Polymorphisms in three DNA repair genes, 7P53, MDM2,
and OGGI, and two metabolic genes, CYPI41 and GSTMI, were
examined for associations with lung SQC risk in a hospital-based
case-control study consisting of 377 cases and 325 controls, which
had been previously subjected to association studies on GWAS
genes, CHRNA3, TERT, and HLA-DQAI.

Results: Genotypes for two DNA repair genes, 7P53 and OGGI,
showed significant associations with SQC risk (p < 0.05), and those
for two GWAS genes, CHRNA3 and HLA-DQAI, showed signifi-
cant associations with SQC risk (P < 0.05) with odds ratios between
1.65 (95% confidence interval = 1.06--2.57 for OGG/) and 2.57
(95% confidence interval = 1.03-6.87 for CHRNA3). Marginally
significant associations were also observed for MDM2 and CYPIA]
genes. Interactions among these polymorphisms on SQC risk were
not observed.

Conclusions: Association of functional polymorphisms in DNA
repair and metabolic genes with lung SQC risk was appreciated.
This result indicates the necessity of reevaluation for the signif-
icance of functional polymorphisms in DNA repair and metabolic
genes on lung cancer risk in other populations subjected to
GWASs.
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chcral genome-wide association studies (GWASs) on sin-
gle-nucleotide polymorphisms (SNPs) have led to the
identification of three loci, chromosomes 15q25, 5p13, and
6p21, containing SNPs associated with Tung cancer risk in
Europeans and Americans.!~* Associations with lung cancer
risk of a SNP in the CHRNA3 gene at 15925 encoding a
nicotinic acetylcholine receptor subunit and a SNP in the
TERT gene at 5p15 encoding a telomerase reverse transcrip-
tion were also validated in Asians.** Significance of SNPs at
6p21 on lung cancer risk of Asians have not been investigated
fully; however. our GWAS on Japanese indicated HLA-
DQAI, encoding a human leukocyte antigen class I protein,
as a responsible locus at 6p21.5 A recent combined study on
multiple GWASs in Europeans and Americans indicated that
major common genes conferring lung cancer risk have been
identified already.®

Studies on DNA adducts/damages. including those pro-
duced by tobacco carcinogens and their repair processes led
to identification of various metabolic and DNA repair genes
carrying functional polymorphisms, which possibly cause
interindividual differences in the rate of somatic mutation and
lung cancer susceptibility.” CYP/AT and GSTM] are repre-
sentative, because their polymorphisms have been reported to
be associated with risk for lung cancer of Asians, particularly
for squamous cell carcinoma (SQC), a major histological type
of lung cancer mostly developed in cigarette smokers.® The
risk (462Val) allele for the Ile462Val SNP in the CYPIA]
gene encodes a protein with a higher activity to bioactivate
polycyclic aromatic hydrocarbons, major tobacco procarcino-
gens, than the 4621le allele.” The risk (absence) allele for the
presence or absence polymorphism in the GSTM/ gene does
not encode GSTMI protein to detoxify activated polycyclic
aromatic hydrocarbon-intermediates.” 7P53, MDM2, and
OGGI are representative DNA repair genes associated with
lung cancer risk in Asians.” !" The risk (72Pro) allele for the
TP53-Arg72Pro SNP in the 7P53 gene encodes a protein with
a weaker apoptosis activity allowing survival of DNA-dam-
aged cells than the 72Arg allele.” The risk (G) allele for a T/G
SNP in the promoter region of the MDM2 gene (called
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SNP309) allows a lower level of expression of MDM2
protein to suppress 7P53 function than the T allele.!¢ The risk
(326Cys) allele for the Ser326Cys SNP in the OGG/ gene
encodes a DNA glycosylase with a weaker activity to repair
8-hydroxyguanine, an oxidatively damaged promutagenic
base, in part, produced by tobacco carcinogens than the
326Ser allele.”

Nevertheless, associations of these functional polymor-
phisms were not investigated in the GWASs above' because of
the lack of probes to discriminate these polymorphisms in the
platforms used for GWASs (http://www.ncbi.nlm.nih.gov/snp).
Therefore, significance of functional polymorphisms on
lung SQC risk and their interactions with GWAS genes in
the risk is still unknown. In this study. polymorphisms
identified by GWASs and those functional polymorphisms
were investigated together for their significance in the risk
for lung SQC in the same population by conducting a
hospital-based case-control study.

PATIENTS AND METHODS

Case-Control Study

All cases and controls were Japanese and were admis-
sions to National Cancer Center Hospital from 1999 to 2007.
Cases were individuals diagnosed with Tung SQC by cyto-
logical and histological examinations according to World
Health Organization classification,® whereas controls were
those without lung and other cancers and with no history of
cancers. All cases and controls, from whom informed consent
and blood samples were obtained. were consecutively
included in this study without any exclusion criteria. The
participation rate was approximately 80%. From each
individual, a 20 ml whole-blood sample was obtained.
Information on these subjects has been described else-
where.5-12 This study was approved by the institutional
review boards of the National Cancer Center. Smoking
habit was expressed by pack-years. which was defined as
the number of cigarette packs smoked daily multiplied by
years of smoking. Nonsmokers were defined as individuals
of the pack-ycars = 0. Smokers were defined as individ-
uals of pack-years more than 0 and included both former
and current smokers.

Genotyping for Polymorphisms

Genomic DNA from whole blood cells was subjected to
genotyping. All 377 cases and 325 controls were previously
genotyped for the CHRNA3, TERT, and HLA-DQOAI genes.®
One hundred eighty-eight cases and 203 controls had been
genotyped previously for two SNPs, TP53-Arg72Pro and
OGG1-Ser326Cys!'2; therefore, the remaining 189 cases and
122 controls were newly genotyped in this study by pyrose-

quencing as described.'* All cases and controls were geno-
typed for the CYPIA1, GSTMI, and MDM2 genes. Genotypes
for the CYP1A4] gene were determined by pyro: i
using primers 5'-GC 3T T
5"-GCTCCATCAGCATCTATGTGGC-3" for polymerase chain
reaction (PCR) amplification and 5-GGAAGTGTATCGGT-
GAGACC-3' for sequencing, whereas those for the MDM2 gene
were determined by pyrosequencing using primers 5'-
GGGAGTTCAGGGTAAAGGTC-3' and 5'-CACACTAGT-
GACCCGACAGG-3" for PCR amplification and 5'-CT-
GCGGGGCCGCT-3" for sequencing. The GSTM I-presence or
absence polymorphism was analyzed by multiplex PCR.!3

Statistical Analysis

The strength of association of genotypes with risk was
measured as odds ratios (ORs) adjusted for gender, age (=49,
50-59, 60—69, and =70 years), and smoking dosage (0,
1--50. and =50 pack-years) with 95% confidence intervals by
unconditional logistic regression analysis.'¥ Adjustment of
smoking was performed with lifetime pack-years for former
smokers. ORs for each genotype and those in dominant (i.c.,
AA versus Aa + aa; A: major allele, a: minor allcle) or
recessive (i.e.. AA + Aa versus aa) modes were calculated.
To find pairs of SNPs that interact with cach other, associa-
tions between genotypes for two polymorphisms were exam-
ined in the case subjects. The statistical analyses were per-
formed using the JMP version 6.0 software (SAS Institute
Inc.. Cary, NC). A level of p less than 0.05 was considered as
statistically significant, whereas a level of 0.05 = p = 0.10
was considered as marginally significant.

RESULTS AND DISCUSSION

We conducted a case-control study consisting of 377
SQC cases and 325 controls enrolled in the National Cancer
Center Hospital, Tokyo, Japan (Table 1). Smoking rates of
cases and controls were similar to the oncs in a previous
cohort study of a Japanese population.'s and therefore, the
cases showed a higher fraction of smokers than the controls.
Polymorphisms for two genes identified by GWASs,
CHRNA3 and HLA-DQAI, showed significant associations
with SQC risk, but a SNP in the 7ERT gene did not show
significant associations in our previous study® (Table 2).
Association of the TERT SNP with risk not for SQC but for
adenocarcinoma, another major histological type of lung
cancer, was also shown by other studies.>#

All the cases and controls were examined for associa-
tions with SQC risk of polymorphisms in three DNA repair
genes, TP53, MDM. and OGGI; and two metabolic genes,
CYPIAI and GSTM]I (Table 2). Significant increases in ORs
were observed in one or more genotypes or modes for three

TABLE 1. Subjects for Case-Control Study

Gender (%) Smoking (%)
Subject No. . Male Female Age (Mean = SD) Nonsmoker Smoker
Case 377 340 (90) 37 (10) 627276 133 364 (97)
Control 325 185(57) 140 (43) 625113 179 (55) 146 (45)
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TABLE 3. Combined Genotypes for the TP53 and MDM2 Genes and Lung SQC Risk

MDA2 Control Case p for
TP53 Genotype Genotype %) (%) OR” 95% CI, p Value) Interaction”
Arg/Arg T 41 (13) 27(7) Reference 1.00
Arg/Arg T/G + G/G 111 (34) 100 (27) 148 (0.72-3.10, 0.29)
Arg/Pro + Pro/Pro / 37(11 41 (1) 1.68 (0.68-4.22, 0.26)
Arg/Pro + Pro/Pro T/G + G/G 136 (42) 209 (55) 253 (1.27-5.11, 0.0081)

“ Adjusted for sex, age (249, 56-59, 60--69, =
5Q

yr), and smoking dosage (0. 1-50,
» squamous cell carcinoma; OR, odds ratio; C1. confidence interval

=50 pack-years).

We next examined associations between genotypes for
every six pairs of four genes, CHRNA3., HLA-DQAI, TP33,
and OGGI. whose significant associations with fung SQC
risk were observed. in the case subjects to find pairs of
polymorphisms that interact with each other. Interaction be-
tween these four genes and two genes with marginally sig-
nificant associations was also examined. In this analysis, four
polymorphisms, CHRNA3-C/T, TP53-Arg72Pro, MDM2-T/G,
and CYP1AI-Tle462Val, were examined in the dominant
mode, whereas the remaining two, HLA-DQA1*03 and
OGG1-Ser326Cys, were examined in the recessive mode,
based on the results of association with SQC risk (Table 2).
Significant or marginally significant association was not ob-
served for any pairs of polymorphisms (p > 0.1. Supplemen-
tary Table 1, http://links.lww.com/JTO/A33). Previously,
polymorphisms of the MDM2 and TP53 genes were sug-
gested to interact with each other, because they cooperate in
apoptosis.'® Nevertheless, the ORs of individuals with risk
genotypes both for MDAT2 and 7P53 (2.53) were similar to
the OR deduced from ORs of individuals with a single-risk
genotype for MDM2 and TP53 (1.48 [for MDM2] X 1.68 [for
TP53] = 2.49; Table 3). Therefore, 7P53 and MDAM?2 would
not interactively contribute to SQC risk as reported.'® There-
fore, these genes were suggested to independently contribute
to SQC risk, although it remains possible that intcraction
between polymorphisms were overlooked because of the
small number of study subjects.

In this study, association of a few functional polymor-
phisms in DNA repair and metabolic genes with lung SQC
risk was suggested in a population, in which polymorphisms
in the GWAS genes showed associations. Therefore, signif-
icance of those functional polymorphisms as genetic factors
for lung SQC risk was reindicated. Nevertheless, our study
has limitations. The present results were obtained from a
hospital-based case-control study with a small number of case
and control subjects, and frequencies of critical factors in-
volved in lung SQC risk, that is, gender and smoking, are
largely different between the cases and controls. Therefore,
the statistical power for detection of association in this study
was lower than that in a study using a larger number of case
and control subjects and was also lower than that using
control subjccts that were matched to casc subjects by gender
and smoking. Therefore, associations of some polymor-
phisms might have been overlooked because of the luck of
statistical power. In addition. associations of polymorphisms
with Tung SQC risk could be confounded by gender or
smoking because of insufficient adjustments in statistical
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tests. Nevertheless, ORs for risk genotypes only in males or
smokers were similar to those in all subjects (Supplementary
Table 2, http://links.lww.com/JTO/A33). Thercfore, it is un-
likely that the associations observed in this study were con-
founded by these factors, On the basis of these results, we
would like to emphasize the importance of analyzing various
functional polymorphisms together with millions of GWAS
marker SNPs. It will be a powerful way for this purpose to
analyze those polymorphisms in the populations that were
subjected to recent GWASs.
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TABLE 2. Association of Polymorphisms in Eight Lung Cancer Susceptibility Genes with Lung SQC Risk

Polymorphism/ rs Genotype/ Control Case
Gene Allele Number Mode” Vo) (%) OR" (95% CI, p Value)
GWAS genes
CHRNA3 cT rs1051730 CiC 314 (97) 349 (93) Refercnce
T 10 (3) 25(7) 2.57 (1.03-6.87, 0.04996)
T 0(0) 0(0) - =)
Dorminant 2.57 (1.03-6.87, 0.04996)
)
TERT TG rs2736100 116 (36) 142 (38) Reference
165 (52) 175 (47) 0.74 (0.49-1.11, 0.15)
39 (12) 5304 122 {0.66-2.29,0.53)
Dominant 0.83 (0.56-1.23,0.36)
Recessive 154 (0.88-2.72,0.13)
HILA-DOAT DQA1*03 Others/others 121 (37N 120 (32) Reference
Others/*03 169 (52) 194 51) 0.97 {0.64-1.46, 0.88)
*03/*03 35(11) 63 (17) 174 (0.94-3.27, 0.080)
Dominant 1.10 (0.74-1.63, 0.63)
Recessive 1.78 (1.03-3.13,0.043)
DNA repair genes
TP53 Arg72Pro 151042522 Arg/Arg 152 (47) 127 (34) Reference
Arg/Pro 139 (43) 191 (531 173 (1.15-2.63, 0.0093)
Pro/Pro 34 (10) 59 (16) 1.85 (1.03--3.38, 0.042)
Dominant 173 (1.17-2.56, 0.0058)
Recessive 36 (0.79-2.39,0.27)
MDA12 T/G in intron 1 152279744 T 79 24) 68 (18) Reference
(SNP309) G 151 (46) 183 (49) 1.59 (0.96-2.63, 0.071)
G/G 95 (29) 126 (33) 1.54 (0.90-2.65, 0.12)
Dominant 1.55 (0.98-2.47, 0.064)
Recessive 1.09 (0.72-1.63, 0.69)
0GGI Ser326Cys 1s1052133 Ser/Ser 98 (30) 115 (31) Reference
Ser/Cys 164 (50) 162 (43) 0.86 (0.55--1.33,0.49)
b, 63 (19) 100 (27) 1.50 (0.90-2.50, 6.12)
Dominant 1.04 (0.69--1.57, 0.84)
Recessive 1.65 (1.06-2.57. 0.027)
Metabolic genes
CYPIAI Tle462Val 51048943 Tle/lle 188 (58) 196 (52) Reference
Tle/Val 118 (36) 160 (42) 151 (1.02- ,0.042)
Val/Val 19 (6) 21 (6) 0.86 (0.40-1.89,0.71)
Dominant 1.40 (0.96-2.04, 0.081)
Recessive 0.73 (0.34-1.61,0.43)
Presence/absence — Presence 159 (50) 174 (47) Reference
Absence 158 (50) 200 (53) 093 (0.64--1.36,0.72)

< ORs in the dominant (ic AA vs Aa + aa, where A, m
» Adjusted for sex, age (2249, 50-59, 6069, =70 yo), an
SQC, squamous cell carcinoma; OR, odds vatio: CI, confidens

all

d rec
501

< a, minor allele)
oking dosage (0. 1-50),
terval

sive (ie AA | Aa vs aa) modes are shown.
ck-years)

genes, TP353, 0GG1, and CYPIAT (p < 0.05), consistent with significantly associated with lung SQC risk in this study
previous reports that their minor alleles are associated with  population. The GSTMI-absence genotype did not show an
increased risk.”211 The OR of heterozygotes for the CYP/41  increase in OR. Thus, polymorphisms in two DNA repair
SNP was significantly increased, but that of minor homozy-  genes, TP33 and OGG/, were significantly and those in a
gotes did not increase. Accordingly, increase in the OR in the DNA repair gene, MDM2, and a metabolic gene, CYPIAT,
dominant mode was only marginal. Genotypes containing the were marginally significantly associated with lung SQC risk
MDM2-G allele showed increased ORs as reported!®; how- in a population, in which associations of polymorphisms in
ever, their increases were only marginally significant. There- the CHRNA3 and HLA-DQAI genes identificd by GWASs
fore, it was concluded that these two SNPs are marginally — had been observed.
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Association of DNA Repair Gene Polymorphisms With
Response to Platinum-Based Doublet Chemotherapy in
Patients With Non-Small-Cell Lung Cancer

Kouya Shiraishi, Takashi Kohno, Chiharu Tanai, Yasushi Goto, Aya Kuchiba, Seiichiro Yamamoto, Koji Tsuta,
Hiroshi Nokihara, Noboru Yamamoto, Ikuo Sekine, Yuichiro Ohe, Tomohide Tamura, Jun Yokota,
and Hideo Kunitoh

A°B S TR A C T
Purpose
To identify polymorphisms in DNA repair genes that affect responses to platinum-based doublet
chemotherapy in patients with non-smaill-cell lung cancer (NSCLC).

Patients and Methods

In total, 640 patients with NSCLC who received platinum-based doublet chemotherapy in the
National Cancer Center Hospital in Japan from 2000 to 2008 and whose responses were evaluated
by Response Evaluation Criteria in Solid Tumors (RECIST) participated in a study of the association
between response and genotypes for 30 single nucleotide polymorphisms (SNPs) in 27 DNA repair
genes. Candidate SNPs were selected in a discovery set of 201 patients, and their associations
were validated in an independent set of 439 patients by prespecified P value criteria.

Results

Homozygotes for the minor allele TP53-72Pro of the Arg72Pro SNP in the TP53 gene showed a better
response rate (54.3%) than those for the major allele TP53-724rg (29.1%; P = 4.4 X 1075) irrespective
of therapeutic regimens, and minor allele homozygotes had significently longer progression-free and
overall survivals than major allele homozygotes (hazard ratio [HR], 0.85; 95% Cl, 0.74 10 0.98; P = .020;
and HR, 0.86; 95% Cl, 0.74 10 0.99; P ~ .039). Minor allele carriers for SNP Lys940Arg in the poly
(ADP-ribose) polymerase 1 (PARPT) gene showed a better response rate 1o the paclitaxel regimen
{45.8%) than to the gemcitabine regimen (10.5%; P for interaction = .019).

Conclusion

Polymorphisms ir the 7P53 and PARPT genes are involved in inter-individual differences in the
response to platinum-based doublet chemotherapy in patients with NSCLC.

J Clin Oncol 28. @ 2010 by American Society of Clinical Oncology

Considering that agents that damage DNA
or disturb chromosomal integrity are used for

Non-small-cell lung cancer (NSCLC) is a major
cause of cancer-related death with 5-year survival
rates of < 20%." Cytotoxic chemotherapy is the
standard care for patients with advanced NSCLC.
The standards of therapeutic regimens are
platinum-based doublets (platinum plus another
agent).” The drugs paired with platinum include
microtubule-targeted agents (paclitaxel, docetaxel,
orvinorelbine) and DNA-damaging agents (gemcit-
abine or irinotecan). The efficacy of each combina-
tion has been demonstrated to be similar by a series
of trials in unselected patients with response rates
0f30% to 40%.™ Therefore, predictive factors for
the efficacy of these chemotherapy regimens are
being investigated for the development of cus-
tomized therapies.

chemotherapy, activities that repair DNA or
chromosome damage possibly influence the out-
come of patients with NSCLC after chemothera-
py. In fact, expression of ERCCI, which is
involved in the repair of DNA adducts generated
by platinum, has been shown to be a possible
predictive factor for the efficacy of the postopera-
tive cisplatin-based adjuvant chemotherapy in
resected tumors.”” More recently, a single nucleo-
tide polymorphism (SNP) in the ERCCI gene,
rs11615, which affects ERCCI mRNA levels, was
suggested to be associated with response (ie,
tumor regression) of patients with advanced
NSCLC to platinum-based chemotherapy.® Since
SNPs can be examined by using blood cells, they
will be promising biomarkers in the clinical
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