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KEYWORDS Summary Circulating cell-free nucleic acids are noninvasive diagnestic tools for
hnRNP B1; cancer detection. Heterogeneous nuclear ribonucleoprotein (hnRNP) B1, an RNA
Plasma mRNA; binding proteinh, has been found overexpressed in the early stage of lung cancer, in-
Real-time PCR; cluding bronchial dysplasia, a premalignant lesion of lung squamous cell carcinoma.
Biomarker; To determine the utility of plasma hnRNP B1 RNA and as cancer detection markers
Early detectfon for lung cancer, we analyzed plasma hnRNP B7 mRNA of lung cancer patients by real-

time RT-PCR. Plasma RNA was extracted from plasma of 44 lung cancer patients, 7
lung neoplasm patients, 24 benign lung diseases and 25 healthy volunteers. Mean
concentration of plasma AnRNP BT mRNA in lung cancer patients was 0,99 pg/pg
RNA, whereas that in healthy volunteers and in benign lung diseases was 0.23 pg/pg
RNA and 0.30pg/ng RNA, respectively (p <0.05). Twenty of 44 (45,.5%) lung cancer
patients showed more than 0.70 pg/pg RNA of plasrna hnRNP BT mRNA, compared
with only 3 of 25 {12.0%) healthy volunteers. Looking at histological subtype, squa-
mous cell carcinoma patients showed higher hnRNP B1 mRNA in the plasma than
did adenocarcinoma patients, which is consistent with our previous immunohisto-
chemistry results. These results indicate that plasma hnRNP B7 mRNA is a useful
non-invasive markers for detection of lung cancer,

© 2004 Elsevier iretand Ltd. All rights reserved.

1. Introduction

Lung cancer is the major cause of cancer-related

Abbreviations: hnRNP, heterogeneous nuclear ribonucleo- death in Japan [1] In spite of advances in ea,—ly
protein; PCR, polymerase chain reaction : i
* Corresponding author. Tel.: +81 952 342372; detectu?n te%hno!c’gy’ th(; numbir bolf l’jlmg ‘,:an
fax: +81 552 342017, cer patients has increased remarkably [1]. Since
E-mail address: sueokae@post.saga-med.ac.jp (E. Suecka). 1998, over 50,000 have died annually in Japan,
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and the overall survival rate of lung cancer pa-
tients is still only 40%, 5 vears after diagnosis
[2]. Conventional cytological diagnosis using spu-
tum has proved insufficient for clinical use be-
cause of its lack of efficacy [3]; a new molecu-
lar diagnostic marker for detection of the early
events of lung carcinogenesis s urgently re-
quired.

hnRNP A2/B1 protein is the major component of
a nuclear core complex which regulates RNA matu-
ration, including RNA splicing and mRNA transport
from nucleus to cytoplasm [4,5]. Drs. Mulshine and
Tockmann were the first to report that hnRNP A2 /B1
was overexpressed in lung cancer tissues with high
frequency [6,7]. We subsequently identified hnRNP
B1, a splicing variant of hnRNP A2, and found that
it was overexpressed in nuclei of human lung can-
cer cells from the early stage to the advanced
[8—10]. Moreover, hnRNP B1 was overexpressed in
squamous cell carcinoma in various organs, such
as oral cavity and esophagus, in addition to lung
[11,12].

For clinical use of hnRNP B1 as an early detec-
tion marker of lung cancer as well as squamous
cell carcinoma in various organs, a sensitive and
non-invasive method for detection of hnRNP B1
was next required. We focused on circulating
nucleic acids containing RNA free from endonu-
clease, detected in the plasma of patients. It was
previously reported that the mRNAs were released
from cells as a complex with ribonucleoproteins
and thought to escape from degradation by serum
RNase [13,14]. Previous studies had demonstrated
that tyrosinase, telomergse RNA template (hTR)
and telomerase reverse transcriptase protein
(ATERT) mRNA were present in the sera/plasma
of patients with malignant melanoma and breast
cancer [15,16]. And Fleischhacker et al. [17]
recently reported that hnRNP BT mRNA was de-
tectable in the sera of a high percentage of lung
cancer patients, an observation consistent with
our conception that the detection of hnRNP B1
mRNA would be a promising method for evaluation
of the usefulness of hnRNP B in cancer detec-
tion,

Considering the above-mentioned studies, we
analyzed and quantified plasma hnRNP B1 mRNA
by real-time RT-PCR in the plasma of lung can-
cer patients, and the results were compared with
levels in patients with benign lung diseases and
healthy volunteers. This paper reports that finRNP
B1 mRNA was apparently elevated in the plasma
of lung cancer patients, thus, showing that quan-
tification of nucleic acid of hnRNP B1 gene is
a plausible plasma marker for detection of lung
cancer,

2. Materials and methods

2.1. Patients’ profiles and collection of
plasma samples

Plasma samples were obtained from lung cancer
patients (before chemotherapy or radiation) and
non-lung cancer patients who had been admitted to
Saga Medical School Hospital, as well as from vol-
unteers, after informed consent was given. Blood
samples containing one-tenth volume of 3.8% citric
acid were subjected to centrifugation of 3500 rpm
at 4°C, and then the samples were stored at —80°C
until assays were performed.

2.2. Detection of hnRNP BT mRNA in the
plasma

Total RNA was isolated from 500l of patient’s
plasma by ISOGEN reagent (Nippon gene, Japan)
with some modification: We treated the plasma
with [SOGEN reagent twice to remove protein
fraction before isopropanol precipitation. Calcu-
lation of the RNA concentration is based on the
absorbance at 260nm. The levels of hnRNP BT
mRNA were determined by real-time RT-PCR. One
pg total RNA was applied to RT with Muly re-
verse transcriptase (Roche Molecular Systems, NJ)
at 37°C for 60min, and the obtained cDNAs were
subjected to guantitative SYBR Green real-time
PCR. The quality of cDNA obtained by RT was
confirmed by PCR using B-actin primer sets as
a control gene. Each 20pl SYBR Green reac-
tion consisted of 2 pl cDNA {100 png/pl), 2 pl 10x
LightCycler-DNA Master SYBR Green 1 (Roche Diag-
nostics Corporation, IN), and 1 pM forward and re-
verse primers. hnRNP B1 specific primers were as
follows: Sense, B'-TGTTCCTTTGGAGAGGAAAAAG-
3 and antisense, 5-TTGATCTTTTGCTTGCAGGA-3'
{amplicon size, 164 bp). Quantitative PCR was per-
formed on LightCycler™ V3. System (Roche Diag-
nostics Corporation, IN} using three-stage program
parameters provided by the manufacturer: stan-
dard curve was obtained from the results with serial
dilution of futl length cDNA of hnRNP B1 subcioned
into pTYBZ vector. Sixty cycles of 2sat 95°C, 10sat
55°C, 15s at 72°C. Specificity of the amplified PCR
product was assessed by performing melting curve
analysis. Agarose gel electrophoresis of PCR prod-
ucts, followed by staining with ethidiumbromide,
was then performed to confirm the specificity of
the amplification. Quantification focused on the ini-
tial exponential phase of amplification above base-
line according to the Light-Cycler software. Al the
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results were obtained from the thrice repeated ex-
traction and reverse transcription of RNAs from one
patient’s plasma, and four times PCR amplification.

2.3. Statistical analysis

The association between the levels of hnRNP B1
mRNA and clinicopathological parameters were ex-
amined by chi-square test for contingency tables.

3. Results

3.1. hnRNP B1 mRNA was detectable, and
elevated, in the plasma of lung cancer
patients as well as other neoplasm patients

A total of 75 patients — 44 lung cancer patients (19
adenocarcinoma, 14 squamous cell carcinoma, 7
small cell carcinoma and 4 large cell carcinoma), 7
cancer patients (except primary lung cancer), and
24 benign lung diseases, such as bacterial pneu-
monia, collagen disease, interstitial pneumanitis,
pneumothorax, — along with 25 healthy volunteers,

were studied, and these clinical parameters are
shown in Table 1 and Table 2. The seven cancer
patients were two lymphoma, three metastatic
lung cancer, one invasive thymoma, and one thymic
carcinoid. We first confirmed that hnRNP B7 mRNA
was present in the plasma of lung cancer patients,
as Dr. Fleischhacker had recently reported (Fig. 1).
We then extracted total RNA from both plasma
and sera, and quantified mRNA level of each
patient using real-time RT-PCR. The results were
compared with those of non-lung cancer patients
and healthy volunteers. Mean and median plasma
RNA concentration of all samples was 0.78 ng/ml
plasma (0.02-3.60), and no apparent difference
in RNA concentration among healthy volunteers,
benign pulmonary disease patients, cancer patients
(except primary lung cancer}, and lung cancer pa-
tients was observed (Table 2). Forty-nine samples
out of 100 {49.0%) showed detectable hnRNP B1
mRNA by real-time RT-PCR, and the mean value
of hnRNP BT mRNA is shown in Table 3. No clear
correlation between hnRNP B1 mRNA levels and
clinical parameters — such as clinical stage, white
blood cell count, or C-reactive protein level in
the peripheral blood — was observed (data not

Table 1 Clinical parameters of lung cancer patients
Parameters Ad Sqg Sm La Total
Age 69.0 (50—83) 66.3 (43-80) 68.9 (63—77) 67.3 (58-77)
Sex
M 15 13 3 4 38
F 4 1 6 0 6
Stage
1 3 2 o 2 7
Il 3 2 o 0 5
i 3 7 3 1 14
v 10 3 4 1 18
BT =) 3652 0.13 36.3 4 0.15 36.6 £+ 0.15 36.7 + 0.60
WBC (/ml) 8027 + 1294 %407 - 1952 5685 =+ 538 6175 - 2523
CRP {mg/dl} 2.53+1.43 3.39 + 1.56 1.29 + 0.77 8.87 & 4.86
Table 2 Plasma nucleic acids and clinical parameters
Normal Benign Neoplasm Lung cancer Total
No. of 25 24 7 44 180
patients
Male 17 18 5 38 78
Female 8 6 2 6 22
Age 30.5 (23—47) 60.2 (22—-86) 50.1 (19~-74) 67.8 (43—83) 55.6 (19—86)
B.L 92.9 (0--500) 637.9 (0—2760) 479.0 (0—1920) 1036.3 (0—3800) 540 (0--3800)
Total RNA 071 (0.02-2.74) (.78 (0.04--1.90) 0.66 {0.10-1.34) 0.86 (0.02-3.60) 0.78 (0.02-3.60)
{pg/ml
plasma)
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hnRNP B1 mRNA in the plasma of lung cancer patients was measured by real-time RT-PCR. Quantitative PCR was

performed on LightCycler™ V3. System using three-stage program parameters provided by the manufacturer. Specificity
of the amplification of PCR products were confirmed by agarose gel electrophoresis visualizing with ethidium bromide

staining.

shown). The mean value of hnRNP BT mRNA among
lung cancer patients was 0.99+0.26 pg/pg plasma
RNA, which was significantly higher than that of
normal volunteers (0.23 £ 0.07 pg/ g plasma RNA)
or benign lung disease patients (0.30:0.11 pg/pe
plasma RNA) (Table 3, Fig. 2}. From these results,
we determined that the tentative cut off value of
plasma hnRNP BT mRNA as Q.70 pg/ g RNA, Positiv-
ity of hnRNP B1 mRNA in plasma was 12.0% (3/25)
for healthy volunteers, 20.8% (5/24) for benign
lung diseases, 57.1% (4/7) for non-lung cancer neo-
plasm, and 45.5% {20/44) for lung cancer patients
{Fig. 3, Table 4).

3.2. Plasma AnRNP BT mRNA in each clinical
parameter of lung cancer patients

Positivity of AnRNP B1 mRNA was significantty high
in heavy smokers {Brinkman index; =600, p<0.01)
among lung cancer patients. Looking at patholog-
ical type of lung cancer, the positivity of AnRNP
B1 mRNA was 57.1% (8/14) for squamous cell car-
cinoma, 33.3% (6/18} for adenocarcinoma, 42.9%
(3/7) for small cell carcinoma, and 75.0% (3/4) for
large cell carcinoma (Table 4), consistent with our
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previous results in which hnRNP B1 overexpression
was more frequently observed in lung squamous cell
carcinoma than in adenocarcinoma, by immunohis-
tochemical analysis. It is important to note that
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Fig. 2 Concentration of plasma hnRNP Bf mRNA in pa-
tients with (N} normal healthy volunteers; {Be) benign
lung diseases; (Neo) neoplasm except for lung cancer;
{5q) squarmous cell carcinoma; {Ad) adenocarcinoma;
{Sm} small cell carcinoma; (La) large cell carcinoma. hn-
RNP BT mRNA levels in each group were presented as
mean value £ 5.D.
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non-lung cancer neoplasm patients also showed a
high concentration of hnRNP BT mRNA (Table 3),
suggesting that plasma hnRNP BT mRNA might also
be elevated in other malignant diseases. As for clin-
ical stage, elevated plasma hnRNP BT mRNA was ob-
served in 42.9% (3/7) of stage I, and in 60% (3/5) of
stage |l patients, suggesting that plasma hnRNP B1
mRNA is elevated from early clinical stages.

Total
100
0.670.1Z

0.99+0.26

Total
44

4, Discussion

Detection of cell-free circulating nucleic acid in the
plasma or serum looks increasingly reliable as a non-
invasive, simple method for diagnosis of cancer.
Several reports have presented plausible markers
for detection of cancer cells in the plasma/serum:
transmembrane glycoprotein 574 mRNA in lung can-
cer (positivity =42.8%) [18]; hTR (28%) [16], hTERT
(25%} [17], mammaglobin (60%) [19] and cytoker
atin 19 (49%) mRNA [20] in breast cancer; and ty-
rosinase mRNA [15] in melanoma patients. We first
determined the extraction condition of RNA from
the blood samples to obtain the high quality and
quantity RNA. After comparison of several prelimi-
nary experiments, we used plasma for extraction of
RNA, rather than serum, because of the minimum
effect from the contamination of aggregated lym-
phocyte was observed, We also adjusted time after
collection of the blood until centrifugation. These
quality control was quite important for obtain the
stable RNA concentrations from a sample and the
high quality cDNAs after reverse transcription.

We previously reported that hnRNP B1 protein
was not detectable in normal bronchial cells or
alveolar cells but was overexpressed in lung cancer
cells, by immunohistochemistry [8—10]: hnRNP B1
was therefore thought to be a candidate marker for
detecting cancer cells in blood. Fleischhacker et al.
[17] first found that hnRNP BT mRNA was detectable
in the sera of lung cancer patients: 18/18 lung can-
cer patients in this study showed positive for hn-
RNP B1 mRNA or Her2/neu mRNA. Our quantitative
analysis revealed that positivity of hnRNP BT mRNA
using our cut off value of 0.70 pg/pg RNA was 44.5%
{20/45) for lung cancer patients and 12.0% (3/25)
for healthy volunteers, approximately equivalent
to the numbers for serum mammaglobin mMRNA in
breast cancer [19], and 574 mRNA in lung cancer
[18]. It is important to note that AnRNP 87 mRNA
in the plasma was elevated from clinical stage | pa-
tients (3/5), aithough the number of subjects was
smalil. These results were consistent with our pre-
vious immunohistochemical results, which showed
that hnRNP B1 was overexpressed from the early

Sm
1,514+1.04

0.67x0.07

0.85+0.42

Ad
19

Lung cancer

5q
14
0.99+0.33

Neoplasm
1.0940.43

Benign
0.30+0.11

24

Narmat
25
0.23+0.67

Sq: squamous cell carcinoma; Ad: adenocarcinoma; Sr: small cell carcinoma and La: large cell carcinoma.

Table 3 Elevation of plasma AnRNP Bl mRNA in tung cancer patients

mRNA {pg/p.g

No. of patients
RNA)

hnRNP B1

— 443 —



82

E. Sueoka et al.

Plasnu AnRAF B mRNA

(periig RNAY

*

s wo v

*

. wod e
e wiae

13

b 4 e B
> ®

hS Be New

S Ad La Sm

Fig. 3 Concentration of plasma hnRNP BT mRNA fragments in each patient with (N) normal! healthy volunteers; (Be}
benign lung diseases; (Neo) neoplasm except for lung cancer; {Sq) squamnous cell carcinoma; (Ad) adenocarcinoma;
(Sm} small cell carcinoma; (La) large cell carcinoma. Dashed line represents tentative cut off value as 0.7 pg/ pg plasma

RNA.

stage of lung caner; thus, further evaluation of
plasma hnRNP BT mRNA levels in the early stage
of lung cancer is required. We are now considering
an age- and sex-adjusted study comparing plasma
hnRNP BT mRNA of healthy persons and cancer pa-
tients. We think it quite suggestive that hnRNP 81
mRNA was elevated in neoplasms (in addition to pri-
mary lung cancer), including metastatic squamous
cell carcinoma of laryngeal cancer, malignant lym-
phoma, and invasive thymoma. And since hnRNP
B1 was averexpressed not only in lung cancer, but
also in oral cancer, esophageal cancer, and malig-
nant lymphoma [11,12,21], plasma hnRNP B1 mRNA
could be a molecular tumor marker of various neo-
plasms.

These results encourage us to proceed to the
next step: analysis of plasma hnRNP B1 mRNA as
a molecular marker for detection of the early
stage of lung cancer and also for early detec-
tion of recurrence after surgery. Although a large
scale comparison of lung cancer and a healthy
population is needed before results are conclu-
sive, this is the first report that the quantifica-
tion of pltasma hnRNP BT mRNA is a promising
molecular marker for first step evaluation of lung
cancer as well as other types of cancers. Since
cancer prognosis improves the earlier it is de-
tected, these molecular markers could be the be-
ginning of a vital new strategy in the battle against
cancer.

Table 4 Positivity for plasma AnRNP BT mRNA in lung cancer patients of each clinical parameters

Parameters No. of patients Positivity (%)
Sex
Male 38 50.0 (19/38) p=0.06
Female 6 16.7 (1/6}
Brinkman index
<600 10 10.0 {1/10) p<0.01
>600 34 55.9 {19/34)
Stage
] 7 429 (3/7)
Il 5 60.0 (3/5)
1§ 14 78.6 (4/14)
v 18 55.6 {10/18)
Histological types
Sguamous cell carcinoma 14 57.1 (8/14)
Adenocarcinoma 18 33.3 (6/18)
Large cell carcinoma 5 60.0 (3/5)
Small cell carcinoma 7 43.0 (3/7)
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EXO01 is a member of the RAD2 nuclease family and func-
tions in DNA replication, repair and recombination. We
investigated the relationship of single nucleotide poly-
morphisms (SNPs) at exon 10 (T439M) and exon 13
(P757L) of the EXOI gene with development, progression
and metastasis of colorectal cancer. For Td39M, the Thr/
Met genotype [odds ratio (OR) = 2.03, 95% confidence
interval (CI) 1.04-3.98] and ThriMet and Met/Met geno-
types combined (OR = 2.37, 95% CI 1.23-4.56) demon-
strated significant association with the development of
colorectal cancer after adjusting for age, gender and smok-
ing status. For P757L, patients with the Leu/Leu genotype
showed a reduced risk of colorectal cancer (adjusted OR =
0.398, 95% CI 0.183-1.866) when the Pro/Leu and Pro/Pro
genotypes were combined and used as the reference. The
Len/Leu genotype also had a reduced risk (adjusted OR =
6.373, 95% CI0.164-0.850) when the Pro/Leu genotype was
used as the reference. Individuals who carried both putat-
ive risk genotypes (Thr/Met and Met/Met for T439M and
Pro/Leu for P757L) showed an adjusted OR of 4.95 (95%
CI 1.56-15.7) compared with those who carried both low
risk genotypes. Analysis of microsatellite instability (MSI)
revealed that tumors from individuals who carried both
putative risk genotypes tended to have a higher frequency
of MSI positives than those from patients who carried both
low risk genotypes, although a significant correlation was
not found between EXOI genotype and MSI status. This is
the first report to provide evidence for an association of
EX(1 gene polymorphisms with colorectal cancer risk.
The EXOI genotypes were not associated with any clinico-
pathological characteristics in colorectal cancer patients.

Abbreviations: CI, confidence interval; EXO1, exonuclease 1; HNPCC,
hereditary non-polyposis colorectal cancer; MMR, mismatch repair; MSI,
microsatellite instability; MSI-H, MSI high; MSILL, MSI low; MSS,
microsatellite stable; OR, odds ratio; RFLP, restriction fragment length
polymorphism; SNP, single nucleotide polymorphism; TNM, UICC
Tumor-Node-Metastasis classification.

Carcinogenesis vol.26 no.2 © Oxford University Press 2005; ail rights reserved.

Introduction

The exonuclease 1 (EX(Q1I) gene, located at chromosome
1g42-q43, contains one untransiated exon followed by 13
coding exons and encodes an 846 amino acid protein (1,2}.
The gene product is a member of the RAD2 nuclease family
and functions in DNA replication, repair and recombination
{3-5). Recently it has been shown that it plays a role in both
5'—3' and 3'~+5' mispair-dependent excision repair in vitro
(6). Wei et al. (7) found that mammalian EXO1 functions in
mutation avoidance and is essential for male and female
mejosis. They also reported that EXO1 inactivation predis-
poses mice to the development of tumors late in life and
specifically increases the risk of lymphoma. EXO1 can interact
physically with the DNA mismatch repair (MMR) proteins
MSH2 and MLHI in both yeast and human cells and with
MSH3 in human cells (2,8-12). Tishkoff er al. (13) reported
that the expression of a 3.0 kb EXO! transcript was detected in
significantly higher level in testis, thymus, colon and placenta,
Elevated expression of the FEX0! gene in the colon is intri-
guing becanse hereditary non-polyposis colorectal cancer
(HNPCC), which is characterized primarily by the develop-
ment of early onset colorectal cancer and a number of other
epithelial malignancies, can be attributed to inherited defects
in MSH2/MLH1-dependent mismatch repair (14). Wu et al,
(15) proposed that the EXOI gene could be associated with
HINPCC predisposition because EXO1 protein strongly inter-
acts with MSH2 protein. More recently, the EX(OJ gene
showed negative association with HNPCC, although it is
involved in DNA MMR (16,17). However, we cannot exclude
a role of EX(QI as a low penetrance cancer susceptibility or
modifying gene, because the studies performed to date have
only focused on suspected HNPCC cases,

Genetic polymorphisms of DNA repair genes have been
reported to determine susceptibility to several cancers, includ-
ing lung, esophageal, bladder, nasopharyngeal and non-
melanoma skin cancers (18-22). Although polymorphisms in
some genes have been studied in relation to colorectal cancer
(23-25), no study has been conducted on the association
between polymorphisms in the EXQOJ gene and colorectal
cancer risk. Wu et al. (15) identified 12 missense single nuc-
leotide polymorphisms (SNPs) in the EXGI gene in exon 6
(D249N), exon 7 (G274R and N2795)}, exon 9 (R354H), exon
10 (T439M, V458M and V460L), exon 11 (KS589E and
G670E), exon 12 (C723R and 87258) and exon 13 (P757L),
while the function of these polymorphisms remains unclear.

Microsatellite instability (MSI) is caused by a failure of the
MMR system. Such MMR defects may be caused either by a
germline MMR gene mutation, affecting mainly MLH! or
MSH2, or by somatic MMR gene inactivation, most commonly
through epigenetic silencing via methylation of the MLHI
promoter. EXQ! genotype may be associated with cancer
incidence and with MSI status because EXO1 protein strongly
interacts with the MSH2 and MLH]1 proteins. In our present
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study we have investigated whether SNPs at T439M and
P757L of the EXOI gene are associated with the risk of
development, progression and metastasis of colorectal cancer.
We also evaluated an association between EXO! SNPs and
MSI status using five microsatellite markers (BAT2S, BAT26,
D55346, D25S123 and DI75250) that the National Cancer
Institute Workshop on Hereditary Nonpolyposis Colorectal
Cancer Syndrome proposed for MSI assessment in FINPCC,
cellectively known as the NCI panel (26).

Materials and methods

Patients and control groups

We analyzed 102 Japanese patients chosen from those who were histologically
diagnosed as having primary colorectal cancer and underwent surgical opera-
tion at Okayama University Hospital in 19942003, which gathers patients
from not only Qkayama but also various regions, mainly the Chugoku and
Shikoku Districts (around Okayama), in Japan. We confirmed microscopically
that ail colorectal cancer patients have primary colorectal carcinomas. Clinical
stage and pathological grade in all colorectal cancer patients were confirmed
by operation and pathclogy. The clinicopathological staging and histological
classification were according to the criterda of the UICC Tumor-Node-
Metastasis Classification of Malignant Tumours (TNM), 6th edition, 2002,
colon and rectum (ICD-O C 18-C 20). The 110 controls were randomly selec-
ted from a prospective cohort study among a general Japanese population.
Written informed consent was obtained from all colorectal cancer patients and
controls. The characteristics of the 102 colorectal cancer patients and 110 con-
trols are shown in Table I. There were no significant differences in gender and
age at recruitment between the colorectal cancer patients and controls (P >
0.05). Pack-year equivalents ([cigarettes/day < 20] % [smoking years]) were
used for smoking status (we could not obtain smoking status for 3 of
102 patients). Patients who smoked for >20 years were less frequent than
controls compared with never smokers (P = 0.001).

DNA extraction

Genomic DNA of 102 patients was isolated from freshly frozen non-neoplastic
colorectal mucosae using SDS/proteinase K weatment, phenol-chloroform
extraction and ethanol precipitation. Tumor DNA was also isolated from
freshly frozen neoplastic colorectal mucosae. Genomic DNA of 110 controls
was extracted from peripheral lymphocytes.

Genotyping at T439M

Genotype at T439M was analyzed by PCR~restriction fragment length poly-
morphism (RFLP). In brief, PCR was performed in a 20 pl reaction mixture
with 20 ng genomic DNA, 2.5 mM each dNTP, 1x PCR buffer, 8 pmol each
primer (forward primer, 5-TCT CTA AGT ACA GGT GAA ACA AAG;
reverse primer, 5-GAG CTA TTT TTC TTG GTC TTC TAC) and 0.5 U
rTaq DNA polymerase (Takara, Kyote, Japan). Amplification conditions were
3 min of initial denaturation at 94°C, followed by 35 cycles of 30 s at 94°C, 30
at 58°C and 30 s at 72°C, with a finat extension of 7 min at 72°C. The 125 bp
PCR products were digested overnight at 37°C with BsaAl (New England
Biolabs, Beverly, MA). BsaAl digestion of the PCR product gives rise to 100
and 25 bp fragments for the Thr (ACG) allele and a single 125 bp fragment for

Table . Characteristics of colorectal cancer patients and healthy controls

Patients (n = 102} Controls (n = 110)

Gender®
Mazle 62 (60.8%) 79 (71.8%)
Female 40 (39.2%) 31 (28.2%)
Age (years £ SD) 645 £ 11.5 66.4 £ 8.28
Smoking status
Never 44 (43.1%) 26 (23.6%)
Cuirent 55 (53.9%) 84 (76.4%)
<20 pack-years 14 (25.5%) 14 (16.7%)
>20 pack-yearsb 41 (74.5%) 70 (83.3%)
Unknown 3 (2.9%) 0 (0.0%)

“P > 0.05 for differences between patients and controls.
P = 0.001 compared with cortrols.
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the Met (ATG) allele, Digesied fragments were subjected to electrophoresis on
3% agarose gel and visualized under UV light,

Genotyping at P757L

Genotyping at P757L was also conducted by PCR-RFLP. PCR was performed
with forward primer 5'-CAG AAT GGT CTT AAA ATG GGT GT and reverse
primer 5-TTC AGA ATA AGA AAC AAG GCA AC. Amplification condi-
tions were 3 min initial depaturation at 94°C, followed by 30 cycles of 30 s at
94°C, 30 s at 56°C and 30 s at 72°C, with a final exteasion of 7 min at 72°C,
The 255 bp PCR products were digested overnight at 37°C with Mnll (New
England Biolabs). MnlI digestion gives 153 and 102 bp fragments for the Pro
(CCT) allele and a single 253 bp fragment for the Leu (CTT) allele,

Analysis of MSI

Tumor and normal DNA was analyzed for MSI using the NCI panel of five
microsatellite markers: BAT25, BAT26, D55346, D25123 and D175250. Oligo-
nucleotide forward primers were fluorescently 5'-labeled. PCR was performed
in a 20 pl reaction mixture with 20 ng genomic DNA, 2.5 mM each dNTP, 1x
PCR buffer, 4 pmol each primer and 0.5 U 1Tag DNA polymerase (Takara,
Kyoto, Japan). Each primer sequence was as follows; BAT2S, forward primer
5-TCG CCT CCA AGA ATG TAA GT, reverse primer 5-TCT GCA TTT
TAA CTA TGG CTC; BAT26, forward primer 5'-TGA CTA CIT TTG ACT
TCA GCC, reverse primer 5-AAC CAT TCA ACA TTT TTA ACC C;
D55346, forward primer 5-ACT CAC TCT AGT GAT AAA TCG G, reverse
primer 5'-GTT TCC ATT GTA GCA TCT TGA C; D2§123, forward primer
5'-ACA TTG CTG GAA GTT CTG GC, reverse primer 3'-CCT TTC TGA
CTT GGA TAC CA; D175250, forward primer 5'-GCT GGC CAT ATA TAT
ATT TAA ACC, reverse primer 5-GGA AGA ATC AAA TAG ACA AT.
Each amplification condition was as follows: BAT25, BAT26 and D28123,
3 min initial denaturation at 94°C, followed by 28 cycles of 30 s at 94°C, 1 min
at 55°C and 1 tmin at 72°C, with a final extension of 7 min at 72°C; D35346 and
D175250, 3 min initial denaturation at 94°C, followed by 28 cycles of 30 s at
94°C, 1 min at 58°C and 1 min at 72°C, with a final extension of 7 min at 72°C.
Then MSI was analyzed in an ABI Prism 3100 Genetic Analyzer (Applied
Biosystems, Foster City, CA) using GeneScan Analysis 3.7 software (Applied
Biosystems). MSI was indicated by the presence of novel peaks in the tumor
tissue that were not seen in normal control tissue from the same patient or by a
diffesence in microsatellite lengths between the two samples. Tumors exhib-
iting MSI at two or more markers were defined as MSI high (MSI-H). Tumors
showing instability at only one marker were defined as MSI low (MSI-L).
Tumers in which no markers exhibited MSI were considered to be micro-
satellite stable (MSS).

Statistical analysis

All statistical analyses in this study were performed uwsing SPSS software
version 12.0 (SPSS Inc., Japan). Odds ratio (OR) and 95% confidence interval
(CI) were adjusted for age, gender and smoking stams vsing an unconditional
logistic regression model. Accerdance with the Hardy-Weinberg equilibrivm
was examined for colorectal cancer patients and controls using the x2 test. In
colorectal cancer patients the correlation between the genotype and clinico-
pathological characteristics was examined by x° and Fisher's exact probability
tests, Values of P < 0.05 were considered significant,

Results

Risk of colorectal cancer by genotype at T439M and P757L in
the EXO!I gene

Figure 1 shows the representative PCR-RFLP patterns of the
T439M and P757L. genotypes in the EXOI gene. Digestion of
the PCR product (125 bp) with BsaAl at T439M resulted in a
single fragment of 125 bp for the Mer allele and two fragments
of 100 and 25 bp for the Thr allele. Digestion of the PCR
product (235 bp) with Mnfl at P757L resulted in a single
fragment of 255 bp for the Leu allele and two fragments of
153 and 102 bp for the Pro aliele,

EXO/! genotypes in colorectal cancer patients and healthy
controls are shown in Table . For T439M, the Thr/Thr, Thr/
Met and Met/Met genotypes were found in 63 (63.6%), 30
(30.3%) and 6 (6.1%) of 102 colorectal cancer patients (the
genotypes of three patients could not be identified because of
unsuccessful PCR) and in 88 (80.0%), 22 (20.0%) and 0 (0%)
of 110 controls, neither of which deviated from those expected
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from the Hardy—Weinberg equilibrium (P = 0.649 and 0.507,
respectively). Met allele frequencies were 21.2 and 10.0% in
patients and controls, respectively (P = 0.00148). For P757L,
the genotypes Pro/Pro, ProfLen and Leu/Leu were found in

(A) T439M (B) P757L
™ &Y on
§888

255-bp

153-bp

162-bp

-~ S~
£ 3

Thr/Thr
Thr/Met
Pro/Leu
Pro/Pro

33
S S
S 3
s B

Fig. 1. Polymorphisms of EXCQJ exon 10 (T439M) and exon 13 (P757L).
(A) T439M locus. (B) P757L locus. Nombers above the panel are case
numbers. Genotypes are shown below each panel.

EXQ1 gene SNPs and risk of colorectal cancer

35 (34.3%), 53 (52.09%) and 14 (13.79%) of 102 colorectal
cancer patients and in 36 (32.7%), 47 (42.7%) and 27 (24.5%)
of 110 controls. The distributions of genotypes at P7571 in
patients and controls also fitted the Hardy-Weinberg equilib-
rium (P = 0.680 and 0.342, respectively). Leu allele frequen-
cies did not show a significant difference (P = 0.197) between
patients and controls (39.7 and 45.9%, respectively). For
T439M, the Thr/Mer genotype (OR = 203, 95% CI
1.04-3.98) and ThriMet and Met/Mer genotypes combined
(OR = 2.37, 95% CI 1.23-4.56) demonstrated a significant
OR after adjusting for age, gender and smoking status when
the Thr/Thr genotype (wild-type) was defined as the reference.
An OR for the Met/Met genotype could not be calculated. For
P757L, none of the ProfLeu genotypes (OR = 1,17, 95% Cl
0.610-2.24), Leu/Leu penotypes (OR = 0.436, 95% CI
0.183-1.04) or ProfLeu and LeufLeu genotypes combined
(OR = 0.893, 95% CI 0.485-1.65) demonstrated a significant
OR when the Pro/Pro genotype (wild-type) was defined as the
reference. However, when the Pro/Leu and Pro/Pro genotypes
were combined and used as the reference, the patients with the
Leu/Leu genotype showed a reduced risk of colorectal cancer
(adjusted OR = 0.398, 95% CI 0.183-0.866). The Leu/Leu
genotype also had a reduced-risk (adjusted OR = 0.373, 95%
CI 0.164-0.850) when the ProfLeu genotype was defined as
the reference. Therefore, the relative risk of developing
colorectal cancer did not show an allele-dose relationship
for P757L.

Tabile II. EXQJ genotypes in colorectal cancer patienis and healthy controls

Amino acid Genotype Patients” (n = 102) Controls” (n = 110) b OR {95% CI)
Crude Adjusted®

T439M ThriThr 63 (63.6%) 88 (80.0%) i (Reference} 1 (Reference)
ThriMet 30 (30.3%) 22 (20.0%) 0.038 1.91 (1.01-3.61) 2.03 (1.04-3.98)
Met/Met 6 (6.1%) 0 (0%) Not caleulated Not calculated
ThriMet and Me/Met 36 (36.4%) 22 (20.0%) 0.010 2.29 (1.23-425) 2.37 (1.23-4.56)
Unknown 3 0
Allele frequencies
Thr 156 (78.8%) 198 (90.0%) 0.00148
Met 42 (21.2%) 22 (10.0%)

P757L ProfLeu and Pro/Pro 88 (86.3%) 83 (75.5%) 1 {Reference) 1 (Reference)
LeulLeu 14 (13.7%) 27 (24.5%) 0.020 0.489 (0.240-0.996) 0.398 (0.183-0.866}
Prollen 53 (52.0%) 47 (42.7%) 1 {Reference) 1 (Reference)}
Leu/Leu 14 (13.7%) 27 (24.5%) 0.019 0.460 (0.216-0.979) 0.373 (0.164-0.850)
Unknown 0 1]
Allele frequencies
Pro 123 (60.3%) 119 (54.1%) 0.197
Len 81 (39.7%) 101 (45.9%)

“The observed genotype distributions of patients and controls were in agreement with the Hardy-Weinberg equilibrium.
®P values were for the difference in genotype frequencies between patients and controls.
“ORs were adjusted for age, gender and smoking status. Three patients whose smaoking status was not known were omitted when adjusted ORs

were calculated.

Table III. Joint effect of T439M and P757L and colorectal cancer risk

T439M P757L Patients Controls OR (95% CI) MBSI {+)/cases
Crude Adjusted®

The/Thr LeufLeu 12 24 1 {Reference) 1 (Reference) 1/12 (8.3%)

ThriMet and Met/Met LeulLeu 2 3 0277 1.33 (0.196-9.08) 0.168 (0.007-4.19) 0/2 (0.0%)

ThriThr ProlLeu 32 37 0.161 1.73 (0.747-4.000 1.88 (0.778-4.55) 5/32 (15.6%)

ThriMet and Met/Met ProlLeu 21 10 0.007 420 (1.51-11.7) 495 (1.56-15.7) 4421 (19.0%)

°P values were for the difference in genotype frequencies between patients and controls,
PORs were adjusted for age, gender and smoking status. Three patients whose smoking status was not known were omitted when adjusted ORs

were calculated.

—448—

413



H.Yamamoto ef al.

Tabie IV, Association between EXOJ genotype and clinocopathological
characteristics

Characteristic . Factor® (+) Factor” {—) P value
(n =21} n="18

Histology 0.912
Well 4 13
Moderate 15 59
Poor 1 2
{Other 1 4

T 0.272
Tis, T1, T2 1 12
T3, T4 20 66

N 0.795
NO 10 35
N1 6 29
N2 5 12
Tinknown 0 2

M 0.180
MO 13 54
M1 8 24

TNM stage 0.260
0,11 9 ) 32
o, Iv 12 46

T, primary tumor; N, lymph node metastasis; M, distant metastasis.
“Factor = Thr/Mer and Met/Met (T435M) and Pro/Leu (P757L).

We also analyzed the joint effect of polymorphisms at
T439M and P757L (Table II). There was no linkage disequi-
librium between T439M and P757L polymorphisms. We con-
sidered carriers of the genotypes found to be at the lowest risk
of disease (Thr/Thr for T439M and Leu/Leu for P7571.) as the
reference for this analysis. As shown in Table III, individuals
who carried only one of the two polymorphisms associated with
colorectal cancer risk (i.e. Thr/iMer and Met/Met for T439M or
ProfLeu for P757L) were not at significant risk for develop-
ment of colorectal cancer, whereas individuals who carried
both putative risk genotypes showed an adjusted OR of 4.95
(85% CI 1.56-15.7). Adjustment for age, gender and smoking
status was not significantly effective in all these estimates.

Association between EXQI genotypes and MSI status

Ameng tumors from the 102 colorectal cancer patients analyzed,
6 (5.9%) were MISI-H, 11 (10.8%) were MSI-L and the remaining
85 were MSS. We evaluated association between EXOQJ SNPs
and MSI status (Table III). As shown in Table III, individuals
who carried both putative risk genotypes tended to have a
higher frequency of MSI-positive (MSI-H and MSI-L) tumors
than those who carried both low risk genotypes, although no
significant correlation was found between EXOJ genotype and
MSI status (P = 0.422).

Association between EXOI genotype and clinicopathological
characteristics

We analyzed the association between the EXO1 genotype and
clinicopathological characteristics in colorectal cancer patients
{Table 1V). We compared the patients with Thr/Met and Met/
Met for T439M and Pro/Leu for P757L with the other patients.
However, there were no significant differences between these
two groups.

Discussion

The EXOI gene has been investigated in association with
HNPCC (14-17,27). Wu er al. (15) found several EXO!
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mutants in HNPCC patients who were shown to be negative
for germline mutations in the MLH], MSH2 and MSH6 genes.
Among a total of 30 alterations in the EXOJ exons, 14 were
unique to HNPCC patients. However, the other 16 were
thought to be polymorphisms because they occurred at simi-
lar frequencies in both patients and controls. Thompson ez al.
(17) reported that the EXOJ gene does not appear to be asso-
ciated with HNPCC, but did not refer to these polymorphisims.
Therefore, we investigated T439M and P757L among these
polymorphisms.

In the present study we have examined whether SNPs at
T439M and P757L in the EXO! gene are associated with the
risk for development, progression and metastasis of colorectal
cancer. We found significant differences in genotype distribu-
tion of the EXOJ gene between colorectal cancer patients and
controls. We recognize that this population of colorectal can-
cer patients does not seriously deviate from the general
Japanese population because Japan is an almost racially homo-
geneous nation and Okayama has had population influxes from
other areas such as Tokyo and Osaka (urban cities representing
Japan) and the Chugoku and Shikoku Districts (around
Okayama), For T439M of EXO1, an OR of 2.03 was observed
among individuals with the Thr/Me? genotype and an OR of
2.37 was observed among individuals with the Thr/Met and
Metf{Met genotypes combined. For P757L of EXQI, patients
with the Leu/Leu genotype had a reduced risk of colorectal
cancer when the ProfLeu and Pro/Pro genotypes combined or
ProfLeu genotype was defined as the reference (OR = 0.398
and 0.373, respectively). Interestingly, individuals with putat-
ive risk genotypes for both T439M (Thr/Met and Met/Mer)
and P757L (ProfLeu) were at a 5-fold higher risk of colorectal
cancer. As for an association between EXQJ SNPs and
MSI, individoals who carried both putative risk genotypes
tended to have higher frequency of MSI-positive tumors than
those who carried both low risk genotypes, although no signi-
ficant correlation was found. This fact may support the pro-
posal that high risk genotypes of the EXOI gene cause
colorectal cancer through incomplete MMR. Our findings are
the first to suggest an association beitween polymorphisms
in the EXOI gene and risk of colorectal cancer. No other
reports have found an association between other cancers
and EXO! SNPs. Although intriguing, however, these joint
effects should be interpreted with caution, given the modest
size of the present study to evaluate joint effects. The EXQI
genotype was not significantly associated with clinicopatho-
logical characteristics. Therefore, the EXO! gene does not
appear to be associated with progression or metastasis of
colorectal cancer.

As functional motifs of EXO1 protein, an EXO1 nuclease
domain was identified in the N-terminal 391 amino acid resi-
dues (27} and a protein-protein interaction domain with MMR
proteins was identified on the basis of sequence alignment and
functional domain analysis (2,9-12,28) (Figure 2), T439M is
located in the MLH! interaction domain and P757L is located
within the region required for interaction with MSH2. It is
known that mutations of MSH2 and MLH! are associated with
typical HNPCC, resulting in a total loss of MMR function (29).
In the case of T439M, a polar amino acid {Thr) is replaced by a
non-polar amino acid (Met). Considering that the genotype
Met/Met were not found in the control subjects in T439M, it
is possible that substitution of Thr by Met may strongly affect
interaction with other MMR proteins. As for P757L, this sub-
stitution may influence protein-protein interaction because
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Fig. 2. Functional motifs of EXGJ and the locations of polymerphisms.
Nuclease domains and protein-protein interaction regions are shown by
arrows. SNPs examined in the present study (T439M and P757L} are
indicated above the motif by inverted triangles.

prolines tend to destabilize (kink) a-helices due to the lack of a
backbone hydrogen bond and steric constraints (30-32). It is
notable that the MMR proteins MSH2, MLH]1 and MSH6 are
constituents of BASC, the BRCAl-associated genome surveil-
lance complex (33). If EXOI is also involved in this complex
throngh MMR proteins, the protein may play a more general
role(s) in the protection of DNA in addition to MMR.

In conclusion, our data provide evidence for an associa-
tion between the EXOJ gene polymorphisms at T439M
and P757L and the risk of development of colorectal cancer.
It is possible that these polymorphisms may influence sus-
ceptibility to colorectal cancer through incomplete DNA
repair. The association was more prominent for individuals
who carried both of the two putative risk genotypes. Further
study with sufficiently larger populations and functional
analysis of these polymorphisms will be needed io clarify the
unsolved issues.
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Epigenetic gene silencing through DNA methylation is
one of the important sieps in the mechanism underlying
tumorigenesis, including in the stomach. Past lifestyle
factors of cancer patients, such as intake of vegetables,
are very important in affecting gastric carcinogenesis.
However, the relationship between DNA methylation and
past dietary habits in cancer patients remains largely
unknown. The CDX2 homecbox tramscription factor
plays a key role in intestinal development, but CDX2 is
also expressed in most of the intestinal metaplasia and part
of the carcinomas of the stomach. We analyzed the methy-
lation status of the CDX2 5 CpG island in gastric cancer
cell lines by methylation-specific PCR (MSP), and then
CDX2 mRNA was found fo be activated after 5-aza-
2'-deoxycytidine treatment of the methylation-positive
cells. We further examined the methylation status of
CDX2 in primary gastric carcinomas by MSP and
compared it with the past lifestyle of the patients, includ-
ing dietary habits. Methylation of CDX2 was found in
20 (34.5%) of the 58 male patients and one (6.7%) of the
15 female patients, Since the methylation frequency was
low in the female patients, the analysis was performed only
on the male cases. CDX2 methylation was correlated with
the decreased intake of green fea and cruciferous vegeta-
bles, and also with full or overeating habits. These findings
are consistent with epidemiological observations on gastric
cancer. We also analyzed the methylation status of pl6/
INKda and RMLHI, but their frequencies were not
associated with dietary factors or other lfestyle factors.
Thus, diet could be an important factor determining
the methylation status of genes such as CDX2 and the
resultant aberrant expression of genes involved in
carcinogenesis.

Abbreviations: MSP, methylation-specific PCR; RT-PCR,
transcription-polymerase chain reaction.
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Introduction

Gastric cancer is the second most frequent cause of death from
cancer in both sexes in the world (1). The precise mechanism
underlying gastric carcinogenesis is not fully understood yet.
However, several environmental factors, such as Helicobacter
pylori infection, excessive intake of salt and low intake of
vegetables and fruits, have been linked with gastric carcino-
genesis (2-4).

Since alterations of gene functions in cancer cannot be
explained by only the mutational rate, there should be a non-
structural mechanism. Some cancers show hypermethylation
of CpG islands in gene promoters, resulting in loss of gene
function, Patterns of DNA methylation can be inherited when
cells divide. This epigenetic process, as an alternative to
mutations, inhibits tumor suppressor gene function (5,6).

Dietary factors are important determinants of cancer risk,
including that of gastric cancer {2). Certain dietary factors
and other lifestyle factors are associated with variations in
DNA methylation, and these variations might underlie gastric
carcinogenesis. For example, the incidence of hypermethyla-
tion of pl6/INK4a (hereafter pl6) in lung cancer is signifi-
cantly higher in cigarette smokers than in those who have
never smoked (7). Consequently, p/6 expression is silenced,
resulting in the progression of carcinogenesis The prevalence
of promoter hypermethylation of six genes, such as APC,
pl4**F p16 and hMLHI, was higher in colorectal cancers
derived from patients with a low folate/high alcohol intake
than in ones with a high folate/low alcohol intake, but the
differences were not statistically significant (8).

Several genes are aberrantly methylated in human primary
cancers, including that of the stomach (9). p/6 and hMLHI
have been extensively examined in gastric cancer (10-12).
16 inhibits G, cyclin-dependent kinases and hence induces
cell-cycle arrest, and has a tumor-suppressor gene function
(13,14). Epigenetic inactivation of hMLH! due to promoter
methylation is strongly associated with microsatellite insta-
bility and seems to be a significant event in the development
of gastric cancer (10-12).

Human CDXZ is a member of the caudal-related homeobox
gene family (15,16). The expression of the rodent Cdx2
homeobox gene is intestine-specific, and occurs from the
early embryo to the adult stage (17), and thus it is likely that
Cdx2 plays roles in both the establishment and maintenance
of the intestinal epithelial phenotype. On the other hand, the
ectopic expression of CDX2 has been related to intestinal
metaplasia formation in the stomach. First, the CDX2 protein
is not expressed in the normal storach, but is highly expressed
in nearly all of the intestinal metaplasia of the stomach
(18-20). Secondly, when Cdx2 expression was directed to
the gastric mucosae in transgenic mice using cis-regulatory
elements of gastric mucosa-specific genes, ectopic. Cdx2
expression induced gastric intestinal metaplasia in the mice
{21,22). Gastric cancer is histologically classified into two
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main types, intestinal and diffuse (23), Intestinal type gastric
cancers are thought to develop from intestinal metaplasia,
while diffuse type ones may mainly develop from the normal
mucosae (16). CDX2 expression is stronger in intestinal type
than in diffuse type gastric cancers (18).

‘We analyzed here the methylation status of pJ6 and hMLH]
in gastric cancers. Furthermore, since CDX2 expression is
lower in gasiric cancers than in intestinal metaplasia (18),
we also analyzed methylation of the CDX2 5' CpG island,
and compared them with the dietary habits, specifically those
which have previously been reported as risk or preventive
factors of gastric cancer in epidemiological observation.

Materials and methods

Cell culture and drug treatment

Human gastric cancer cell lines GT3TKB and MKN74 were grown in
Dutbecco’s modified minimum essential medium and RPMI1640 medium,
respectively, supplemented with 10% fetal bovine serum. A human colon
cancer cell line, RKO, was cultured in Eagle’s minimum essential medium
containing 10% fetal bovine serum. For demethylation studies, cells were
treated daily with 5 M 5-aza-2"-deoxycytidine (Sigma, St Louis, MO} for
3 days.

RNA extraction and reverse transcription-polymerase chain reaction
{RT-PCR)

Total RNA was isolated using TRIZOL. reagent (Invitrogen, Carlsbad, CA}.
To synthesize the RT-PCR template, we used 2 pg of total RNA and reverse-
transcribed it using a Superscript kit (invitrogen). The primers used for CDX2
amplification were described previously (24). We amplified with multiple
cycle numbers (28-35 cycles) to obtain semi-guantitative differences in the
expression level. As an internal control for RT~PCR analysis, glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) transcripts were amplified for 19 cycles
from the same cDNA samples {24).

Meihylation analyses by the methylation-specific PCR (MSFP) procedure and
bisulfite DNA sequencing

We extracted genomic DNA from cultured cells or pasaffin-embedded tissues
by the phenol-chlaroform method, and then carried out bisulfite modification
and the MSP procedure as described previously (25). The primer sequences of
CDX2 for the unmethylated reaction were 5-GAAGTTGTTGGTTTGGGGT-
TTTGTAT-3 (sense) and 5'-CCCACAATACTCCACTAACTCCTCACA-3
(antisense), and for the methylated reaction 5-CGTCGGTTTGGGGTTTC-
GTAC-3 (sense) and 5'-GATACTCCGCTAACTCCTCGCG-3 (antisense),
according to the GenBank sequence {AL591024). The PCR reaction for CDX2
was performed for 35 cycles in a 25-11 mixture containing bisulfite-modified
DNA (~50 ng), 2.5 pl of 10x PCR buffer, 1.25 pl of 25 mM dNTP, 10 pmol of
each primer and 1 U of JumpStart Red Tag polymerase (Sigma). Each PCR
cycle consisted of 95°C for 30 s, 58°C for 30 s and 72°C for 30 s, foliowed by
final extension at 72°C for 5 min. The MSP primers and conditions used for
pl6 and hMLHI were described previously (25,26). The PCR products were
electrophoresed in 2.5% agarose gels. All the MSP procedures were repeated
more than twice.

Bisulfite DNA sequencing of the CDX2 5' CpG island was performed
as described previously (27). The primer sequences for amplification were
5-GAAGTTTTTAATTATTGGTGTTTGTGTT-3 (sense) and 5'-AAACCT-
CACCATACTACCTAAAAACC-3 (antisense).

Immunchistochemistry

Immunohistochemical analysis of the CDX2 protein was performed as
described previously (18). Monoclonal antiboedy to the CDX2 protein
(Bio Genex, San Ramon, CA) was diluted at 1:100.

Study population

Cancer tissue specimens were collected from 73 consecutive patients with
primary gastric carcinoma in an affiliated hospital of the Tokyo Medical and
Dental University, and Saitama Cancer Center Hospital during 20600-2002.
Informed consent was obtained from all patients, and the study was approved
by the appropriate institutional review committee. A self-administered ques-
tionnaire was used in this study to assess their lifestyle before cancer onset,
covering disease history, familial history of cancer, medication, cigarette
smoking, alcohol consumption, physical activity, intake frequencies of
selected food groups and food items, daily consumption of tea {green tea,
ocolong tea and black tea), repularity of sleep and meals, eating quantity, bowel

154

motion, height and body weight. Food groups were beef, pork, chicken,
ham/sausage/bacon, grilled meat, all meat, grilled fish, salted/dried/other
processed fish products, pickled vegetables, green leaf vegetables, vellow
color vegetables, cruciferous vegetables, all vegetables, fruits and probiotics-
fermented milk. Intake frequencies of these food groups were categorized into
not eating, 1-2 times/month, 1-2 times/week, 3-4 times/week, almost every
day and almost every meal. Eating quantity was categorized as full or over-
ealing, eating in moderaiion and consciously under-eating. Most lifestyle
factors in this questionnaire were selected from those which have previously
been reporied as risk or preventive factors of gastric and colon cancers in
epidemiological observation.

Tuamors were reviewed by a pathologist and micredissected prior to DNA
extraction. Histological classification was performed according to the general
rules established by the Japanese Gastric Cancer Association (28) and the
Laurén’s classification {23).

Sraristical analysis

The promoter methylation status of specific genes, clinicopathological para-
meters and lifestyle variables in the patients were computed. Differences in
frequency by methylation status were tested using Fisher’s exact test, and
differences in mean vatues were tested using ¢ test. Association between the
methylation status and dietary variables was also analyzed by non-parametric
test (Mann-Whitney U test). We further studied association by categorical
regression analysis with optimal scaling using alternating least squares (29).
In this analysis, intake frequencies of food groups and eating quantity were
dichotomous: <twicefweek versus 23 times/week for vegetable groups,
<twice/month versus 2oncefweek for meat and fish groups, <4 times/
week versus =5 times/week for fruits and <6 cups/day versus =7 cups/day
for green tea and fullfover versus moderate/light for eating quantity. The
statistical software used was SPSS software (version 11.0).

Results

Epigenetic silencing of CDX2 in a gastric cancer cell line

With a semi-quantitative RT-PCR assay to measure the CDX2
mRNA level, GT3TKB did not express any CDX2 mRNA,
whereas MKN74 expressed it abundantly (Figure 1A). We then
used the demethylating agent 5-aza-2-deoxycytidine to study
the epigenetic status of CDX2 in these cell lines. CDX2 was
re-expressed in GT3TKB cells with this treatment (Figure 1A).

We have identified CpG islands associated with the CDX2 5/
region (Figure 1B) and thus the methylation statos of CDX2
was studied by MSP and sodium bisulfite DNA sequencing.
GT3TKB cells only exhibit 2 methylation signal, but MKN74
cells do not exhibit any (Figure 1C), consistent with the CDX2
expression levels in these cells. The sodium bisulfite DNA
sequencing of CDX?2 in these cell lines confirmed the methy-
lation status, ie. CDX2 expression-negative GT3TKB cells
show densely methylated clones, while expression-positive
MEKN74 cells and normal gastric mucoesa have unmethylated
clones (Figure 1D).

Methylation status of CDX2, pl6 and hMLHI in primary
gastric carcinomas

Methylation of CDX2, as determined by MSP, was frequent
in primary gastric carcinomas, i.e. there were 21 positive cases
among 73 (28.8%) total cases. Representative examples of gel
analysis of MSP are shown in Figure 2, CDX2 protein expres-
sion was also analyzed in gastric carcinomas by imununo-
histochemistry (Figure 3 and Table I). As shown in Table I,
negative or partial CDX2 expression was more frequently
observed in diffuse type (28/32, 87.5%) than in intestinal
type (20/35, 57.1%) gastric cancers (P < 0.01), which is
consistent with the previous data (18). The CDX2 methylation
frequencies in gastric cancers with negative or partial expres-
sion were similar between the intestinal (40%) and diffuse
types (35.79%). On the other hand, the overall methylation
frequency in cancers with negative or partial CD’X2 expression
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Fig. 1. CDX2 expression and methylation status in gastric cancer cell lines.
(A) The CDX2 expression level was examined by RT-PCR in two cell lines
with (lanes +) or without (lanes —) treatment with 5-aza-2'-deoxycytidine.
GAPDH expression was used as an intemnal leading control for the RT-PCR
and HO (no ¢DNA added). (B} Schematic representation of the CDX2 gene
promoter region. A box indicates exon 1, including coding (black) and
non-coding (white) regions. Vertical bars show CpG sites, Arrows indicate
the regions analyzed by MSP and bisulfite sequencing (BS). (C) MSP
analysis of the CpG island of CDX2 in two gastric cancer cel! lines and
peripheral blood lymphocytes (lane PBL). PCR products recognizing
unmethylated (lanes U) and methylated (lanes M) CpG sites were analyzed in
2.5% agarose gels and stained with ethidium bromide, () Sodium bisutfite
DNA sequencing of the CDX2 CpG island in gastric cancer ceH lines and
normal stomach mucosa. Each horizontal row of squares represents analysis,
in a single clone of bisulfite-treated DNA, of 24 CpG sites contained in the
region shown. Solid and open squares represent methylated and
unmethylated CpG sites, respectively.

(18/48, 37.5%) was significantly higher than that with positive
expression (2/19, 10.5%) (P = 0.03), suggesting that methyla-
tion of the CDX2 gene is important for gene silencing in primary
gastric cancers. When we analyzed the CDX2 methylation
status by MSP in five normal and five intestinal metaplastic
tissues of the stomach from independent patients, we found no
methylation in any samples (Table I). Since the normal gastric
mucosae did not reveal CDX2 gene methylation, strong CDX2
expression in intestinal metaplasia compared with the normal
mucosae is not attributable to demethylation but possibly to
aberrant transcriptional activation.

The methylation status of the p/6 and AMLH! genes was
also examined by MSP (Figure 2), Nine of 66 (13.6%) and
seven of 67 (10.4%) gastric cancers exhibited MSP methylation
signals, respectively.

DNA methylation and dietary factors in gastric cancer

N Cal Ca2 Ca3 H,0

UMUMUMU MU M

CDX2

PBL RKO Ca4 Ca5 Cab H,0

UMUMUMUMU MU M

pi6

PBL RKO Ca7 Ca8 Cag8 H,0
UMUMUMUMUUM

hAMLH1

Fig. 2. Representative examples of MSP analyses of CDX2, p/6 and hMLHI
in primary gastric cancer tissues {Ca), normal gastric mucosae (N), and
peripheral blood lymphocytes (PBL). A colorectal cancer cell line, RKO,
was used as a methylation-positive control. Lanes: U, unmethylated alleles;
M, methylated alleles; H,0, no DNA added.

Fig. 3. Immunchistochemical staining of CDX2 in representative cancers.
(A) A methylation-negative intestinal type gastric carcinoma showed
nuclear CDX2 staining. {B) A diffuse type gastric carcinoma did not
express the CDX2 protein, while adjacent intestinal metaplastic cells
(right side) expressed CDX2. The microdissected cancer portion (Ca2)

of this sample exhibited CDX2 gene methylation (Figure 2). Original
magnification x200.

195

—454 -



Y.Yuasa ef al.

Table I. Protein expression and methylation status of the CDX2 gene in gastric lesions

Carcinoma Intestinal metaplasia Normal mucosa
Histological Total — or partial expression + expression Expression Methylation Expression Methylation
type

No. Methylated (%) No. Methylated (%)*
Intestinal 35 200 8 (40) 15 167

Positive o/5¢ Nepative® 0/5¢

Diffuse 32 28° 10 35.7) 4 1(23)
Totat 67" 48 18 (37.5) 19 2 (10.5)

¢, of no. of methylated cases/no. of cases.

“The frequencies of cancers with negative or partial CDX2 expression were significantly higher in the diffuse type (28/32, 87.5%) than the intestinal

type (20/35, 57.1%) (P < 0.01).
“Combined our data with references 18-20,
INo. of methylated/no. of cases examined.

“0f 73 cases examined for methylation, six cases were not informative for CDX?2 expression.

Table IL. Clinicopathological characteristics of study patients according to the methylation staus of CDX2, pl6 and ”MLHI

CDX2 (n =73} pl6 (n = 66) hMLHI (n = 67)
Methylated Unmethylated P value  Methylated Unmethylated P value  Methylated  Unmethylated P value
(n=21) (n =52) =9 (n =57} =7 {n = 60}
Age (mean £ 5D) 66.6 £ 105 648 9.6 0.76 59.1 £ 108 661 £9.2 0.04 69879 646 101 0.20
Sex
Male 20 33 8 45 5 50
Female 1 14 0.03 1 12 0.43 2 10 0.37
Size (cm, mean & SP) 5.7 £ 4.1 55435 0.85 8.1 439 54 %36 0.04 6.2+ 5.1 56306 0.65
Histology
Intestinal 9 27 1 30 3 29
Diffuse 12 25 0.33 g 27 0.02 4 31 0.55
Depth of tumor invasion
m, §m 11 24 2 28 4 28
mp ~ si 10 28 0.41 7 29 0.13 3 32 0.45
Lymph node metastasis
+ 9 26 7 27 4 28
- 12 26 0.39 2 30 0.09 3 32 0.45

The relationship between methylation frequencies of CDX2,
pl6 and hMLHI and clinicopathological parameters

Clinicopathological characteristics of study patients by the
methylation staws of CDX2, p/6 and AMLH! are shown in
Table 1. The methylation of CDX2 was significantly more
frequent in males (20/58, 34.5%) than in females (1/15,
6.7%) (P = 0.03). pI6 methylation was more frequently
found in younger patients and larger cancers (P = 0.04),
and was more common in diffuse type than in intestinal
type gastric carcinomas (P = 0.02). In contrast, there was no
statistically significant correlation between AMLHI methyla-
tion and clinicopathological parameters (Table 1),

The relationship berween methylation frequencies of CDX2,
pl6 and hMLHI, and epidemiological parameters in male
patients

Since CDX2 methylation was found only in one female cancer
case, the following epidemiological analyses were only
performed for male patients. Methylation of CDX2, pl6 and
hMILH]I was found in 20/58 (34.5%), 8/53 (15.1%) and 5/35
(9.1%) male patients, respectively; those revealing methylation
in any of these genes were 23/53 (43.4%). None of the epide-
miological variables revealed statistical significance in relation

196

to the methylation status of CDX2, pl6, hMILHI and ‘any of
the three genes’, except beef intake and pl6 methylation
(Table III). Because the methylation frequency of AMLHI was
low and was not associated with epidemiological variables, its
data are not shown in Table IIl. Since dietary factors are closely
interreiated, we further conducted categerical regression
analyses of clinijcal and epidemiological variables, and methy-
lation in male gastric cancer patients. A significant association
was found between eating quantity or the intake of green tea and
methylation of CDX2, and between eating quantity and methy-
lation of ‘any of the three genes’ (Table II). Increased methy-
lation frequency of CDXZ was significantly associated with
full or overeating habits, adjusting for confounding variables
(P = 0.02). On the other hand, increased daily consumption of
green tea (7 or more cups/day) showed a significant associa-
tion with decreased methylation frequency of CDX2 after
adjustment (P = 0.02). These epidemiological factors also
revealed a close association with methylation frequency of
any of CDX2, pl6 and hFMLH! genes (P = 0.02 and 0.06 for
eating quantity and intake of green tea, respectively).

When we analyzed the association between the methylation
status and dietary variables by non-parametric test, increased
intake of cruciferous vegetables was significantly associated
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20

No. of patients

Never 1-2imonth 1-2/week 3-4/week = 5/week

Intake of cruciferous vegetables

Fig. 4. Frequencies of the presence (closed bars) or absence (open bars)
of CDX2 methylation in gastric cancers stratified as to intake of cruciferous
vegetables.

Table IV. CDX2 methylation and combination of green tea and
cruciferous vegerables

CDXx?
Methylated Unmethylated P value
(n=19) {n=38)
Green tea <6 cups/day and 12 (52.2%) 11 (47.8%)
cruciferous vegetables
<twice/week
Green tea 27 cups/day or 7 (20.69%) 27 {79.4%) .01

cruciferous vegetables
=3 times/week

with decreased frequency of CDX2 methylation (P = 0.03),
Distinct distribution of patients with the methylated and
unmethylated CDX2 is demonstrated for the intake of crucifer-
ous vegetables (Figure 4).

Both green tea and cruciferous vegetables were inversely
associated with CDX2 methylation. Then we further analyzed
the relationship between CDXZ methylation and combination
of these two factors. We found a stronger association in the
combination (Table IV}, i.e. the patients drinking more green
tea or consuming cruciferous vegetables more often showed
a lower methylation frequency than the patients drinking less
green tea and consuming cruciferous vegetables less frequently.

Discussion

We reported here that cultured gastric cancer cells exhibiting
no CDX?2 expression showed methylation of the CDX2 CpG
island, while cultured gastric cancer cells exhibiting high
CDX?2 expression did not show methylation. Moreover,
treatment of cuitured cells with the demethylating agent
5-aza-2'-deoxycytidine activated CDX2 expression. The data
indicate that CDX2 expression is silenced on methylation of

the CpG island associated with the CDXZ2 gene promoter
region.
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CDX2 gene methylation was found in 21 of the 73 (28.8%)
primary gastric cancers. The methylation frequency in cancers
with negative or partial CDX2 expression was significantly
higher than that with positive expression, and five CDX2

" expression-positive intestinal metaplastic tissues revealed no

CDX2 gene methylation as shown in Table 1. Therefore, CDX2
expression may be silenced with gene methylation in primary
gastric cancers, even though there may be also other unknown
mechanisms. Because intestinal type gastric cancers are
thought to develop through intestinal metaplasia (CDX2
expression-positive) (16,18-20), there may be more CDX2
expression-positive cancers in this type. On the contrary,
many diffuse type gastric cancers may develop from the
normal mucosa (CDX2 expression-negative) (16), and thus it
is reasonable that there were more CDX2 expression-negative
or -partial cancers in the diffuse type. The CDXZ2 methylation
frequencies were similar between the intestinal and diffuse
type gastric cancers even in cancers with negative or partial
expression. One reason might be that some gastric cancers
develop as the intestinal type and then progress to the diffuse
type with time (30).

The methylation frequency of CDX2 did not show any
significant relationship to pathologic characteristics, which
may cause a bias in further analyses. We then analyzed the
association between CDX2 methylation and selected lifestyle
factors known to be risky or preventive for gastric and colon
cancers. The epidemiological analyses were carried out only
on males, because CDX2 methylation was found in only one
female case. Univariate analysis revealed that none of the
lifestyle variables was significantly associated with the methy-
lation frequencies of CDX2, pi6, hMLHI and any of the three
genes except for beef intake and p/6. However, multivariate
analysis revealed significant differences between eating quan-
tity and the methylation frequency of CDX?2 or any of the three
genes, and also between the intake of green tea and CDX2
methylation,

Full or overeating was associated with an increased
frequency of methylation in CDXZ2 and any of the three genes
(P = 0.02 and P = (.02, respectively). Although a few epi-
demiological studies have investigated eating quantity and
gastric cancer, full eating is a consistent risk factor in the
eticlogy of gastric cancer (31-33). One plausible interpretation
may be that the gastric mucosa is physically damaged by
repeated compulsory expansion of the gastric lining upon full
eating, possibly resulting in an increased sensitivity of the cells
to various exogenous compounds in foed, which may include
those promoting DNA methylation.

Among the 15 food groups and selected food items,
an increased intake of green tea was independently and
significantly associated with the CDX2 methylation {requency
(P = 0.02) and methylation in any of CDX2, p]6 and hMLHI
(borderline significance, P = 0.06), after adjusiing for
confounding lifestyle and clinical variables. The effects of
green tea seem to be dose-dependent: the CDX2 methylation
frequencies, 10725 (40%), 7/18 (39%), 2/8 (25%), and (/6
{0%) in three or less, four to six, seven to nine and ten cups
or more a day, respectively.

Gireen tea contains several polyphenclic compounds, such as
epigallocatechin gallate (EGCG). Significant inhibitory effects
of EGCG or green tea exfracts on carcinogenesis of rodents in
various organs including the stomach have been demonstrated
in many studies (34,35). Most epidemiological studies in
Japan revealed cancer-preventive effects of drinking green tea
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(36-39). Furthermore, it was reported recently that EGCG
dose-dependently inhibited DNA methyltransferase activity
in several cancer cells, resulting in the reactivation of methyla-
tion-silenced genes (p!6, retinoic acid receptor 3 and hMLHI)
(40). Taken together, our findings imply a novel mechanism of
green ted in cancer prevention, i.e. inhibition of methylation of
selected genes involved in gastric carcinogenesis.

Although we analyzed the association between dietary
factors and DNA methylation using the categorical regression
model, this analysis may overlook some factors due to a small
number of study subjects. Therefore, we further reinvestigated
the association by examining overall differences in the dis-
tribution of patients with methylated or unmethylated CDX2
on the intake of food groups, using the non-parametric test, and
found that the intake frequency of cruciferous vegetables
in patients with unmethylated CDXZ2 was distributed in higher
categories than that in patients with methylated CDX2
(P = 0,03, Figure 4). Cruciferous vegetables have been
reported to be anticarcinogenic in a number of epidemiological
and laboratory studies. Particularly, the active compounds in
cruciferous vegetables, such as arylalkyl isothiocyanates (and
their glucosinolate precursors) and indole-3-carbinol, have
been extensively investigated, and the roles of isothiocyanates
were presumed to suppress activating enzymes and induce
detoxifying ones of carcinogens (41,42). There were several
reports suggesting other cancer-preventive mechanisms of iso-
thiocyanates, for example, dose-dependent inhibition of DNA
methylation in nitrosomethylbenzylamine-induced esophageal
tumorigenesis of rats (43), and inhibition of Helicobacter
pylori and benzo[a]pyrene-induced stomach tumors in mice
(44). Our findings provide evidence in humans supporting
the cancer-preventive effects of cruciferous vegetables through
the inhibition of DNA methylation.

We observed large differences in the methylation frequen-
cies of genes examined, particularly CDX2, between male and
female patients. Unexpectedly, gender comparison in dietary
factors including eating quantity, and intake of green tea
and cruciferous vegetables did not reveal any significant
difference. However, male patients included more cases
with advanced age at diagnosis ( >60 years) than female ones
(P = 0.06), and the intestinal type was more frequently found
in male patients than in female ones (P < 0.05), implying a
gender difference in the eticlogy of gastric cancer. These are in
consistence with previous reporis on gender difference in age
at diagnosis and frequencies of gastric carcinoma and intest-
inal metaplasia (43,46}. Thus, the gender difference in methy-
lation frequency might be ascribed to gender-specific host
factors, such as estrogens, not to lifestyle factors.

In this study, the methylation of CDXZ and other genes
involved in gastric carcinogenesis was investigated in relation
to the clinicopathological and selected lifestyle factors of
gastric cancer patients. We therein hypothesized that some of
the lifestyle factors, particularly dietary ones, which have been
reported to be risky or preventive for gastric cancer in epide-
miclogical observation, may influence the development
of gastric cancer through methylation of the selected genes.
We for the first time found the inverse association of CDX2
methylation with the intake of green tea and cruciferous vege-
tables, which have previously been suggested only by in vitro
or animal studies, although a further study with an increased
number of study patients should be required. Our findings may
thus advance the chemoprevention of gastric cancer from a
view of inhibiting gene methylation.

DNA methylation and dietary factors in gastric cancer
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