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Figure 2. Comparisonof RET/PTC and BRAFY™E alterations in PTC patients. A, radiation dose; B, time since exposure; C, age at the time of atomic bombing. RET/PTC

PTC rearrangement (C1) and BRAFY®™F mutation (), respectively, are shown.

rearrangements, and NTRKI rearrangements (9) was singularly
found, indicating that one such gene alteration is an important
early event in development of PTC. Furthermore, a recently
identified AKAP9-BRAF rearrangement did not coexist with
BRAF mutation in radiation-associated PTC (30). These data
suggest that a single genetic event in the MAPK-signaling
pathway may be sufficient for thyroid cell transformation and
tumorigenesis.

In this study, pathologic and epidemiologic characteristics,
specifically radiation-related ones, of PTC having RET/PTC
rearrangements contrasted clearly with those of PTC having
BRAFY® mutation. Noting that 17 (81%) and 1 (5%) of 21
nonexposed PTC patients having BRAF'*™ mutation and RET/
PTC rearrangement in this study, respectively, are in agreement
with other data on nonexposed adult-onset Japanese PTC (18, 25,
40-42), we for the first time have shown that the frequency of
RET/PTC rearrangements significantly increased with increased
radiation dose as well as shorter time elapsed since radiation
exposure and younger age at the time of bombing (Figs. 14
and 2; Table 4). RET/PTC rearrangements were detected in 50%
(8 of 16) of adult-onset PTC patients who were exposed to
radiation dose of >0.5 Gy, although this frequency was somehow
lower than that (about 80%) reported for French thyroid cancer
patients who had received external radiotherapy (18). This diffe-
rence in frequency of RET/PTC rearrangements may be due to
the different radiation conditions (i.e. single or repeated irradia-
tion and dose). On the other hand, BRAFY** mutation signi-
ficantly decreased frequency with increased radiation dose
(Fig. 14). This finding seems to be consistent with our parallel
observations, shorter time elapsed since exposure, and younger
age at the time of bombing in PTC patients with AET/PTC,
compared with those in the patients with BRAFY™® (Fig 2
Table 4). Taken together, our findings imply that RET/PIC

rearrangements, not BRAFY™ mutation, are closely associated
with radiation-associated adult-onset PTC,

The existence of a molecular mechanism other than RET/PTC
rearrangement is suggested from Fig. 1B: RET/PTC rearrangements
showed a peak at 20 to 30 years since radiation exposure and
relatively low frequency of 20% in <20 years since exposure, in
contrast to 53% of unidentified alterations other than RET/PTC and
BRAFV™E, Because RET/PTC and BRAFY*™® account for 82% of
nonexposed PTC and about 60% to 70% of PTC in the Japanese
general population (18, 25, 40-42), this increase of unidentified
alterations in <20 years is thought to be caused by radiation. This
unidentified mecl may be involved in radiation-associated

PTC, which occurred earlier after radiation exposure than did PTC
having RET/PTC. However, regarding NTRK! rearrangements and
the BRAF fusion gene, the TRK-T2 gene lacking five nucleotides was

Variables B P

Radiation dose (mGy) 0.002 0012
Age at the time of atomic bombing (y) ~0.113 0.031
Year since exposure (y) -0.192 0.034
Gender, male vs. female 2674 0204
Histology, eonventional vs. follicular variant 0.157 0927

NOTE: A dependent variable was defined as follows: rearranged RET
and wild BRAF = 1; wild RET and mutated BRAF = 0.
*Regression coefficients in the logistic regression model.
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detected in only one exposed case. Therefore, the unidentified
alterations may be involved in pathways other than the MAPK-
signaling pathway.

We need to confirm our findings with an increased number of
study patients, given that the present study covered only about 36%
of PTC found in the LSS cohort among A-bomb survivors during
1958 to 1993 for whom tissue specimens could be obtained. Toward
this end, an efficient system to collect archival specimens from A-
bomb survivers, which are dispersed over a number of hospitals in
Hiroshima and Nagasaki, will be necessary in cooperation with the
institutions concerned (it took 3 years to collect 90 PTC specimens,
71 of which were used in the present study). Because the specimens
deteriorate as lime goes by, it is urgent that our collection and
analyses be conducted soon to increase our knowledge, which in
turn might lead to improved treatment and prevention of
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Ta improve our understanding of ionizing radiation effects on immune cells, we investigated steps lead-
ing to radiation-induced cell death in MOLT-4, a thy ~derived h leukemia cell. Afrer expasure of
MOLT-4 cells to 4 Gy of X-rays, irradiated cells seq) ially st d increase in intracellular reactive oxy-
gen species (ROS), decrease in mitochondrial membrane potential, and eventually apoptotic cell death. In
the presence of the caspase inhibitor 2-VAD-fmk, irradiated cells exhibited necrotic characteristics such
as mitochondrial swelling instead of apoprosis. ROS generation was not detected during this necrotic cell
death process. These results indicate that radiation-induced apoptosis in MOLT-4 cells requires elevation
of intracellular ROS as well as activation of a series of caspases, whereas the cryptic necrosis program—
which is independent of intracellular ROS generation and caspase activation—is activated when the apop-

Ionizing radiation

Mecrosis tosis pathway is blocked.
Reactive oxygen species © 2008 Elsevier Inc. All rights reserved.
1. Introduction pathological conditions. Apoptotic leatures include chromatin con-

A single cell-death-inducing stimulus such as ionizing radiation
seems to evoke multiple and discrete mechanisms of cell death,
and the physiological condition of the cells may determine the
eventual outcome—whether apoptosis or necrosis, or another type
of cell death [1]. Apoptosis and necrosis reveal varying postmortem
features based on morphology, molecular events, and metabolic
variations [2]. Immune responses to these two types of cell death
may also differ in the event of radiation exposure including cancer
radiotherapy (i.e., immune suppression in apoptosis vs. potent im-
mune responses and inflammation in necrosis). Thus, elucidation
of the cell-death mechanisms is essential to an improved under-
standing of radiation effects on a host. Early intracellular responses
Lo radiation such as the possible involvement of reactive oxygen
species (ROS)' in the process of apoplosis and/or necrosis, may
determine Lhe fate of irradiated cells and will be of particular inter-
est in prevention and treatment of radiation-induced insults.

Apoptotic cell death is an active, programmed process of cell
dismantling, which occurs under normal physiological and

* Corresponding author, Fax: +81 82 261 3170
E-mail address: tomo@rerfor,jp (T. Hayashi),
! Abbreviations used: P1L propidium lodide; ROS, reactive oxygen species; z-VAD-
fmk, N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone.

000B-B8749/§ - see front matter © 2008 Elsevier Inc. All rights reserved.
dol:10.1016/f.cellimm.2008.10.006

densation and fragmentation, overall cell shrinkage, formation of
condensed cell bodies (apoptotic bodies), and minor changes in
the cytoplasmic organelles. The molecular pathways of apoptosis,
in which a series of cysteine proteases known as caspases play a
central role, have been extensively studied over the last decade
|3-5], but the upstream initiating events of radiation-induced
apoptosis as well as the roles of mitochondria and ROS in these
pathways remain to be elucidated [6].

MNecrosis has thus far been considered passive and accidental
cell death caused by extreme environmental perturbation, and
characterized by plasma membrane rupture and swelling of the
cytoplasmic organelles, particularly mitochondria. However, our
current knowledge of what happens in the molecular pathways
of radiation-induced necrosis is very limited. Recent studies using
various cell types have shown that blockage of the apoptosis path-
ways failed to prevent cell death and instead led to necrotic cell
death, which implies that necrosis is a physiologically alternative
process of cellular dismantling under particular conditions [7-9].

Therefore, we investigated radiation-induced intracellular
events, particularly ROS generation, to their conclusion in apopto-
sis or necrosis, using MOLT-4 cells with or without a caspase inhib-
itor z-VAD-fmk. Our results show that a 4 Gy X-ray irradiation
mainly induced apoptotic cell death in MOLT-4 cells, but resulted
in necrotic cell death in the presence of z-VAD-fmk. Moreover,
generation of intracellular ROS was observed during the apoptotic
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process of irradiated MOLT—4 cells but not during the necrotic pro-
cess of these cells pretreated with z-VAD-fmk: It is therefore pos-
sible that radiation may induce necrotic cell death through ROS-
independent pathways.

2. Materials and methods
2.1. Cell culture

Human leukemia T cell line MOLT-4 [10] was obtained from
the Japanese Cancer Resources Bank (Tokyo, Japan) and was
grown in RPMI 1640 medium supplemented with 10% fetal calf
serum (FCS), t-glutamine (2 mM), penicillin (100 units/ml), and
streptomycin (100 pg/ml) in a 5% CO; humidified atmosphere.
All experiments were performed with cells in the exponential
growth phase.

22 Irradiation

Irradiation of cells was performed using an X-ray generator
{Shimadzu HF-320; 220 kVp, 8mA) with a 0.5 mm aluminum
and 0.3 mm copper filter at a dose rate of approximately 0.8 Gy/
min. Cells in the exponential growth phase were irradiated in RPMI
1640 with 10% FCS in a plastic dish at room temperature under
normal oxygen tension.

2.3. Mitochondrial membrane potential and superoxide anions

To measure mitochondrial membrane potential {Aym) and
generation of the superoxide anions 05, cells (5 x 10°) were
stained with 0.26 uM Rhodaminel23 (Rh123; Molecular Probes,
Eugene, OR) and 20 pM hydroethidine (HE; Molecular Probes),
respectively, for 20 min at 37 °C [11-15]. Cells were washed once
with phosphate buffered saline (PBS) containing 1% FCS, and then
analyzed with a FACScan flow-cytometer (BD Biosciences, Franklin
Lakes, N]). To isolate certain cell fractions, cells were sorted using a
FACS Vantage SE (BD Biosciences).

2.4. Phosphatidyl serine externalization and cell death

Externalization of the plasma membrane phosphatidyl serine,
an early process of apoptosis, and cell death were assessed by mea-
suring annexin V-FITC- and propidium iodide (Pl)-stained cells,
respectively, using a kit from MBL (Nagoya, Japan). After incuba-
tion in the reaction buffer (130 pl of binding buffer, 0,5 pl of an-
nexin V-FITC, and 1.0 pl of P1) for 10 min, cells were analyzed
using a FACScan Mlow-cytometer.

2.5. Catalytic activity of caspases

To suppress the activity of caspases, cells were pretreated with
2-VAD-fmk  (N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethylke-
tone; Peptide Institute, Osaka, Japan). Cells were suspended in
the medium containing 100 pM z-VAD-fmk for 30 min prior to
irradiation. Catalytic activity of a series of caspases was deter-
mined based on colorimetric assays. Cells (5 = 10°) were lysed in
lysis buffer (10 mM Tris-HCI, pH 7.4, 25 mM NaCl, 0.25% Triton
X-100, 1 mM EDTA). The lysates were centrifuged at 16,000g at
4°C for 30 min, and the supernatants were stored at —80 *C until
analysis. Each supernatant (25 pg) was then incubated with
100 pl of caspase buffer (50 mM HEPES, pH 7.2, 100 mM NaCl,
1 mM EDTA, 10% sucrose, 0.1% CHAPS, 5 mM dithiothreitol) con-
taining 100 pM substrates conjugated with 7-amino-4-methyl-
coumnarin (Ac-VDVAD-AMC for caspase-2, Ac-DNLD-AMC for
caspase-3. Ac-DEVD-AMC for caspase-3 and caspase-7, Ac-IETD-
AMC for caspase-8, and Ac-LEHD-AMC for caspase-9) at 37 °C for

60 min. The release of 7-amino-4-methylcoumarin was measured
using a spectrometer,

2.6. Cytochrome ¢ release from mitochondria

Flow-cytometry was used to analyze cytochrome c release
from mitochondria, as reported by Stahnke et al. [1G]. Briefly,
irradiated cells were fixed and permeabilized with 4% paraformal-
dehyde and 0.2% saponin for 20min at 4 °C, and washed twice
with Perm/Wash Buffer including fetal bovine serum. sodium
azide, and saponin (BD Biosciences). Cells were incubated with
5 pg/ml mouse IgG to block nonspecific binding. Anti-cytochrome
¢ antibody (1:20, clone 7H8.2C12, BD Biosciences) was then
added, and cells were incubated at 4 °C for 20 min. Finally, cells
were (reated with goat anti-mouse IgG-FITC (1:20, Southemn Bio-
tech, Birmingham, AL) at 4 *C for 20 min and subjected to a FAC-
Scan Now-cytometer.

2.7. Transmission electron microscopy

Prefixation was performed with 2% glutaraldehyde in 100 mM
cacodylate bulTer, followed by washing in 100 mM cacodylate buf-
fer overnight and subsequent postfixation with 2% osmium tetrox-
ide in distilled water for 3 h. Cells were then dehydrated through a
graded series of ethanol before being embedded in gelatin capsule
with epoxy resin, Samples were sectioned into ultrathins (70-
80 nm) using a LKB-8800 ultramicrotome (LKB, Bromma, Sweden),
stained with 2% uranyl acetate in distilled water for 10 min and
with lead staining solution for 5 min, and then examined using a
JEM-2000EX (JEOL, Tokyo, Japan).

3. Results

3.1. Radiation-induced apoptotic cell death of MOLT-4 is characterized
by decrease in mitochendrial membrane potential along with increase
in intracellular ROS

Since a number of previous studies showed the crucial roles of
mitochondria and ROS generation during apoptotic cell death by
various stimuli [17-19], we first examined levels of mitochondrial
membrane potential {(Aym) and intracellular superoxide anions
(ROS) in X-ray-irradiated MOLT-4 cells. At 16 h after a 4 Gy irradi-
ation, membrane potentials of irradiated cells had significantly de-
creased compared with those in unirradiated cells (Fig. 1A}, while
most irradiated cells showed elevated intracellular ROS (Fig. 18).
The irradiated MOLT-4 cells also exhibited several apoptotic fea-
tures, including externalization of plasma membrane phosphatidy!
serine (data not shown) and retention of normal mitochondrial
shapes (Fig. 2B).

We next investigated temporal changes in irradiated MOLT-
4 cells, focusing on mitochondrial membrane potential and
intracellular ROS. Flow-cytometric analysis of MOLT-4 cells at
16h after a 4Gy irradiation identified five cell [ractions
(Fig. 3A): a fraction identical to unirradiated cells or viable cell
fraction (R1), a low-ROS generating fraction (R2), a high-ROS
generating fraction (R3), a moderate-to-high-ROS generating
and low-AYm [raction (R4), and a low-ROS and low-Aym
fraction (R5). Because almost all cells in the R4 and RS frac-
tions were stained with PI, they were considered dying or
dead cells (data not shown). To elucidate the sequential pro-
cess of radiation-induced cell death of MOLT-4, at 16h after
the irradiation we separated all fractions using a cell sorter
and then cultured them for additional 8 h before analyzing
them again by flow-cytometry. The cells that were in the R1
fraction (Fig. 3A) scattered and were found in R2, R3. R4.
and R5 (Fig. 3B-R1). In a similar manner, cells in R3 remained
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Fig. 2, Cellular morphology of irradiated MOLT-4 cells under the electron microscope. (A) Unirradiated MOLT-4 cells. (B) Irradiated MOLT-4 cells in the low-Ay/m R4 fraction.

(C and D) Irradiated MOLT-4 cells precreated with 100 pM z-VAD-

Normal-shaped mitochondria (indicated by white arrows) were olm:rw.-d at16h aRer a4 Gy ir

fmk in the low-ROS R2 and low-Aym R4 fracti

in R3 or moved to R4 and RS (Fig. 3B-R3) and cells in R4 re-
mained in R4 or moved to R5 (Fig. 3B-R4), However, cells in
R2 moved only to R4 or remained in R2 (Fig. 3B-R2). It lollows
that most irradiated MOLT-4 cells may shift from R1 to R3,
next to R4, and finally to RS: on the other hand, cells in R2
may shilt to R4, and eventually R5. These observations suggest
that generation of intracellular ROS is a step before a reduction
of mitochondrial membrane potential in the radiation-induced
apoptotic process of MOLT-4 cells.

by arrows) were observed at 16 h after a 4 Gy irradiation, Scale bar, 2 ym.

3.2, Radiation-induced necrotic cell death of MOLT-4 without increase
in intracellular ROS in the presence of a caspase inhibitor

We next investigated the involvement of caspases in X-ray-in-
duced cell death of MOLT-4 using a broad-range caspase inhibitor,
z-VAD-fmk. In the absence of z-VAD-fmk, living cell percentage of
irradiated MOLT-4 cells (i.e., the cells not stained with PI) and the
cell percentage of the R1 fraction were 20% and 15%, respectively,
at 16 h after a 4 Gy irradiation (Fig. 4A-b, A-e, and B). In the pres-
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Fig. 3. Temporal changes in irradiated MOLT- in terms of mitochondrial membrane potential and intracellular ROS (A) Upper and lower panels show non-irradiated control
and irradiated cells. respectively. In the lower panel. five cell fractions were identified at 16 h after a 4 Gy irradiation: a viable cell fraction {R1). a low-ROS fraction (R2), a
high-ROS fraction (R3), a moderate-to-high ROS and low-Aym fraction (R4). and a low-ROS5 and low-AWm fraction (R5]. (B) Scattered pattern of cells in each fraction in

Fig, 3A after a Lapse of another 8 h. Cells in R1, R2, R3, and R4 fractions in the lower panel of Fig. 3A were isol

cytometry.

ence of the caspase inhibitor, the percentages of living cell and the
R1 [raction were 75% and 50%, respectively (Fig. 4A-c, A-l, and C).
After irradiation with the z-VAD-fmk pretreatment, a number of
cells were found in the R4 and RS fractions (Fig. 4A-c), showing
that cell death still occurred after caspase inhibition. Furthermore,
in the case of irradiation with z-VAD-fmk, more viable cells were
found in the low-ROS R2 [raction than in the high-ROS R3 [raction
(Fig. 4A-c), implying that cell death occurs without excess genera-
tion of intracellular ROS. In addition, the cells in the low-ROS R2
fraction were considered to be viable, since they were not stained
with PI (Fig. 4A-I).

3.3. Time-course analyses of irradiated MOLT-4 cells in the absence or
presence of a caspase inhibitor

The time-course analysis clearly shows that irradiated MOLT-4
cells shifted from the R1 fraction to the partially low-ROS R2 or
predominantly high-ROS R3 fraction, and eventually to the low-
Adm R4 and RS fractions (Fig. 4B). On the other hand, cells pre-
treated with z-VAD-fmk traveled a different course from R1 to
low-ROS R2, and eventually to low-Aysm R4 and RS, with no cells
going to high-ROS R3 (Fig. 4C). In fact, when the cells in R2 were
isolated and their temporal changes were analyzed by llow-cytom-
etry, the R2 cells eventually died via R4 and R5, not R3 (data not
shown).

d, cultured for another 8 h. and d again by flow-

3.4. Suppression of caspase activities by z-VAD-fmk

To confirm the suppressive effects of 2-VAD-fmk in irradiated
MOLT-4 cells, we next examined catalytic activity of caspases by
using colorimetric substrates that mimic the cleavage sites of casp-
ases. In the absence of z-VAD-fmk, activities of caspases—including
caspase-3—were clearly enhanced by irradiation and peaked at 8 h
after irradiation (Fig. 5). Up-regulation of caspase-3 expression was
also confirmed by Western blotting (data not shown). In contrast,
the presence of z-VAD-fmk effectively suppressed activities of all
caspases examined (Fig. 5). These results were consistent with pre-
vious studies |8.20,21| which reported that caspase-3 and other
caspases were activated in MOLT-4 cells following ionizing radia-
tion. The results again demonstrated that cell death of irradiated
MOLT-4 with z-VAD-fmk was independent of caspase activation.

3.5. Apoptotic and necrotic features related to cellular morphology and
the cytochrome ¢ release

We further characterized cell death in irradiated MOLT-4 with
transmission electron microscopy, since its morphologic descrip-
tion remains the best way to discriminate apoplosis and necrosis
|22]. After cells in each fraction separated with Rh123- and hydro-
ethidine-staining were sorted, an electron microscopic review was
performed. In the absence of z-VAD-fmk, mitochondria of irradi-
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Fig. 4. Effects of caspase inhibition on radiadon-induced cell death in MOLT-4. (A) Upper panels show flow-cytometric analyses with Rh123- and hydroethidine-staining on
(a) unirradiated MOLT-4 cells, (b) cells at 16 h after a 4 Gy irradiation, and (c) irradiated cells pretreated with 100 uM z-VAD-fmk (note that many cells are located in the low-
ROS R2 fraction). Lower panels show Pl-staining in addition to Rh123- and hydroethidine-staining on (d) unirradiated cells, (e) irradiated cells, and (f) irradiated cells with z-
VAD-fmk, corresponding to panels a. b, and ¢, respectively. In the lower panels, most Pl-stained cells moved out of the displayed region due to their intense signals. (B) Time-
course analyses of cells in R1 (viable cells, indicated by circle), R2 (low-ROS, triangle) R3 (high-ROS. square). and R4 and RS (low-Aym. rhombus) fracrions after a 4 Gy
irradiation. An enlarged {llustration of the left panel from 0 to 20 h is shown In the right panel. (C) Time-course analyses of cells after a 4 Gy irradiation with a pretreatment
with 100 uM z-VAD-fmk. Each cell fraction in Fig. 48 and C corresponds to a fraction in the upper panels of Fig. 4A.

ated MOLT-4 cells—even those in the low-Aym R4 fraction—re-
tained their normal shapes as already described (Fig. 2B). On the
other hand, the organelles were swollen in the low-R0OS R2 [raction
in the presence of z-VAD-fmk (Fig. 2C), Those observations rein-
forced the concept that irradiated MOLT-4 cells ended in apoptosis
when mediated by caspases, and necrosis proceeded under caspase
inhibition. Finally, we examined cytochrome c release from mito-
chondria by flow-cytometry in order to further investigate the
molecular mechanisms of radiation-induced necrosis in MOLT-4

cells. Cytochrome ¢ release represents a key step in the cell death
pathway, and it reportedly plays a role in radiation-induced apop-
tosis of MOLT-4 cells as well 23], Cells in viable or early cell death
phase, gated according to forward/side scatter properties, were
analyzed with anti-cytochrome ¢ antibody (clone 7H8.2C12),
which binds only to mitochondrial cytochrome ¢ |16]. At 16 h after
a 4 Gy irradiation, the cytochrome c signals were significantly re-
duced, reflecting the release of cytochrome ¢ (Fig. 6B), whereas
no obvious changes in cytochrome ¢ signals were detected when

— 204 —



Auther's personal ceiy

66 K Yeshida er al / Cellular immunology 255 (2009) 61-68

.
[

Fold increase in caspase activity

G 40y 4Gy + 2-VADImK

4 Fl 18 24 an 4 8 L] u a“
(hours)

Fig. 5. Caspase activity of irradiated MOLT-4 cells in the ahsence or presence of 2 caspase Inhibitor, Activities of caspases 2, 3, 3/7, 8, and 9 were examined by colorimetric
assay with or without a pretreatment with 100 uM z-VAD-fmk. using fluorogenic substrates for these caspases. Fold increases in caspase activities are shown, compared with
unirradiated control cells. An age of two s [s used.

10° 10 10 10 10

Counts
a0 M 120 W 200
i La ' 1 1

o T T L]
10° 10 102 w02 10*
64 E
§.
8
8-
e \
e i
= . T T YT v L o Y
10° 10! 102 10? 10*
B
>
Cytochrome ¢-FITC

Fig. 6. Release of cytochrome ¢ from mitochondria in irradiated MOLT-4 cells. Mitochondrial cytochrome ¢ was detected by using anti-cytochrome ¢ antibody (clone
7HB.2C12) in fixed and permeabilized MOLT-4 cells. This antibody binds only to mitochondrial cytochrome c. not to cytosolic one. Cells were gated according to forward/side
scatter properties into viable or early phase of cell death, and then analyzed by flow-cytometry, (A) Unirradiated MOLT-4 cells. (B} MOLT-4 cells at 16 h after a 4Gy
irradiation. (C) MOLT-4 cells at 16 h after 2 4 Gy irradiation in the presence of 100 uM 2-VAD-fmi.
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the cells were pretreated with z-VAD-Imk (Fig. 6C). These results
suggest that the release of cytochrome ¢ might not invariably pre-
cede necrotic cell death in irradiated MOLT-4.

4. Discussion

In the present study, apoptotic cell death was induced by a4 Gy
irradiation in MOLT-4, a thymus-derived T cell line, and the apop-
tosis was characterized by a decrease in mitochondrial membrane
potential and an increase in intracellular ROS. On the one hand,
when caspase activities were suppressed by the z-VAD-fmk pre-
treatment, irradiated MOLT-4 avoided apoptosis, and died exhibit-
ing necrotic features. We demonstrated for the first time that there
was no increase in intracellular ROS in the process of this necrotic
cell death of MOLT-4. These results indicate that apoptosis, as the
main pathway of radiation-induced cell death in MOLT-4, requires
both elevation of intracellular ROS and activation of a series of
caspases, while the cryptic necrosis program—independent of
ROS generation and caspase activation—becomes active when the
apoptosis pathway is blocked.

In agreement with our observations, this shift from apoptosis to
necrosis has been reported in several cell types when the apoptosis
pathways were blocked by z-VAD-Imk (U-837 cell death induced
by camptothecin [24], mouse thymocyte death induced by dexa-
methasone and etoposide |7], and irradiated MOLT-4 cell death
|8]). Enhanced expression of Bcl-2 also generated a similar shift
from apoptosis to necrosis in HL-60 cells treated with oxidized
low density lipoproteins [25]. In addition, interdigital cells from
mice genetically lacking the caspase activator Apaf-1 underwent
necrosis, not apoptosis, during embryonic development |26].
Therefore, it is plausible to imagine that cell death, including radi-
ation-induced death, can be achieved through multiple molecular
pathways—Ltypically apoptotic or necrotic—depending on cellular
physiological status and available effecter molecules.

Previous studies on radiation-induced apoptosis in MOLT-4
have suggested involvement of individual intracellular events
(mediation by p53, activation of SAPK/JNK pathway, critical roles
for caspase-3, modulation by Bcl-2, and occurrence of ceramide
formation and PARP cleavage [8.2123,27-29]). Even so, the
sequential process ol apoptosis still remains to be clarified. That
is why we analyzed the temporal process of cell death in terms
of mitochondrial membrane potential and intracellular ROS in this
study. Our time-course analyses indicate that excess generation ol
ROS precedes the reduction of the membrane potential during
radiation-induced apoptosis in MOLT-4 cells, whereas ROS genera-
tion is bypassed during radiation-induced necrosis. Given the po-
tential implications of our findings, the use of antioxidants is
indeed a promising strategy for prevention of radiation-induced,
and ROS-dependent, cell death upon the development of radiopro-
tective agents for cancer radiotherapy [30]. However, our findings
also imply that antioxidants as radioprotective agents may be less
effective for ROS-independent necrosis. Thus, development of
radioprotective strategies that take into account the molecular
mechanisms of ROS-independent necrosis is also warranted.

The precise mechanisms of necrosis in MOLT-4 cells remain un-
clear. Some previous studies have suggested the involvement of
intracellular ROS generation during caspase-independent necrotic
cell death, eg., in neutrophil cells [22,31), while our and other
studies have observed unaltered levels of ROS [32,33]. This discrep-
ancy regarding ROS generation in necrotic cell death could be due
to different types of cells or different experimental procedures
used to induce cell death. This would imply that there are multiple
pathways even in caspase-independent necrosis, both ROS-depen-
dent and -independent. In fact, a necrotic-signaling pathway
involving ROS was thought to be death receptor-mediated

|22,34]. That pathway is probably distinct from the necrosis path-
way of irradiated MOLT-4 found in this study, because necrosis in
MOLT-4 was observed with total suppression of caspase-8, an ini-
tiation molecule for the death receptor-mediated pathway.

In addition, several non-caspase proteases, including calpain,
cathepsin, and serine protease Omi/HtrA2, have been reported to
be major factors in the propagation and execution phases of necro-
tic cell death, with or without ROS-generation |32,35-37). There-
fore, it seems certain that further studies will be needed to
investigate the involvement of these non-caspase proteases in
ROS-independent necrotic cell death,
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ABSTRACT

EEEEEE

Epigenetic silencing of genes by aberrant DNA methylation is recognized as a crucial component of the mechanism underlying
tumorigenesis. However, the relationship between DNA methylation and the past lifestyle in cancer patients remains largely unknown. We
examined the methylation statuses of 6 tumor-related genes, CDX2 (homeobox transcription factor), BMP-2 (bone morphogenetic protein
2), p16 (INK4A), CACNA2D3 (calcium channel-related), GATA-5 (transcription factor) and ER (estrogen receptor), in 106 primary gastric
carcinomas by methylation-specific PCR and compared them with the past lifestyles of the patients. The methylation frequencies of the
genes were 23.6, 21.7, 5.4, 32.4, 40.8 and 59.1%, respectively. Significant association was found between a decreased intake of green tea
and methylation of COX2 and BMP-2. More physical activity was cormelated with a lower methylation frequency of CACNA2D3. Of these 6
genes, the methylation statuses of COX2, BMP-2 and p16 revealed a significant interrelationship and those of CACNA2D3, GATA-5 and ER
did likewise. Thus, some epidemiological factors, such as green tea intake, could be important as to determination of the methylation
statuses of selected genes and may influence the development of cancer, including that of the stomach, © 2008 Wiley-Liss, Inc.
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Epigenetic changes, particularly methylation of cytosine in CpG dinucieotides in gene promoters, are found in aimost every type of human
neoplasm and are associated with transcriptional gene silencing [1][2] Such promoter hypermethylation is as common as the disruption of
tumor-suppressor genas in human cancer by mutation. Unlike irmeversible genetic changes, epigenetic changes are thought to possibly be
reversible by the environment. diel or pharmacological intervention. For example, monozygotic twins are considered genetically identical and
are thus ideal for studying the effects of environmental and dietary factors on human health and diseases. In a study of a large cohort of
identical twins, the patterns of DNA methylation across the genome were found to be very similar in young monozygotic twins in several cell
types, but in older twins the patterns diverged [3] This strongly suggests that 1 or more environmental factors affect individuals throughout
life, modifying gene expression through epigenetic mechanisms that have important implications for heaith

Dietary factors are important determinants of cancer risk [4] Aberrant DNA methylation is associated with dietary factors and other lifestyle
factors and may undarlie carcinogenesis. The prevalence of promoter hypermethylation of & genes, such as APC, p14%7F p16qNK4a
(hereafter p16) and hMLH1, was higher in colorectal cancers derived from patients with a low folate/high alcohol intake than in ones with a
high folate/low aicohol intake. but the differences were not statistically significant [5] The incidences of hypermethylation of D1755 and p16 ir
lung cancer are significantly higher in cigarette smokers than in those who have never smoked [6-8] However, the relationship between DNA
methylation and the past lifestyle in cancer patients remains largely unknown

In 2000, gastric cancer was the second most frequent cause of cancer death worldwide [9) Iinfection with Helicobacter pylon is a strong risk
factor for gastric cancer but is not a sufficient cause for its development.[10] Epidemiological studies have strongly suggested that the risk
may be increased with a high intake of salt and salt-preserved foods and decreased with a high intake of fruit and vegetables [11] The
aberrant methylation of many genes has been reported in gastric cancer [12-14] We previously reported that COX2 methylation in men was
correlated with a decreased intake of green tea, suggesting that diet could be an important factor determining the methylation status of gene:
such as CDX2 and the resultant aberrant expression of genes involved in carcinogenesis.[15] However, these effects may not be universal
but gene-specific, and female patients have not been examined. Thus, we analyzed the methylation states of & genes in more gastric cancer
patients. Five of the 6 genes, that is, CDX2 [15] BMP2[16] p16,[17] CACNA2D3[18] and GATAS5[19] were often methylated in gastnc
cancers but rarely in noncancerous epithelia. We, then, compared the relationship between DNA methylation and the past lifestyle in cancar
patients including female ones.

Material and methods

BHEEEEE

Study population

Cancer tissue specimens were collected from 106 consecutive patients with primary gastric carcinoma in a hospital affiliated to Tokyo
Medical and Dental University during 2000-2005. Informed consent was obtained from all patients, and the study was approved by the
institutional review committee of Tokyo Medical and Dental University. A self-administered questionnaire was used in this study to assess the
lifestyle before cancer onset, covering the 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, oolong tea and black tea),
regularity of sleep and meals, eating quantity, bowel motion, height and body weight. The food groups were beef, pork, chicken,
hamy/sausage/bacon, grilled meat, all meat, grilled fish, salted/dried/other processed fish products, pickled vegetables, green leaf vegetables,
yellow colored vegetables, cruciferous vegetables, all vegetables, fruits and probiotics-fermented milk The intake frequencies of these food
groups were categorized into not eaten, 1-2 times/month, 1-2 times/week, 3-4 times/week, aimost every day and aimost every meal. Most
lifestyle factors in this questionnaire were selected from those which had previously been reported to be risk or preventive factors for gastnc
and colon cancers on epidemiological observation

Tumors were reviewed by a pathologist and microdissected prior to DNA extraction. Histological classification was performed according to
the general rules established by the Japanese Gastric Cancer Association[20] and Laurén's classification.[21]

Methylation analyses by the methylation-specific PCR procedure

We extracted genomic DNA from paraffin-embedded tissues by the phenol-chloroform method, and then carried out bisulfite modification anc
the methylation-specific PCR (MSP) procedure as previously described.[22] The primer sequences of the CDX2, BMP-2, p16, CACNA2D3,
GATAS, and estrogen receptor (ER) genes for the MSP analyses are shown in Table |. The PCR reaction was performed for 35 cycles in a
25 ! mixture comprising bisulfite-modified DNA (~50 ng), 2.5 Ll of 10 5 PCR buffer, 1.25 Ll of 25 mM dNTP, 10 pmole of each primer and
1 U of JumpStart Red Taq polymerase (Sigma, St. Louis, MO). Each PCR cycle consisted of 85-C for 30 sec, 58—C for 30 sec and 72-C for
30 sec, followed by final extension at 72-C for 5 min. The PCR products were electrophoresed in 2.5% agarose gels. All the MSP
procedures were repeated more than twice. The methylation statuses of COX2 and CACNA2D3 in several gastric cancer samples were also
analyzed by LightCycler real-time PCR using bisulfite-modified DNA and methylation-specific primers, and the results were concordant with
the MSP results.

Table |. PCR Primer Sequences Used for MSP

Sense Antisense
cDx2
U GAAGTTGTTGGTTTGGGGTTTTGTAT CCCACAATACTCCACTAACTCCTCACA
M CGTCGGTTTGGGGTTTCGTAC GATACTCCGCTAACTCCTCGCG
BMP2

U GGATGGTTGTTTTGAGTTATGGGTTGT  CCTTAAAAACCAACACCCAAAAAACACA
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M GGTTGTTTCGAGTTATGGGTCGC AAAACCAACGCCCGAAAAACGCG
p16

U TTATTAGAGGGTGGGGTGGATTGT CAACCCCAAACCACAACCATAA

M TTATTAGAGGGTGGGGCGGATCGC GACCCCGAACCGCGACCGTAA
CACNA2D3

U GGATATTGGAGTTTTTGAGTTTTTGTTTGT ACAACAACCACCCAACCCCACCTCA
M ATATTGGAGTTTTCGAGTTTTCGTTCGC ATATTGGAGTTTTCGAGTTTTCGTTCGC

GATAS
U TGGAGTTTGTTTTTAGGTTAGTTTTTGGT AACTTCATAAACCCCAAAAAATCAAACA
M AGTTCGTTTTTAGGTTAGTTTCGGC TTCGTAAACCCCGAAAAATCGAACG
ER

U GGTGTATTTGGATAGTAGTAAGTTTGT CCATAAAAAAAACCAATCTAACCA
M GTGTATTTGGATAGTAGTAAGTTCGTC  CGTAAAAAAAACCGATCTAACCG

Statistical analysis

The promoter methylation status of specific genes, clinico-pathological parameters and lifestyle variables in the patients were computed.
Differences in frequency by methylation status were tested using the X2 test, and differences in mean values were tested using the | test.
The association between the methylation status and dietary variables was also analyzed using a nonparametric test (Mann-Whitney U test).
We further studied the association using the backward elimination (Wald test) method of logistic regression analysis. In this analysis, the
intake frequencies of food groups were dichotomous as follows: 56 cups/day vs. 27 cups/day for green tea, Stwice/week vs. 23
times/week for pickled vegetables and Stwice/week vs. 23 times/week for drinking. Physical activity was defined as “recreational and
voluntary physical exercise for health promotion” and primarily divided into 4 categories in questionnaire as follows: Never, 1-2 hriweek, 3-4
hriweek and 25 hriweek. However, in the logistic regression analysis, we combined these categories into 2 groups, 21 hriweek vs. never.
Pearson's contingency coefficients for methylation status of an every pair of the 6 genes were calculated in 106 gastric carcinomas. p for
trend was calculated by the Cochran-Armitage test. The statistical software used was SPSS software (version 14.0).

Results

EEEEEE

Methylation statuses of CDX2, BMP-2, p16, CACNA2D3, GATAS and ER in primary gastric carcinomas

The methylation statuses of COX2, BMP-2, p16, CACNA2D3, GATAS and ER were determined in 108 primary gastric carcinomas by MSP
analyses using the specific primers shown in Table |. The methylation frequencies of these genes were 236, 21.7, 9.4, 324 408 and 59.1%
respectively. When we examined the COX2 methylation statuses of noncancerous gastric tissues in 12 patients with methylation-positive
gastric cancer and in 13 patients with methylation-negative one, and the CACNA2D3 methylation statuses of noncancerous tissues in 7
patients with methylation-positive gastric cancer and 19 patients with methylation-negative one, we found no methylation in any samples by
MSP, indicating cancer-related methylation of these genes (data not shown),

The relationship between methylation frequencies of the 6 genes and clinicopathological parameters

The clinico-pathological characteristics of the studied patients by the methylation statuses of COX2, BMP-2, p16, CACNAZD3, GATAS and
ER are shown in Table Il. The methylation of p16 was significantly more frequent in diffuse type (8/49, 16.3%) than in intestinal (2/57, 3.5%)
type gastric carcinomas (p = 0.04). CACNA2D3 methylation was more frequently found in lymph node metastasis-positive cases (20/45,

44 4%) than in negative ones (14/60, 23.3%) (p = 0.03). In contrast, there was no statistically significant correlation between methylation of 4
of the genes, CDX2, BMP-2, GATAS5 and ER, and clinico-pathological parameters (Table Il).

Table lI. Clinicopathological Characteristics of Studied Patients According to the Methylation Statuses of

Six Genes
CDX2 (n=1086) BMP-2 (n = 108) p16 (n = 108)
Methylated Unmethylated p Methylated Unmethylated p Methylated Unmethylated p
(n = 25) (n=81) value (n=23) (n=83) value (n=10) (n=986) value

Age 6607106 6387103 035 636788 6457108 073 5947121 6487100 012
(mean 7
sD)
Sex

Male 22 57 0.11 17 62 1.00 9 70 0.45

Female 3 24 6 21 1 26
Size (cm, 57743 56735 091 567486 57734 082 61740 56737 0.69
mean T
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SD)
Histology
Intestinal 9 48 0.07 11 45 0.52 2 55 0.04
Diffuse 16 3 12 7 8 41
Depth of tumor invasion
m, ms 15 38 0.36 13 41 084 3 51 020
mp - si 10 42 10 42 7 45
Lymph node metastasis
- 16 44 0.48 17 43 0.10 3 57 0.10
+ 9 7 6 40 7 39
CACNA2D3 (n = 105) GATAS (n = 98) ER (n=983)
Methylated Unmethylated p Methylated Unmethylated p Methylated Unmethylated p
(n=34) n=T71) value (n=40) (n=58) value (n=55) (n=38) value
Age 6587112 B38BT99 035 649798 6417108 071 657798 6237103 012
(mean 7
SD)
Sex
Male 25 54 o8 27 45 0.24 42 25 0.35
Female 9 17 13 12 13 13
Size{cm, 59736 55737 061 64742 54734 023 55734 58T 38 0.72
mean 7
SD)
Histology
Intestinal 17 40 068 20 3 0.B4 32 17 0.21
Diffuse 17 N 20 27 23 21
Depth of tumor invasion
m, ms 16 37 068 21 25 0.41 28 19 1.00
mp - si 18 ] 18 33 27 19
Lymph node metastasis
- 14 46 0.03 22 32 1.00 28 25 0.20
+ 20 25 18 26 27 13

Clinicopathological characteristics between patients with and without methylation were compared
using the A2 test for categorical data and the ! test for comparison of mean.

The relationship between methylation frequencies of the & genes and epidemiological parameters in gastric
carcinoma patients

As shown in Table lil, the methylation frequencies of CDX2 and BMP-2 were lower in patients consuming 7 cups or more per day of green
tea than those consuming 6 cups or less per day (2/25 (8%) vs. 22/80 (27.5%), p = 0.06 and 1/25 (4%) vs. 22/80 (27.5%), p = 0.02,
respectively). Patients consuming more pickled vegetables exhibited a higher methylation frequency of GATAS than ones consuming less (p
=0.04). CACNA2D3 methylation was more frequently found in patients with no physical activity (20/44, 45.5%) than in those with more
physical activity (14/59, 23.7%) (p = 0.03). In contrast, there was no statistically significant correlation between methylation of 2 of the genes,
p16 and ER, and clinico-pathological parameters (Table l)

Table |ll. Relationships Between the Methylation Status and Lifestyle Factors

CDX2 (n=106) BMP-2 (n = 106) p16(n=106)
Menthylated Unmethylated Univariate Menthylated Unmethylated Univariate Menthylated Unmethylated Univariate
(n=25) (n=81) p value (n=23) (n=283) p value (n=10) (n = 96) p value
Green tea
27 cups/day 2 23 0.08 1 24 0.02 1 24 0.45
=<6 cups/day 22 58 22 58 g 71
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Pickled
vegetables
=3 14 40 0.5 13 41 0.62 5 48 1.00
times/week
Stwice/week 10 40 10 40 5 45
Physical
activity
21 hriweek 12 47 0.48 13 46 0.80 5 54 074
Never 12 33 ] 38 5 40
CACNA2D3 (n = 105) GATAS (n=98) ER (n=93)
Menthylated Unmethylated Univanate Menthylated Unmethylated Univariate Menthylated Unmethylated Univariate
(n=234) (n=T71) pvalue (n=40) (n=158) pvalue (n = 55) (n=38) p value
Green lea
27 cups/day 7 18 063 10 15 1.00 15 8 063
56 cups/day 27 52 30 42 39 30
Pickled
vegetables
=3 19 34 0.54 26 24 0.04 29 19 068
times/week
Stwice/week 15 35 14 32 24 18
Physical
activity
=1 hriweek 14 45 0.03 20 35 0.40 29 23 0.67
Never 20 24 19 22 24 15

p values for X2 test.

When the intake of green tea was stratified, the prevalence of aberrant methylation of COX2 and BMP-2 decreased significantly with a highei
intake of green tea (Mann-Whitney U-test, both p = 0.04, Cochran-Armitage test, Pyeng = 0-03 and 0.02, respectively) (Figs. 1a and 1b). A

distinct distribution of patients with methylated and unmethylated CACNA2D3 was also demonstrated for physical activity (Mann-Whitney U-
test, p = 0.03; Cochran-Armitage test, p, . = 0.03) (Fig. 1¢). On the other hand, an increased intake of pickled vegetables was not

associated with an increased methylation frequency of GATAS (p = 0.11)

i
- " "l--_’ > Figure 1. Frequencies of the pn (closed bars) or absence (open bars) of CDX2 (a)
§30 - and BMP-2 (b) methylation in gastric cancers stratified as to intake of green tea and
| those of CACNA2D3 methylation and physical activity (¢).

e i [Normal View 11K | Magnified View 25K]

Since dietary factors are closely interrelated, we further performed the backward elimination (Wald) method of logistic regression analysis of
the methylation status of each gene in gastric cancer patients including female ones (Table IV). A significant association was found between
the intake of green tea and methylation of 2 of the genes, CDX2 and BMP-2. Increased daily consumption of green tea (7 cups or more per
day) showed a significant association with decreased methylation frequencies of COX2 and BMP-2 after adjustment (p = 0.04 and p = 0.048,
respectively). On the other hand, an increased methylation frequency of CACNA2D3 was associated with less physical activity (negative
versus positive), adjusting for confounding variables (p = 0.06) (Table IV). As for factors other than dietary ones, the logistic regression
analysis also showed significant associations between CDX2 methylation and gender or histology, p76 methylation and histology, and
CACNAZ203 methylation and lymph node metastasis (Table IV).

Table IV. Standardized Partial Regression Coefficients of Variables
Related with Methylation Status of Each Gene

B s p
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cDx2

Gender (men vs women) -1.87 0.78 0.02

Histology (intestinal vs diffuse) 261 0.78 0.001

Green tea (56 cups/day vs. 27 cupsiday)  -1.87 0.82 0.04
BMP-2

Green tea (56 cups/day vs. 27 cups/day) -2.08 1.08 0.049
pl6

Histology (intestinal vs. diffuse) 206 603 0.01
CACNA2D3

Lymph node metastasis (negative vs. positive) 0.93 045 0.04

Physical activity (never vs. 21 hriweek) -0.86 045 006

These variables were selected using the backward elimination (Waid)
method of logistic regression analysis for the methylation status of
each gene.

Interrelationship of the 6 genes relative to their methylation statuses in gastric carcinomas

The methylation statuses of the 6 genes in 106 gastric carcinomas are shown in Figure 2. The methylation patterns of 3 genes, CACNA2D3,
GATA-5 and ER, were distinct from other 3 genes, CDX2, BMP-2 and p16. To determine the relationship of the methylation statuses among
the & genes, Pearson’s contingency coefficients for methylation status of an every pair of the 6 genes were calculated (Table V). On the bask:
of the contingency coefficients, we found that the 6 genes were divided into 2 groups, Group | (CDX2, BMP-2 and p16) and Group ||
(CACNAZD3, GATA-5 and ER), where a statistically significant interrelationship within each group but no intergroup association was noted
The methylation frequencies in gastric carcinomas were lower for Group | genes (CDX2, 23.6%, BMP-2, 21.7% and p16, 8.4%) than Group |
ones (CACNA2D3, 32.4%, GATA-5, 40.8% and ER, 59.1%) -

Figure 2. Summary of the methylation statuses of the 6 genes in 106 gastric
carcinomas. Each column represents a different gene indicated on the top. Each row
represents a primary gastric carcinoma. Black squares, methylated alleles in the
carcinoma. White squares, unmethylated alleles in the carcinoma. CACN, CACNA2D3;
GAS, GATAS. NA, not amplified.

[Normal View 16K | Magnified View 32K]

Table V. Contingency Coefficients for Methylation Status Between Two
Genes

CDX2 BMP2 p 16 CACNA2D3 GATAS ER

CDX2
BMP-2 0.241
p16 0.332 0.221

CACNA2D3 009 008 312
GATAS 010 012 009 (3g?
ER 001 002 02 038' 0384

p value for X2 test.
1p<0.05.
2p<0.01.

3 p <0.0001.
4p<0.001.

As described earlier, aberrant methylation of CDX2 and BMP-2 was inversely correlated with green tea intake The prevalence of p16
methylation was also higher in patients with a lower green tea intake than those with a higher intake, although the difference was not
significant. When we analyzed the relationship between green tea intake and the methylation of combinations of Group | genes by the
multinominal logistic regression model, the odds ratios of methylation for any 1 gene and 22 genes vs. no methylation were 4.9 (confidence
interval (Cl) 1.0-24.3) and 14.8 (CI 1.1-206.7), respectively, in patients consuming 6 cups or less per day of green tea compared with those
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consuming 7 cups or more per day. On the other hand, no lifestyle factors were associated with the methylation of combinations of Group II
genes.

Discussion

EEEEEE

The methylation frequencies of the 6 genes In 106 gastric carcinomas varied from 9 4 to 59 1%. The prevalence of promoter
hypermethylation of CDX2 and BMP-2 was significantly higher in gastric carcinomas derived from patients with 3 low green tea intake than
those with a high intake. When we analyzed the association between the methylation status and variables using 2 nonparametric test,
Increased intake of green tea was found to be significantly associated with decreased methylation frequencies of COXZ2 and BMP-2. In a
previous study,[15] methylation of 1 of 3 genes, CDX2, was correlated with a decreased intake of green tea in 58 male gastric carcinoma
patients. Since an inverse relationship with green tea intake was also found for BMP-2 promoter methylation in 106 gastric carcinoma
patients including female ones in this study, the effect of green tea on the decrease of gene promater methylation might be more comman for
many genes

The evidence derived from epidemiologic studies on the relationship between drinking of green tea and cancer-preventive effects is
inconclusive, some indicated preventive effects[23][24] and some did not.[25][26] In a detalled study, consumption of green tea was found to
be associated with a decreased risk of gastric carcinoma in Japanese women after adjustment for potential confounding factors, whereas no
association was observed among Japanese men.[27] The difference between women and men might be explained by the much higher
cigarette smoking rate in men than women in Japan, which may play a role as an effect modifier [28]

Green tea contains several polyphenolic compounds, such as (-)-epigallocatechin-3-gallate (EGCG). A significant inhibitory effect of EGCG
on chemical carcinogenesis in the rat stomach has been reported.[29] As for its action on methylation, it was reported that EGCG dose-
dependently inhibited DNA methyltransferase activity in several cancer cells, resulting in reactivation of methylation-silenced genes, such as
ratinoic acid receptor B, p16 and hMLH1 [30][31] Polyphenols are rapidly metabolized to forms with quite different bioactivities. But the
epithelial surfaces of the gut, particularly those of the esophagus and the stomach, are exposed on the luminal side to high concentrations of
tea polyphenols before they undergo metabolism. These characteristics may make gastrointestinal epithelial tissues particularly susceptible
to what are probably the beneficial effects of DNA methyltransferase inhibitors.

In other studies, however, EGCG did not inhibit DNA methyltransferase activity or reactivate genes, whereas nucleoside analogue
maethylation inhibitors, such as S—aza-Z'—daoxycﬁidine. were far more effective [32][33] We also analyzed the effect of EGCG on
transcriptional levels of COX2 and BMP-2 in 3 human gastric cancer cell lines. Upregulation of both genes was not found in any cell lines
(Hashimoto et al., personal communication). Thus, further studies are necessary to determine how tea polyphenols act on DNA methylation.

CACNA2D3 methylation was more frequently found in gastric carcinoma patients with no physical activity than in those with physical activity
It is known from epidemiological studies that physical activity protects against cancers of the colon, breast (postmenopause) and
endometrium [4] As for gastric carcinoma, a population based case-control study in Canada and a prospective cohort study in Norway
Indicated that recreational physical activity might have a protective effect against gastric cancer [34)[35] To determine the association of
physical activity with promoter hypermethylation of APC and RASSF1A in breast tissue, a cross-sectional study on 45 women without breast
cancer was performed, which revealed that physical activity was inversely associated with promoter hypermethylation of APC but not
RASSF1A [36] It is, therefore, possible that physical activity may affect the methylation of genes, such as CACNAZ2D3, and gastric
carcinogenesis.

There are 2 types of genes according to contingency coefficients for methylation status in gastric carcinomas. The methylation frequencies
were lower for Group | genes (9.4-23.6%) than Group Il ones (32.4-59.1%). The odds ratios of methylation for any 1 gene and =2 genes vs.
no methylation among the Group | genes were much higher in patients consuming 6 cups or less per day of green tea than in those
consuming 7 cups or more per day. These data suggest that green tea intake may be inversely related to the methylation of Group | genes,
which may be involved in carcinogenesis. The logistic regression analysis also showed significant associations between histology and the
methylation of COX2 and p16. But there was no association between BMP-2 methylation and histology. Further investigations are required tc
clarify the significance of the 2 different types of genes as to methylation in gastric carcinomas.

In conclusion, there were inverse associations between the intake of green tea and the methylation of COX2 and BMP-2, and between
physical activity and CACNA2D3 methylation. We, therefore, hypothesized that some of the lifestyle factors, which have been reported to be
preventive as to gastric cancer on epidemiological observation, may influence the development of gastric cancer through the demethylation
or retaining of unmethylated status of selected genes. Because an epigenetic drift may contribute to the development of cancer, strategies
involving changes in lifestyle including diet might be highly beneficial in preventing/reversing epigenetic alterations and counteracting cancer
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