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plexes was detected using peptide substrates, and the Tyr216-
phosphorylated form of GSK-3R, which is an active form, was
observed in the h-prune immune complexes (Fig. 2G), indicat-
ing that GSK-3 complexed with h-prune is active. The PDE
activity in the h-prune immune complexes from HeLa $3 cells
expressing h-prune was measured using [*H]JcAMP as a sub-
strate. This activity was indeed inhibited by 3-isobutyl-1-meth-
ylxanthine (IBMX), a well-known PDE inhibitor. However, the
PDE activity was not affected by the treatment of HeLa $3 cells
with GSK-3 inhibitors (Fig. 2ZH). Therefore, the kinase activity
of GSK-3 is not required for the PDE activity of h-prune.
Dipyridamole was shown to inhibit the PDE activity (8). Treat-
ment of Hela 53 cells with dipyridamole did not affect the
complex formation between h-prune and GSK-3B (Fig. 2I),
suggesting that the PDE activity of h-prune is not necessary for
the binding of h-prune to GSK-3.

Involvement of h-prune in cell migration. An siRNA for
h-prune suppressed cell motility in the Transwell migration
assay (Fig. 3A), indicating that h-prune is necessary for cell
migration. Expression of the C-terminal region of Myc-h-
prune in HeLa $3 cells inhibited the formation of a complex of
GSK-38 with h-prune at the endogenous levels, and the cells
expressing the Myec-h-prune mutant (C1 and C33) exhibited
slow migration (Fig. 3B). These results suggest that the binding
of GSK-3 and h-prune is involved in cell migration.

Localization of h-prune to focal adhesions. To clarify the
mode of regulation of cell migration by GSK-3 and h-prune,
the subcellular localization of these proteins was examined.
(GSK-3p was observed to be localized along with stress fibers in
HeLa $3 cells when the cells were treated with 0.5% Triton
X-100 to remove soluble proteins (Fig. 44, a to ¢). h-prune was
located at focal adhesions at the cell bottom, where paxillin
was present, and these two proteins were colocalized (Fig. 44,
d to f}. Similar subcellular localizations of these two proteins
were also observed in C37MG mouse mammary gland cells
(Fig. 4B, a to c and m to o). GSK-3p was located to stress
fibers, and GSK-3B on the ends of stress fibers was colocalized
with paxillin at focal adhesions (Fig. 4B, a to f). Furthermore,
the Tyr216-phosphaorylated form of GSK-3§ was present at the
terminal regions of stress fibers (Fig. 4B, g to i), consistent with
previous obsesvations (3). h-prune was observed on the ends of
stress fibers at focal adhesions and colocalized with paxillin
{(Fig. 4B, j to 0). h-prune and GSK-3 were partially colocalized
to the ends of stress fibers at focal adhesions (Fig. 4B, p to ).
h-prune and vinculin, another focal adhesion protein, were
also clearly colocalized to focal adhesions at the cell bottom
(data not shown). Consistent with these results, immunopre-
cipitation assays demonstrated that h-prune is associated with
paxillin and vinculin in addition to GSK-3p at the endogenous
levels in HeLa S3 (data not shown) and C57MG (Fig. 4C) cells.
Myc-h-prune(1-332) but not Myc-h-prune(333-453) or Myc-h-
prune(199-453) interacted with paxillin (Fig. 4D), indicating
that GSK-3 and paxillin form a complex with different regions
of h-prune. Furthermore, recombinant GST-paxillin precipi-
tated h-prune, vinculin, and GSK-3p from the Hel.a $3 cells
expressing Myc-b-prune (Fig. 4E). Taken together, these re-
sults suggest that h-prune links active GSK-3 to focal adhe-
sions.

Involvement of GSK-3 and h-prune in formation of focal
adhesions, The scratch wound migration assay was performed

MoL. CELL. BioL.

Hela S3
Collagen  Fibronectin
1 100} g
08
=1 50
g
22
o=
E.
siRNA «°
B o
Myc Expression IP : GSK-3p
-R-pruner -
(333-453) — 100} g
h-prunci £ |E
(] 1] 5 i
- .grung @ ég 50 ;
(333-453){ =3
: z1 @ = B B
GSK-3 1 } ooo“ o dt?‘
1 2 3 4 5 68 7 8 &

FIG. 3. Involvement of h-prune in cell migration. {A) Left panel,
the lysates of Hel.a 83 cells transfected with control siRNA or siRNA
for h-prune were probed with the indicated antibodies. Right panel,
HeLa $3 cells transfected with control siRNA or siRNA for h-prune
were subjected to the Transwell migration assay. (B) Left panel, the
lysates of Hela 33 cells expressing Myc-h-prune(333-453) were probed
with anti-h-prune or anti-GSK-3p antibody (lanes 1 to 4). The same
lysates were immunoprecipitated with anti-GSK-3B antibody (lanes 5
to 8). Right panel, two different clones (Ct and C33) of HeLa S3 celis
stably expressing Myc-h-prune(199-453) were subjected to the Trans-
well migration assay. Cells transfected with vectors alone were used as
a control (Mock). The resulis shown are means * standard errors of
the means from three independent experiments. IP, immunoprecipi-
tation.

to examine the roles of GSK-3 and h-prune in the formation of
focal adhesions. C57MG cells were allowed to migrate in
scratch wound cultures, resulting in wound closure after 12 h,
which was inhibited by SB216763 (Fig. 5A). Paxillin and vin-
culin were observed clearly in control migrating cells, and
h-prune was colocalized with them (Fig. 5B, ato c and j to ).
Large focal adhesions, including paxillin, vinculin, and
h-prune, were formed at a leading edge of the cells treated with
SB216763 (Fig. 5B, d to f, m to o). These proteins seemed to
be accumulated at focal adhesions in the treated cells com-
pared with control cells. Dipyridamole did not affect the sub-
cellular localization of paxillin and h-prune (Fig. 5B, g to i),
indicating that the PDE activity is not required for the local-
ization of h-prune to focal adhesions. h-prune accumulated in
the cells treated with SB216763 was localized to the tips of
actin fibers {data not shown). To perform similar experiments
with RNAI, we analyzed HeLa 53 cells. At the cell front along
the leading edge of migrating Hela $3 cells, weak staining of
paxillin and vinculin was detected and little h-prune was ob-
served (Fig. 5C, ato ¢ and g to i). GSK-3p knocked-down cells
exhibited the accumulation of paxillin, vinculin, and h-prune at
focal adhesions (Fig. 5C, d to fand j to 1).

Inhibition of GSK-3 activity did not affect the expression
tevel of h-prune (Fig. 2E). Since it has been suggested that the
formation of large focal adhesions is due to the reduced turn-
over of adhesions (36), the effects of GSK-3 and h-prune on
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FIG. 4. Localization of h-prune and GSK-3 to focal adhesions. (A) HeLa S3 cells were stained with anti-GSK-3p (a), anti-h-prune (d), or
antipaxiilin (e) antibody or phalloidin-fluorescein isothiocyanate (FITC) (b). Merged images are shown in panels ¢ and £. The regions in white
boxes are shown magnified. (B) CSTMG cells were stained with anti-GSK-3B (2 and d), anti-pY216-GSK-38 (g), anti-h-prune (j, m, and p), or
antipaxillin {e and n) antibody or phalloidin-FITC (b, h, and k). To show the localization of GSK-3 and h-prune simultaneously, anti-GSK-3
antibody was labeled with a Zenon Jabeling kit (Molecular Probes) (g). Merged images are shown in panels ¢, £, i, I, o, and r. The regions in white
boxes are shown magnified. Scale bar, 10 wm. {C) The lysates of C57MG celis (lane 1) were immunoprecipitated with anti-h-prune antibody, and
the immunoprecipitates were prabed with the indicated antibodies (lane 3). The immunoprecipitates obtained with anti-GFP antibody were used
as a control (lane 2), (D) The lysates of COS cells expressing deletion mutants of h-prune were probed with anti-Myc antibody (lanes 1 to 5). The
same lysates were immunoprecipitated with antipaxillin antibody, and the immunoprecipitates were probed with the indicated antibadies (lanes
6 to 1{}). The results shown are representative of three independent experiments. (E) HeLa 53 cells expressing Myc-h-prune were lysed, and the
lysates were incubated with 0.1 WM GST-paxillin or GST immobilized on glutathione-Sepharose. After GST-paxilin or GST was precipitated by
centrifugation, the precipitates were probed with the indicated antibodies. IP, immunoprecipitation; Ab, antibody; Mock, control.
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FIG. 5. Involvement of GSK-3 and h-prune in dynamics of focal adhesions. (A) Upper panel, monolayers of C37MG cells on collagen-coated
coversiips were treated with 10 pM 8B216763 for 4 h. Afier wounding, wounded monolayers were allowed to heal for 12 h. Scale bar, 0.2 mm.
Lower panel, the length of the wounds was measured and expressed as a percentage of the initial distance at time zero. Open circles, dimethyl
sulfoxide (DMSO) treatment; filled circles, $B216763 (SB) treatment. The results shown are means * standard errors of the means from three
independent experiments. (B) C57MG cells treated with 10 uM SB216763 (d to f, m to o) or 10 pM dipyridamole (Dip) {g to i) were wounded.
Six hours after wounding, the cells were stained with antipaxillin (2, d, and g), antivinculin (j and m), or anti-h-prune (b, e, b, ¥, and n) antibody.
Merged images are shown in panels ¢, f, i, ], and o. {C) HeLa S3 cells transfected with the siRNA for GSK-3f (d to f and j to 1) were wounded.
Twelve hours after wounding, the cells were stained with antipaxillin (a and d), antivinculin (g and j), or anti-h-prune (b, ¢, b, and k) antibody.
Merged images are shown in panels ¢, £, i, and L Scale bar, 10 p.m. The results shown are representative of three independent experiments. (D and
E) Dynamics of GFP-paxillin in migrating NIH 3T3 cells treated with NaCl or LiCl (D) and those in HeLa S3 cells treated with the indicated
siRNAs (E) were visualized by time-lapse fluorescence microscopy. For each sequence, “t = 0 min” is the frame in which the adhesions in the white
hox were clearly observed. Scale bar, 5 pm. (F) Rate constants for disassembly of GFP-paxillin in Fig. 51 and E were calculated. Quantifications
of GFP-paxillin disassembly show means =+ standard errors of the means. (G) The lamellipodium protrusion area was quantified in HeLa 53 cells
transfected with siRNA for GSK-38 or h-prune.
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the dynamics of focal adhesions were examined. We expressed
GFP-paxillin in NIH 313 and HelLa 53 cells and analyzed the
turnover of adhesions by live fluorescence imaging. At the cell
front, paxillin-containing adhesions disassembled as new adhe-
sions were formed near the leading edge (47). We measured
the rate constant of disassembly of paxillin-containing adhe-
sions in migrating NIH 3T3 cells and found that the average
rate of disassembly of GFP-paxillin from adhesion sites was
decreased in LiCl-treated cells (Fig. 5D and F) (see Video §1
in the supplemental material). The rate constants of disassem-
bly of paxillin in NaCl-treated and LiCl-treated cells were (13.5
*4) X 1072 min~" and (3.9 = 0.4) X 1072 min~", respectively.
We also found that the average rate of disassembly of GFP-
paxillin was reduced in the GSK-3f or h-prune knocked-down
cells (Fig. 5E and F} (see Video S2 in the supplemental ma-
terial}. The rate constants of disassembly of paxillin in control
RNA-treated cells, GSK-38 knocked-down cells, and h-prune
knocked-down cells were (9.3 = 1.4) X 1072 min ™%, (3.4 = 0.6)
X 1072 min"?, and (3.4 = 0.5) X 1072 min~", respectively.
Lamellipodia at cell fronts were quantified by measuring the
area of protrusion. Lamellipodium protrusion formation was
reduced in GSK-3B or h-prune knocked-down cells (Fig. 5G).
Taken together, these results suggest that both GSK-3 and
h-prune are necessary for the efficient disassembly of adhesion
complexes.

Involvement of GSK-3 and h-prune in activation of FAK and
Rac. It has been reported that fibroblasts lacking FAK have a
reduced migration rate, with an increase in the number and
size of peripherally localized adhesions (22, 46). Several ty-
rosine residues become phosphorylated upon FAK activation
(34, 50). FAK is activated via autophosphorylation at Tyr337,
which is initiated by integrin engagement with its ligand (38).
Therefore, to examine the roles of GSK-3 and h-prune in the
activation of FAK, integrin was activated by attaching Hela 83
cells to collagen. Phosphorylation of Tyr397 of FAK by stim-
ulation with collagen was decreased in GSK-38 and h-prune
knocked-down cells (Fig. 6A). Overexpression of h-prune(199-
453), which inhibits the interaction of GSK-3 with h-prune,
also suppressed the phosphorylation of Tyr397 of FAK (Fig.
6B). These results suggest that FAK acts downstream of
GSK-3. Consistent with these observations, expression of
FAKKSTEEISEIE o constitutively active form of FAK (15), par-
tially rescued the inhibition of migration in GSK-3p knocked-
down cells (Fig. 6C). We next examined the roles of GSK-3
and h-prune in the activation of the small G protein Rac, which
stimulates cell migration. Collagen-dependent activation of
Rac was suppressed by reducing GSK-3p and h-prune in Hela
S3 cells or by inhibiting GSK-3 activity (Fig. 6C). Rac was
activated by scratch wound, and this scratch-induced Rac ac-
tivation was also suppressed in HeLa $3 cells treated with
SB216763 (Fig. 6E). Taken together, these results suggest that
GSK-3 and h-prune regulate the activation of FAK and Rac
cooperatively.

Correlation of h-prune expression with tumor aggressive-
ness. h-prune has been reported to be highly expressed in
breast cancer (8, 55). We verified the expression of h-prune in
other tumors, such as colorectal and pancreatic cancers. Al-
though nonneoplastic colorectal epithelium contained some
h-prune-positive cells, cancer tissue gave stronger and more
extensive staining (Fig. 7A, a and b). Results were considered

MoL. CELL. BioL.

positive when more than 50% of the cells were stained. In total,
27 (29.3%) of 92 colorectal cancer cases were positive for
h-prune. The positivity of h-prune was correlated with the
advanced T grade (depth of invasion), N grade (degree of
lymph node metastasis), and M grade (distant metastasis) (P =
0.0132, P = (1.0044, and P = 0.0215, respectively; Fisher’s exact
test) (Table 1). Moreover, h-prune staining was observed more
frequently in stage ILI/IV cases than in stage I/II cases (P =
0.0044). Similar findings were also observed in the cases of
pancreatic cancer (18/42 cases were positive) except for M
grade cases (Fig. 7A, ¢ and d, and Table 2). There was no
significant association between h-prune expression and M
grade, but pancreatic cancer cases with distant metastasis had
a tendency to express h-prune more strongly than those with-
out distant metastasis. These findings suggest that highly ex-
pressed h-prune could be generally related to higher tumor
aggressiveness.

As seen in other cell lines, h-prune was colocalized with
paxillin at focal adhesions in SW480 colorectal cancer-derived
cells (Fig. 7B}. In scratch wound culture, treatment of SW480
cells with SB216763 or the siRNA for GSK-3p or h-prune
caused the accumulation of paxillin at the leading edge (Fig.
7C). Reduction of GSK-3 or h-prune by RNAI inhibited the
migration of SW480 cells (Fig. 7D). Consistent with previously
reported observations (8), dipyridamole suppressed the migra-
tion of SW480 cells (Fig. 7E). Furthermore, §B216763 and
dipyridamole inhibited cell migration additively (Fig. 7E), sug-
gesting that the combination of the inhibitors for the h-prune
PDE activity and GSK-3 kinase activity prevenls invasiveness
or metastasis of colorectal cancer. '

DISCUSSEON

Cell migration is a complex cellular behavior that involves
protrusion and adhesion at the cell front and contraction and
detachment at the rear (36). In this study, we provide evidence
that GSK-3 and h-prune regulate cell migration cooperatively.
Treatment of the cells with GSK-3 inhibitors induced the dis-
sociation of GSK-3 from h-prune and suppressed cell migra-
tion, Knockdown of GSK-3 or h-prune by RNAI also inhibited
cell migration. Furthermore, expression of the C-terminal re-
gion of h-prune in HeLa $3 cells inhibited the interaction of
GSK-3 with h-prune and cell migration. Although we cannot
exclude the possibility that overexpression of the C-terminal
region of h-prune has other effects, these resulis suggest that
the binding of GSK-3 to h-prune is necessary for cell migra-
tion. Furthermore, inhibition of GSK-3 affected both hapto-
tactic and random migration. It has been suggested that hap-
totactic migration is more dependent on the ability of cells to
form adhesive contacts at the cell front and that random mi-
gration is more limited by the ability of cells to release adhe-
sions at the cell rear (20). Therefore, GSK-3 plays a role in the
assembly and/or disassembly of focal adhesions.

How do GSK-3 and h-prune regulate cell motility? GSK-3 or
h-prune knocked-down cells exhibited large focal adhesions.
Furthermore, reduction of GSK-3 or h-prune by RNAI im-
paired the disassembly of paxillin from focal adhesions. Similar
phenotypes of abnormal focal adhesions with reduced cell mi-
gration are observed in the fibroblasts from mice lacking FAK
(22). FAK activation, demonstrated by an increase in the phos-
phorylation of Tyr397 in the protein, is best understood in the
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FIG. 6. Involvement of GSK-3 and h-prune in the activation of FAK and Rac. (A and B} FAK activation. HeLa S3 cells transfected with the
indicated siRNAs (A) or expressing Myc-h-prune(199-453) (B) were suspended in serum-free medium and were kept in suspension (Sus) or
replated onto collagen-coated dishes (Col). Top panel, the cells were lysed at 1 h after plating, and the lysates were probed with the phospho-
specific antibody 1o FAK pTyr397 (pY397 FAK) or anti-FAK antibody. Bottom panel, the FAK activity was measured as the ratio of phosphor-
ylated FAK (active FAK) to total FAK, (C) GFP or GFP-FAKKHERSBIE (EAR) was expressed in NIH 3T3 cells transfected with siRNA for
(GSK-3@, and the cells were subjected to the Transwell migration assay. Migrated GFP-labeled cells were normalized with transfection efficiency.
Top panel, the protein fevels of GFP-FAK*S#%%381E and GSK-38 were shown by anti-FAK and GSK-3 antibodies. Bottom panel, migration zbility
of the cells used in this assay. (D) Rac activation. HeLa S3 cells were transfzcted with the indicated siRNAs or treated with the indicated GSK-3
inhibitors. The cells were replated onto collagen-coated dishes, and the lysates were incubated with GST-CRIB immobitized on glutathione-
Sepharose. Top panel, the total fysates and precipitates were probed with anti-Rac-1 antibody. Bottom panel, the Rac activity was measured as
the ratio of the amount of CRIB-bound Rac (active Rac) to that of Rac in total celf lysates (total Rac). (E)} Multiple wounds were made several
times in HeLa $3 cells treated with 10 WM SB216763 (SB). The Rac activity was measured at 4 h after wounding. DMSO, dimethyl sulfoxide.

context of the engagement of integrins at the cell surface (34).
Activation of FAK results in the recruitment of a number of
SH2-domain- and SH3-domain-containing proteins. Among
them, pl30Cas and Crk are involved in cell migration (34).
Dominant negative Rac blocks the increased migration in re-
sponse to the expression of pl30Cas and Crk, probably
through DOCKI180, which suggests that Rac is an important
downstream effector of the FAK-Cas-Crk complex.

We showed that the phosphorylation of Tyr397 in FAK and
the activation of Rac induced by collagen are reduced in the
GSK-3 or h-prune knocked-down cells. Furthermore, treat-
ment with GSK-3 inhibitors or overexpression of the C-termi-
nal region of h-prinfe-ziso showed the same results as those
obtained in the GSK-3 or h-prune knocked-down cells. It has

been demonstrated that FAK plays a prominent role in inte-
grin signaling and that Rac is required for adhesion turnover
{34, 39). Therefore, FAK and Rac could act downstream of
GSK-3 and h-prune. Consistent with these observations, ex-
pression of a constitutively active form of FAK rescued the
inhibition of cell migration in GSK-3 knocked-down cells al-
though it was partial. The phosphorylation of proteins by
GSK-3 at focal adhesions may be required to mediate the
integrin signal. The substrates of GSK-3 that regulate FAK
activity remain to be identified.

Several reports have shown that GSK-3 negatively regulates
cell migration. For example, integrin inhibits GSK-3 through
the activation of integrin-linked kinase and PKB/Akt, and ac-
tivation of PKB/Akt promotes cell migration (26). Further-
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FIG. 7. Correlation of h-prune expression with tumor aggressiveness. {A) Immunohistochemical analyses of h-prune in human coforectal
cancer {z and b) and human pancreatic cancer (¢ and d). (a) Magnification, X13; (c) magnification, X33. Expression levels of h-prune in the
nontumor and tumor regions were compared. (b and d) Magnification, X135. The tumor regions were enlarged. (B) SW4B0 cells were stained with
antipaxillin (a) or anti-h-prune (b} antibody. The merged image is shown in panel ¢. (C) SW480 cells treated with 10 M SB216763 (d to f) or
transfected with the siRNA for GSK-3B (j to 1) or h-prune (m to o) were wounded. Twelve hours after wounding, the cells were stained with
_antipaxillin
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TABLE 1. Relation between h-prune expression and
clinicopatholagic characteristics in colorectal cancer

REGULATION OF CELL MIGRATION BY GSK-3 AND h-PRUNE 909

TABLE 2. Relation between h-prune protein expression and
clinicopathologic characteristics in pancreatic cancer

No. of cases (%) with indicated

No. of cases (%) with indicated

Characteristic? h-prune expression P value Characteristic® h-prune expression P value
Positive Negative Positive Negative

T grade T grade
T1/2 3(11.1) 24 0.0132 T1/2 2(15.4y 11 0.0208
T3/4 24 (36.9) 41 T3/4 16 (55.2} 13

N grade N grade
N0 10 (17.9) 46 0.0044 NO 5(25.0) 15 0.0334
Ni/2 17 (47.2) 19 N1 13 (59.1) 9

M grade M grade
MO 22(25.9) 63 0.0215 MO 10(35.7) 18 0.2079
M1 5(711.4) 2 M1 8(57.1) 6

Stage Stage
I 10 {17.9) 46 0.0044 I 10(35.7) 18 0.2079
0V 17 (47.2) 19 mav 8(57.1) i3

“TI1, tumor invades submucosa; T2, wmor invades muscularis propria; T3,
tumor invades through muscularis propriz into subseresa or into nonperitone-
alized pericolic or perirectal tissue; T4, tumor direetly invades other organs or
structures andfor perforates visceral peritoneum. NO, no regional lymph node
metastasis; Ni, metastasis in one 10 three regional lymph nodss; N2, metastasis
in four or more regional lymph nodes. MO, no distant metastasis; M1, distant
metastasis.

more, PKB/Akt promotes integrin recycling by inactivating
GSK-3 (37), and hypoxia-induced tumor cell invasion is medi-
ated by inhibiting GSK-3 (53). However, inhibition of GSK-3
has been demonstrated to prevent the accumulation of Rac at
lamellipodia and to inhibit epidermal growth factor-dependent
wound closure {29}, consistent with our resuits showing that
GSK-3 positively regulates cell migration. Although the exact
reasons for the differences between our results and those of
others are not known, it has been demonstrated that GSK-3 is
rapidly and transiently activated, followed by its inhibition by
extracellular stimuli, including insulin and epidermal growth
factor, or cell adhesion (6, 31). Therefore, cell migration may
involve cyclic transient activation and inactivation of GSK-3 as
well as modulation of the cellular localization of GSK-3. Since
our results suggest that GSK-3 forms a complex with focal
adhesions through h-prune, the GSK-3 activity may be neces-
sary to trigger the integrin signal. Another possibility is that
GSK-3 binds to h-prune at a site other than focal adhesion. In
this model, when GSK-3 is inactivated by integrin, h-prune
dissociates from GSK-3 and locates to focal adhesions. Then,
h-prune may promote cell migration with GSK-3 after the
kinase activity is recovered.

We showed that h-prune overexpression in colorectal and
pancreatic cancers is correlated with the depth of invasion and
the degree of lymph node metastasis. Taken together with the
observations that h-prune is highly expressed in invasive breast
cancer (35), this suggests that h-prune might be used as a
marker for the identification of subsets of the cancer patients
with higher tumor aggressiveness. h-prune has cyclic nucleo-
tide PDE activity, and inhibition of the PDE activity by di-

“T1, wmor limited to pancreas (2 cm or less in greatest dimension); T2, tumor
limited to pancreas (morg than 2 em in greatest dimension): T3, tumor extends
beyond pancreas but withowt invelvement of celizc axis or superior mesenteric
artery, T4, wmor invades celiac or superior mesenteric artery, N{, no regional
lymph ncde metastasis; N1, regional iymph node metastasis, M0, no distant
metastasis; M1, distani metastasis.

pyridamole suppresses cell motility (8). Although a correlation
between an h-prune PDE activity and cellular motility has been
shown, GSK-3 did not affect the PDE activity of h-prune.
Inhibition of GSK-3 and h-prune additively suppressed the cell
migration of colon cancer cells, suggesting that h-prune regu-
lates cell motility by two different actions through the PDE
activity and the GSK-3 binding activity. Therefore, the identi-
fication of highly specific inhibitors of GSK-3 and h-prune
might be useful for developing medicines to prevent or treat
cancer metastasis.

It has been reported that Drosophila prune genetically inter-
acts with awd*?", which encodes a nucleotide diphosphate
kinase as well as mammalian nm23-H1 (4), and that h-prune
and nm23-H1 protein levels are unbalanced in sarcoma and
breast cancers (12), suggesting that h-prune may negatively
regulate nm23-H1 antimetastatic activity. These results are
consistent with the previous observations that nm23-H1 is
downregulated in certain cancer cells with high metastasis (33).
However, the expression levels of nm23-H1 show no relation-
ship with metastasis of other cancer cells, such as colorectal
cancer (17). Since we could not detect the presence of
nm23-H1 in the GSK-3 immune complexes (data not shown),
whether the complex of GSK-3, h-prune, and nm23-H1 is
present and whether this ternary complex is involved in cell
migration are not known.

Protein complexes containing GSK-3 regulate the functions
of GSK-3 in different subcellular locations. Frat-1, which is
known to be involved in the regulation of p-catenin stability,
binds to GSK-3 and facilitates its nuclear export (13). p53
interacts with GSK-3 in the nucleus. This association activates

(a, d, g, J, and m) or anti-h-prune (b, e, h, k, and n) antibody. Merged images are shown in panels ¢, £, i, I, and o. Scale bar, 10 um. (D) Upper
panel, the lysates of SW480 ceils transfected with the indicated siRNAs were probed with the indicated antibodies. Lower panel, SW480 cells
transfected with the indicated siRNAs were subjected to the Transwell migration assay. (E) SW480 cells treated with 10 uM SB216763 and/or 10
rM dipyridamole were subjected to the Transwell migration assay on collagen. SB, SB216763; Dip, dipyridamole; DMSO, dimetlyl sulfoxide, The
results shown are means = standard errors of the means from three independent expesiments.
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GSK-3, and GSK-3 promotes the transcriptional and apoptotic
actions of p53 (45). Further studies to identify additional GSK-
3-binding proteins will be necessary to clarify how regulatory
mechanisms are integrated to achieve substrate-specific regu-
lation of GSK-3 activity.
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BAGKGROUND. The authors purpose in this study was to clarify the difference in
terms of clinicopathologic features between gastric cancer {GC) with high numbers
of DNA methylated genes and CpG island methylator phenotype (CIMP)-positive
GC as originally defined.

METHODS. We analyzed DNA methylation of 12 tumor-related genes (AMLHI,
MGMT, p16™*% CDHI, RAR-beta, HLTF, RIZ1, TM, FLNt, LOX, HRASLS, HANDI)
in 75 samples of GC from 75 patients, 25 samples of corresponding nonneoplastic
mucosa from 25 padents, and 10 samples of normal gastric mucosa from 10
healthy young individuals by methylation-specific polymerase chain reaction
(PCR} and bisulfite PCR. We also investigated CIMP status by examining the
methylation of five MINT loci and p53 mutaton status by PCR single-strand
conformation polymorphism. We measured levels of expression of mRNAs for
these 12 genes by quantitative reverse transcription PCR in 50 GC specimens.
RESULTS. The average number of methylated genes per tumor was 4.83. DNA
methylation of each gene was correlated with low expression of the respective
mRNA. High methylation (GC with 5 or more methylated genes) was detected in 39
(52.0%) of 75 GCs. Twenty-nine (37.8%) of 75 GCs were CIMP-positive. DNA
methylation of each of the 12 genes was observed more frequently in the high-

" methylation group than in the low-methylation group. Methylation of § specific

genes occurred more frequently in CIMP-positive GC than in CIMP-negative GC.
Methylation of the remaining 6 genes was not correlated with CIMP-status. High
methylation was found more frequently in Stage III/TV GC (26 of 40 cases, §5.0%)
than in Stage I/II GC (13 of 35 cases, 37.1%, P = 0.028).

CONLUSIONS. These findings indicate that GCs with higher numbers of methylated
genes have more distinct DNA methylation profiles than the originally defined
CIMP-positive GCs. DNA methylation of tumor-related genes accumulates in con-
junction with tumor progression. Cancer 2006;106:1250-9,

@ 2006 American Cancer Society.

KEYWORDS: CIMP, p53, DNA methylation, progression, gastric cancer,

A variety of genetic and epigenetic alteraiions are associated with
gastric cancer (GC).!? Epigenetic changes, such as DNA methyl-
ation of CpG islands, are detected commonly in human cancers.®*
Hypermethylation of CpG islands is associated with silencing of many
genes, especially defective tumor-related genes, and has been pro-
posed as an alternative way to inactivate tumor-related genes in
human cancers. Previous studies have indicated that DNA hyper-
methylation is a crucial mechanism in transcriptional silencing of
tumor-related genes in GC. DNA methylation of tumor-related genes
has been shown to occur in early stages of stomach carcinogenesis,”
and it increases in paralle! with stomach carcinogenesis.® Although
several genes have been implicated in tumor progression and in

Published online 13 February 2006 in Wiley InterScience (www.interscience. wiley.com).
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prognosis,”® recent studies have indicated that meth-
ylation of a single gene has little or no prognostic
significance.?

In contrast, methylation of multiple genes has
been shown to be associated with a poor prognosis.
This phenomenon has been observed in esophageal
adenocarcinoma,’ bladder cancer,’ and acute lym-
phocytic leukemia. Several studies have investigated
the methylation status of multiple tumor-related
genes in GC;®271 however, little is known about the
correlation between DNA methylation of muitiple
genes and clinicopathologic features of GC.

GCs show the CpG island methylator phenotype
(CIMP).73 Originally CIMP-positive GC was defined as
a tumor with methylation at more than 3 loci methyl-
ated in tumors (MINT. MINTI, MINTZ2, MINTIZ,
MINTZ25, and MINT31)."® CIMP-positive GCs also tend
to show DNA methylation of the p16™%2 3 hMLH1,'®
and RIZ! genes,'® suggesting that CIMP is an impor-
tant pathway involved in stomach carcinogenesis.
However, limited numbers of genes have been shown
to be associated with CIMP-positive GC, and the role
of CIMP has not been clarified in detail. Recent studies
have found no evidence to support the CIMP model in
esophageal cancer'” or in colorectal cancer.'® Further-
more, it is impossible to draw a precise line between
CIMP-positive and CIMP -negative tumors because of
the gradual distribution pattern of CpG island hyper-
methylation,*® which is far from the bimodal distribu-
tion originally reported.*® The discrepancy may be
due, at least in part, to the finding that the current
definition of simultaneous methylation of CpG islands
is not very precise. Furthermore, because DNA meth-
ylation of multiple genes often contributes to a poor
outcome, lack of association between CIMP and clin-
ical features raises the question of whether DNA meth-
ylation of multiple loci could yield high malignant
potential,

In the present study, we investigated DNA meth-
ylation status of 12 genes {mutl homolog I [hMLH]],
O-6-methylguanine-DNA methyltransferase [MGMT),
pl6™e  cadherin-1 [CDHI, encoding E-cadherin},
retinoic acid receptor-beta [RAR-betal, helicase-like
transcription factor [HLTF), retinoblastoma protein-
binding zinc finger protein [RIZI], thrombomodulin
(TM), gamma-filamin [FLNc|, Lysyl oxidase [LOX],
HRAS-like suppressor [HRASLS), and heart-and neural
crest derivatives-expressed 1 [HANDI]) in 75 GC tissues
because CpG island hypermethylation in the exam-
ined genes has been investigated in GC and has re-
vealed good correlation with epigenetic silencing of
respective target genes.'®?%7 Inactivation of the
hMLH]I gene by hypermethylation is associated with
microsatellite instability in GC.*' MGMT is a DNA

Methylation of Multiple Genes in Gastric Ca/Oue et al. 1251

repair gene that removes mutagenic and cytotoxic
adducts from the O° position of guanine induced by
alkylating agents such as MNNG and MNU.?® There-
fore, inactivation of the MGMT gene can lead to Gto A
mutation. p16™%%, which is a CDK inhibitor, nega-
tively regulates the G1-§ transition.?® RAR-beta, which
acts as a retinoic acid-dependent transcriptional acti-
vator in heterodimeric association with the retinoid X
receptors (RXR-alpha, -beta, and -gamma) and in con-
junction with multiple corepressors.®® CDHI, which
plays a role in invasion suppression, has been found
methylated in diffuse-type GC.** CDHI germ line in-
activating mutations have been shown to underlie
about 30% of hereditary ditfuse GC families of various
ethnic backgrounds.® HLTF contains a DNA-binding
domain, a RING finger domain, and 7 helicase do-
mains and is a homologue to SWI/SNF proteins. SWI/
SNF proteins are ATP-dependent chromatin remodel-
ing enzymes that have been implicated in regulation
of gene expression in yeast and higher eukaryotes.®?
RIZ was isolated with a functional screen for Rb-bind-
ing protein.®* The partial response/SET domain is in-
volved in chromatin-mediated gene expression and
plays an important role in human cancers as evi-
denced by genetic mutations of several family mem-
bers.*® TM encodes an endothelial cell receptor that
binds thrombin to activate protein C and works as a
member of anticoagulant pathway.*® FLNc is a mem-
ber of the filamin family, which is known to organize
actin polymerization in response to various signals.®”
It has been reported that selective inactivation of LOX
causes transformation of rat fibroblasts3® HRASLS is a
human homologue of mouse A-C1, which has been
reported to inhibit growth of ras-transformed NIH3T3
cells.®® HANDI encodes a basic helix-loop-helix tran-
scriptional factor, which is essential for placental de-
velopment and cardiac morphogenesis.*”

We examined whether CIMP and the number of
methylated genes correlates with clinical features such
as age, sex, histology, and tumor stage to clarify the
difference between the GC with a high number of
methylated genes and CIMP-positive GC. In addition,
we investigated p53 mutation status because distinct
combinations of epigenetic and genetic alterations
have been reported in CIMP-positive and -negative
tumors.*!

MATERIALS AND METHODS

Tissue Samples

In a retrospective study design, frozen tissue samples
were collected from 75 patienis with GC who under-
went surgery between 1998 and 2001 at the Depart-
ment of Surgical Oncology, Hiroshima University Hos-
pital (Hiroshima, Japan). All patients underwent
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curative resection, and all GC samples were advanced
GC. Seventy-five GC tissue specimens from 75 patients
{age range, 34-87 y1s; mean, 68.6 yrs) and 25 corre-
sponding nonneoplastic mucosae from 25 patients
(age range, 46—87 yrs; mean, 72.5 y1s) were analyzed
for methylation of 12 genes (hMLHI, MGMT, p16™¥4a,
CDHI, RAR-beta, HLTF, RIZ1, TM, FLNe LOX
HRASLS, HANDI), CIMP status, and p53 mutation sta-
tus. Among 75 GC samples, total RNA was available for
50 pairs of tumor and corresponding nonnecplastic
mucosae. Tumors and correspending nonneoplastic
mucosae were removed surgically, frozen immediately
in liquid nitrogen, and stored at —80 °C until use. We
confirmed microscopically that the tumor of speci-
mens consisted mainly of cancer tissue (> 50%, on a
nuclear basis) and that specimens of nonneoplastic
mucosd did not contain GC cells and high-grade dys-
plasia. Several samples of corresponding nonneoplas-
tic mucosa contained intestinal metaplasia and H.
pylori associated inflammation. H. pylori status was
confirmed by histology and/or *C-urea breath test.
Tumor staging was performed according to the TNM
stage grouping.** Histologic classification of GC was
performed according to the Lauren classification sys-
tem.*® In addition, because recent evidence suggests
that methylation of certain genes is associated with
aging,"* we examined methylation status of the 12
genes in 10 samples of normal gastric mucosae ob-
tained endoscopically with informed consent from 10
healthy young individuals (age range, 22-35 yrs; mean,
26.4 yrs) with no clinical symptoms and no micro-
scopic changes.

Because wriften informed consent was not ob-
tained from 75 patients with GC, for strict privacy
protection, all samples were disidentified before ana-
lyzing DNA methylation status. This procedure is in
accord with Ethical Guidelines for Human Genome/
Gene Research enacted by the Japanese Government.

Bisulfite Polymerase Chain Reaction (PCR) and
Methytation-Specific PCR (MSP)

Genomic DNAs were extracted with a genomic DNA
purification kit (Promega, Madison, WI). To examine
DNA methylation patterns, genomic DNA was treated
with sodium bisulfite as described previously.*> For
analysis of DNA methylation of the MGMT, p16™%4,
CDHI, RAR-beta, HLTF, RIZI, TM, FLNc, LOX
HRASLS, and HAND] genes, we performed MSP. MSP
was carried out with primers for these genes as de-
scribed previously.?"**~** For analysis of DNA meth-
vlation of hMLH1, MINTI, MINTZ, MINTI12, MINTZ5,
and MINT31, we performed bisulfite-PCR followed by
restriction digestion as previously described.'**° PCR
products (15 pL) were loaded onto 8% nondenaturing

TABLE 1
Primer Sequences for Quantitative RT-PCR
Annealing

Gene Primer sequence temperature

MGMT F: 5'-GGATGGATGTTTGAGCGACA-3' i5°C
R: 5'-CGGTGCCTCCACGCC-Y

CDHI F: 5"-GCCAAAGACAGAGCGGAACT-3' 55°C
R: 5"-GCCAGGCTCAATGACAAGCT-3'

RAR-beta F: 5'-ACCACTGGACCATGTAACTCTAGTGT-3' 55 °C
R: 5'-GGCATCAAGAAGGGCTGGA-3'

HLTF F: 5"-TTTTCTGAGAAGGACCGACCAG-3' 55°C
R: 5'-TGCAATGGCGTAAGAGTTTT-3'

RiZi F: 5-ATTGATGCCACTGATCCAGAGA-3' 55°C
R: 5'-GCTCTGTTGATTTCCAGTGGGA-3'

™ F: 5'-ATTTCAGAGAGGCCITITGGAA-3' 55°C
R: 5"-TTCTAACCAGCTCCCATGGG-3!

FLNe F: 5-GGAAGCACAATCAGAGAAGAAAACA-3' 55°C
R: 5-GCCGGTCCATGTGCCA-3

LOX F: 5 TGACCTGCTTGATGCCAACA-3" 55°C
R 5'-GTGTCTTCAAGACAGAAACTTGCTTT-3'

HRASLS F: 5'-GCATTCCTGCGTCCTTTACAA-3' 55 °C
R: 5'-TCAAGAGCTGCATTTTCACCA-3'

HAND! F: 5'-ATCCCGAGGCCTTCAAGG-3' 55°C

R: 5. TCCGCTTGCTCTCACGG-3

polyacrylamide gels, stained with ethidium bromide,
and observed under ultraviolet (UV) light. Because of
contamination with stromal and inflammatory cells,
unmethylated alleles were also simultaneously de-
tected in all tumor samples. We regarded the methyl-
ation status of a case as “methylated” if methylated
PCR products were detected in that case. We consid-
ered cases with methylation at more than 3 of 5 MINT
loci to be positive for CIMP.'® The presence or absence
of CIMP and DNA methylation of 5 genes (hMLHI,
MGMT, p16™%a (CDHI, and RAR-beta) was deter-
mined previously.'®

Sequencing Analysis of Methylated PCR Products

The PCR products were purified and cloned into the
pCR2.1 vector (Invitrogen, Carlsbad, CA). Plasmid
DNA was extracted from individual clones by alkaline
lysis plasmid minipreparation. The inserted PCR frag-
ments obtained from each sample were sequenced
with M13 forward primer using the PRISM AmpliTag
DNA polymerase FS Ready Reaction Dye Terminator
Sequencing kit (Applied Biosystems, Foster City, CA).
Reamplified DNA fragments were purified with CEN-
TRI-SEP COLUMNS (Applied Biosystems) and were
sequenced with an ABI PRISM 310 genetic analyzer
(Applied Biosystems).

p53 Mutation Analysis
To examine mutations in exons 5-8 of the p53 gene,
we performed PCR-single strand conformation poly-
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A Gnstrlc cancer Corresponding non-neaplastic Normal gastric mucesa obtained
gastric mucosa from younyg healthy individuals
Gasenis. 31 _& 33 34 35 a1 32 33 34 a5 1 3 4 5
- hMLHT
- MGMT
- p]‘e‘m«a
- CDRT
- RAR-beta
~HLTF
- RIZ1
FIGURE 1. {4 Methylation analysis of M
12 genes in GC, corresponding nonneo- e
plastic mucosa, and normal gastric mu-
cosae by bisulfite-PCR followed by re- -Lox
striction digestion (AWMLMT) and MSP « HRASLS
(MGMT, p16™“2  COHY, RAR-beta, - HAND?
HLTF, RIZT, TM, FLNe, LOX, HRASLS,
HAND). The gene studied is indicated at B I 6 6 T T T T T T 6 ¢ 6 ¢ 6 T T ¢ 6 T T T T 6 G & &
the right of each panel. (B) Sequencing é é é é é é é
analysis of methylated PCR products of . i
HLTF (GC Case 34). All CpG sites were ! !! 'l
methylated and C to T transition was , ﬁ { A
observed by bisulfite medification (ar- | \
rowhead), (C} PCR-8SCP analysis of p53. ‘ “ ‘ \
A p53 mutation was detected in 1 case F || A
(Case 69). +: after digestion of restric- c

tion enzyme (Rsal), —: before digestion

of restriction enzyme; M: methylated;
units: unmethylated; T: tumor; N:
normai.

morphism (SSCP) analysis with 10 sets of primers as
described previously.? In brief, each target se-
quence was amplified in a 20 gl reaction volume
containing 10-20 ng of genomic DNA, 0.2 uM 2'de-
oxynucleoside-5'triphosphate, 10 mM Tris-HCl {(pH
8.3), 50 mM potassium chloride, 2 mM MgCl2, 0.3
uM of each primer, and 0.75 units () of Ampli Taq
Gold (Perkin-Elmer, Norwalk, CT). PCR amplifica-
tion consisted of 35 cycles of 94 °C for 30 seconds, 80
°C or 55 °C for 30 seconds, and 72 °C for 30 seconds,
after the initial activation step of 94 °C for 10 min-
utes. PCR products were diluted 10-fold with form-
amide dye solution, denatured at 85 °C for 10 min-
utes, and separated by electrophoresis on 6%
polyacrylamide gels. Gels were stained, and bands
were observed with a Silver Staining II kit (WAKQ,
Osaka, Japan). The presence or absence of p53 mu-
tations was determined previously in 45 of 75 GC
samples.*?

-p53exon 5

RNA Extraction and Quantitative Reverse Transcription
(radiotherapy [RT])-PCR Analysis

Total RNA was extracted with an RNeasy Mini Kit
(Qiagen, Valencia, CA), and 1 ug of total RNA was
converted to ¢cDNA with a First Strand ¢cDNA Synthesis
Kit (Amersham Biosciences Corp., Piscataway, NJ). To
analyze expression of the 12 genes, we performed
real-time RT-PCR as described previously.” We used
TagMan Pre-Developed Assay Reagents Human
hMLHI and p16™%*, and TagMan beta-actin Control
Reagents (Applied Biosystems) in AMLHI and p16™~%
expression analysis. Primer sequences of the remain-
ing 10 genes and annealing temperatures are shown in
Table 1. PCRs were performed with the SYBR Green
PCR Core Reagerits Kit (Applied Biosystems). Refer-
ence samples were included on each assay plate to
verify plate-to-plate consistency. At the end of 40 PCR
cycles, reaction products were separated electro-
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TABLE 2
Frequency of DNA Methylation in Gastric Cancer, Corresponding
Nonneoplastic Mucosa, and Normal Gastric Mucosa

TABLE 3
Relation between DNA Methylation and mRNA Expression in
Gastric Cancer

Gastric cancer  Corresponding Normal gastric mucosa
{n =75} nonneoplastic mucosa (= 10}
Gene No. cases (%) {n = 25} No. cases (%)  No, cases (%)
hMLHI 8 (16.7) 000 0 (0)
MGMT 20 (26.7) 280 00
plge  15(213) 3(120) 0
CDH! 41 (584.7) 4(16.0) 0(0)
RAR-beta  38(50.7) 4(164) 00
HLTF 40153.3) (12,0 0
RiZ1 50 (66.7) 5(20.0) 010)
™ 24 (38.7) 3{12.0) 0
FINe 31{41.3) 280 ()]
LOX 31(413) 3020 0
HRASLS 30 (40.0) ¢ (0.0) 0{0)
HANDI 28{37.3) (0.0 0(0)

phoretically on 8% nondenaturing polyacrylamide
gels, stained with ethidium bromide, and observed
under UV light for visual confirmation of PCR prod-
ucts.

Statistical Methods

Differences were analyzed statistically by chi-square
tests and Mann-Whitney U tests. P values less than
0.05 were considered statistically significant.

RESULTS

Frequency of DNA Methylation

Representative results of bisulfite PCR followed by
restriction digestion of AMLHI and MSP of MGMT,
pl6™®e CDHI1, RAR-beta, HLTF, RIZI, TM, FLNc,
LOX, HRASLS, and HANDI are shown in Figure 1A,
and overall results are summarized in Table 2. The
majority (74 of 75, 98.7%) of GCs showed methylation
of at least 1 gene, and 10 (13.3%) showed methylation
of 9 to 11 genes. The average number of methylated
genes per tumor was 4.83. We confirmed that DNA
methylation of each gene was correlated with low
expression of the respective mRNA (Table 3). Bisulfite
genomic DNA sequencing (representative result is
shown in Fig. 1B) of representative methylated PCR
products of each of the 12 genes showed that all cy-
tosines at non-CpG sites were converted to thymine.
This excluded the possibility that successful amplifi-
cation could be attributable to incomplete bisulfite
conversion. All methylated PCR products showed ex-
tensive methylation of CpG sites that are located in-
side the amplified genomic fragments. The results of
bisulfite sequencing analyses were, thus, consistent
with those of MSP, indicating that it is appropriate to

Methylation No. mBNA expression level

Gene status cases in gastric cancer® P

hMLH] M 4 0.07 £ 0.06° 0.004
U 45 038003

MGMT M 13 0.23 £ 0.04 0.005
u 37 (85%0.14

plghs M g 006 * 0.02 0.005
U 4 085019

CDHI M 30 0.17 = 0.02 0.001
U 20 0.36 = 0.05

RAR-Dera M 26 0.42 £ 0.08 0.024
U 24 102 £ 0.2

HLTF M 23 0.04 £0.01 04027
U 27 009 = 002

RIZI M 17 0.13 +0.04 0.029
U 3 027 2 0.10

™ M i6 170 £430 0.029
U 34 20400 = 2.35

FINc M 18 3.50 £ 0.74 0.001
u 3l 15.90 £ 545

10X M 22 530095 0.001
U 28 18.30 + 3.66

HRASLS M 21 0.04 £ 0.01 £.001
G 29 054 +9.18

HANDI M 17 349 £ (.84 0.604
U 3 22.56 + 4.27

M: methylated; U: unmethylated.

3 Mean values and standard errors for 50 GC samples including these that are methylated and
unmethylated.

b Statistical significance determined using the Mann-Whitney U test.

© The units aze arbitrary, and we calculated the respective mRNA expression leve! by standardization
with | g total RNA of the HSC-3¢ GC cells, taken as LD,

conclude the methylation status of each of the 12
genes from results of MSP assay. In corresponding
nonneoplastic mucosa from GC patients, DNA meth-
ylation was observed in 0-20.0% of 25 cases. Nineteen
(76.0%) of 25 samples of corresponding nonneoplastic
mucosa showed methylation of at least 1 gene. The
average number of methylated genes per sample was
1.16. In normal gastric mucosa, DNA methylation was
not detected. When we focused on the number of
methylated genes, GCs could be subdivided into 2
groups (Fig. 2A). To classify GCs by their methylation
status, we arbitrarily divided the specimens into high-
methylation (GCs with 5 or more methylated genes)
and low-methylation (GCs with 4 or fewer methylated
genes) groups because the average number of meth-
ylated genes per tumor was 4.83. We previously inves-
tigated CIMP status in these 75 GC cases, and as
expected, CIMP-positive GC was found more fre-
quently in the high-methylation group than in the
low-methylation group (P = 0.010, chi-square test, Fig.
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D

FIGURE 2. Distribution of DNA meth-
ylation, CIMP, and p53 mutation in GC.
(A} Distribution of the number of meth-
ylated genes per tumor. GC cases ap-
peared to either show high methylation
{GC with 5 or more methylated genes,
red color) or low methylation (GC with 4
or fewer methylated genes). {B) Distri-
bution of CIMP. The frequency of the
CIMP-positive GC {blue) increases in
paraliel with the number of methylated
genes. (C) The frequency of p53 muta-
tions {green) decreases as the number
of methylated genes increases. (D) Re-
lation between number of methyiated
genes and CIMP status. CIMP is strongly
associated with high methylation. The c }"u’

Number of cases

=}

Frequency of cages with

CIMP-posltive

12 3 4 6 6 7 B
Number of methylated gonas

Number of methylated genas

High-
methylation
group

P=0.0t0

Low-
methylation
group

9 10 11 12

pi3

Wiig-type

utant-type
e

Hlgh-
methylation
group

29

P=0.829

Low-
methylatlon
group

25

numbers in panels represent numbers of
cases in these subgroups. Pvalues were
caleulated by chi-square test. (B} p53
mutation is not associated with DNA
methyiation level or CIMP status. The
numbers in panels represent numbers of
cases in these subgroups. Pvalues were o
caloulated by chi-square test.

?l

60

Frequency of cases with
p53 mutation

2B, D). Mutations in p53 were detected in 28.0% (21 of
75) of the GCs (Fig. 1C), and the frequency of p53
mutations decreased in parallel with the increase in
the number of methylated genes in both the high- and
low-methylation groups (Fig. 2C). The number of
methylated genes was significantly higher in GC cases
without p53 mutation {(mean =* standard error; 5.35
+ 0.39) than in those with p53 mutation {3.47 = 0.49;
P = 0.009, Mann-Whitney {Jtest). However, there was
no significant correlation between p53 mutation sta-
tus and the methylation group {P = 0.829, chi-square

test, Fig. 2E) or CIMP status (P = 0.950, chi-square .

test, Fig. 2E).

Concordant Methylation

DNA methylation of 6 genes (hMLH1, p16™%* HLTF,
RiZ1, TM, and FLNct) was observed frequently in
CIMP-positive GCs, whereas DNA methylation of the
remaining genes (MGMT, CDH], RAR-beta, LOX
HRASLS, and HANDI) was not (Table 4). In contrast,
DNA methylation of each of the 12 genes occurred
more frequently in the high-methylation group than
in the low-methylation group (Table 4).

p53
Wild-lypo

Kutant-type

CIMF + 21

P=0.850

CIMP - 33

01 2 3 4 5 & 7 8 9 101
Number of mathylated genes

Association between Clinicopathologic Features and DNA
Methylation

We analyzed the relation of DNA methylation of indi-
vidual genes in GC samples to clinical data (age, sex,
histology, T grade [depth of tumor invasion}, N grade
[degree of Iymph node metastasis], and tumor stage).
Hypermethylation of both CDHI and RAR-beta oc-
curred more frequently in GC cases showing T classi-
fications 3 and 4 than in those showing T classifica-
tions 1 and 2 (P = 0.038 and P == 0.020, chi-square test,
respectively). However, DNA methylation of each of
the 12 genes was not correlated with tumor stage (data
not shown), We analyzed the relation of CIMP status
and the number of methylated genes to the clinical
data (age, sex, histology, T grade, N grade, and tu-
mor stage) (Table 5). There was no correlation be-
tween CIMP status and any clinicopathologic char-
acteristic (Table 5). No significant correlation was
found between DNA methylation and age or sex.
However, the high-methylation group contained a
greater number of advanced N-grade tumors (P
= 0.025, chi-square test, Table 5) than the low-
methylation group. High methylation was detected
more frequently in Stage III/IV. GC (26 of 40, 65.0%)
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TABLE 4

Distribution of DNA Methylation of 12 Genes with Respect to CIMP and High-Methylation Group in Gastric Cancer

CIMP (%) Methylation group (%)
Positive Negative P High Low g

hMLHI M 7{81.5) 1 0.00% 8 (100.0} 0 0.012
U 22 (32.8) 45 3146.3) 36

MGMT M 10 (56.0) 10 0.344 15(75.0) 5 0.032
U 19 (34.5} 36 24 (43.6) 3t

plgiFea M 12 (75.0} 4 0.002 15{93.8} 1 0.001
U 17 (28.8) 42 24 0.7 35

CDH1 M 19{46.3) 22 0.207 3G (73.2) 11 0.001
U 10{29.4) 24 9(26.5) 25

RAR-beta M 17 (44.7) 21 0.392 30(78.9) 8 0.001
U 12 (324) 25 9(24.3) 28

HLTF M 22 (85.0) 18 0.004 26 (65.0) 14 (.029
) 7(20.0) 28 13(37.1) 22

RIZI M 25 (50.0) 25 0,009 31(62.0) 19 0427
U 41{16.0) 21 §{32.00 17

™ M 19 {65.5) 10 0.001 25 (86.2) 4 0.001
U 10{21.9) 16 14 (30.4) 32

FLNe M 19 (61.2} 12 0.002 27(87.1) 4 0.001
U 16 (22.7) 3 12 (27.3) 32

LOX M 14 (45.2} 17 0.466 27(87.1) 4 0.001
§) 15 (34.1) 29 12(27.3) 32

HRASLS M 15 {50.0) 15 0,180 24 (80.0} 6 0,001
|H 14 (3L1) 31 15{33.3) 0

HANDI M 14 (50.0) 14 0.190 23{82.1} 5 0.001
U 15(31.9) 32 16 (34.0) 3l

CIMP: CpG island methylator phenotype; M: methylated; U: unmethylated.
* Statistical significance determined using the chi-square test

than in Stage I/II GC (13 of 35, 37.1%, P = 0.029,
xhi-square test, Table 5).

We next analyzed the relation of DNA methylation
of individual genes in correspending nonneoplastic
mucosa and normal gastric mucosa cbtained from 10
healthy young individuals to the H. pylori infection. H.
pylori infection was found in 17 (68.0%) of 25 corre-
sponding nonneoplastic mucosa samples. H. pylori
infection was not detected in 10 normal gasiric mu-
cosa samples obtained from 10 healthy young individ-
uals. No correlation was found between methylation
of any of 12 genes and presence of H. pyleri infection
(data not showm).

DISCUSSION

The hypermethylator phenotype is thought to be re-
lated to patient-specific factors, such as exposure to
carcinogens or genetic predisposition.> In GC, a rela-
tion between Epstein-Barr virus and DINA methylation
has been reported.5>** DNA methylation occurs early
in the multistep process of stomach carcinogene-
sis,** and CIMP is detected in some normal gastric
mucosa.*® Thus, DNA methylation may contribute to

carcinogenesis but not progression. As expected, we
found no association between tumor stage and DNA
methylation of individual genes or initially defined
CIMP. However, methylation of the larger number of
genes was significantly associated with advanced tu-
mor stage, suggesting that methylation of tumor-re-
lated genes accumulates with the progression of GC.
Consistent with our present results, methylation of
multiple tumor-related genes is associated with a poor
prognosis in various types of tumors.*~*! In addition,
the cumulative loss of expression of tumor-related
genes has been reported to be associated with tumor
stage in GC.*® Therefore, consecutive inactivation of
multiple tumor-related genes by DNA methylation ap-
pears to be important in GC progression.

Although methylation of several genes was asso-
ciated with tumor stage, initially defined CIMP was
not. Although the number of methylated genes was
higher in CIMP-positive GCs than in CIMP-negative
GCs, statistically significantly concordant methylation
was observed for only 6 of the 12 genes, suggesting
that initially defined CIMP may not reflect overall
DNA methylation status. This may be why we found
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TABLE 5
Associations of CIMP and High-Methylation Group with
Clinicopathologic Features in Gastric Cancer

Methylation
CIMP (%} group (%)
Positive ~ Negative P High Low P
Age
> B3 yrs 20(39.2) 3 0.887 30 (58.8) 21 0.140
< B3 yis 5(37.5 15 9 (37.5) 15
Gender
Male 21 (404} 31 0.840 26 {50.0) 26 0.787
Female 8{34.8} 15 13 {56.5) 10
T classification®
TLT2 11432.4 23 0433 13(38.3) 21 0.0523
T3/74 18 {43.9) 23 26 (63.4) 15
N status®
N 7(30.4) 16 0.474 7(30.4) 16 0.025
NI/NZ/N3 22(42.3) R4 32 {(61.5) 20
Stage”
Stage I/I1 12 [44.7) 23 2623 13(37.0) 22 0.029
Stage I/IV 17 (324) 23 26 (65.0) 14
Histolagic type®
Intestinal 18 (55.0) 21 0.25] 20513 9 0.897
Diffuse 11 (20.0) 25 19 {52.8} 17

CIMP: CpG island methylator phenotype; M: methylated; U: unmethylated,

* Statistical sigmificance was desermined using the chi-square test.

b Stage was classified according to the criteria of the International Union Againsl Cancer TNM
classification of malignant tumors, Gth editicn, 2002,

© Histology was classified according to the criteria of Lauren,

no association of initially defined CIMP with tumor
stage. In the present study, we divided GC into 2
groups, and concordant methylation of each of the 12
genes was observed in the high-methylation group.
We found significant association between CIMP and
hypermethylation of the hMLHI, pl6™<4 HITE
RIZI, TM, and FLNc genes, suggesting that methyl-
ation of these genes is not a random event in stomach
carcinogenesis.

The molecular mechanisms of the association be-
tween high-methylation group and tumor stage are
unclear. Because DNA methylation of each gene was
associated with low cxpression of the respective
mRENA, it seemns reasonable that the associated bio-
logic functions were also simultaneously lost. Thus,
selection for the loss of specific biologic functions
might have played a role in the accumulation of DNA
methylation. Moreover, the finding that the frequency
of p53 mutation tended to decrease with the simulta-
neous increase of the number of methylated genes
suggests that gene methylation may affect cancer-as-
sociated functions with some overlap with p53 regu-
lated functions. In this study, we investigated DNA
methylation of 12 tumor-related genes, of which only

Methylation of Multiple Genes in Gastric Ca/Oue et al. 1257

2, CDHI and RAR-betq, have been shown to be in-
volved in tumor invasion or metastasis.’®%? In the
present study, DNA methylation of CDHJ and RAR-
beta was correlated with advanced T grade. However,
DNA methylation of each of the 12 genes was not
associated with tumor stage but occurred frequently
in the high-methylation group, and therefore, the as-
sociation between high-methylation group and tumor
stage is not a secondary effect of the loss of specific
biologic functions. Conversely, several lines of evi-
dence suggest that DNA methylation of some genes
may be caused by inflammatory proliferative stimuli.
For example, it has been reported that cirrhosis is
associated with multiple DNA methylation.>® Similar
results were also found in ulcerative colitis, where
chronic inflammation was associated with increased
methylation of multiple genes.®® Thus, accumulation
of DNA methylation may be caused by proliferative
changes during tumor progression.

H. pylori infection is an important etiologic risk
factor in GC, and it has been classified as a Group I, or
definite carcinogen, by the World Health Organization
International Agency for Research on Cancer.%® In GC,
DNA methylation of CDHI has been reported to be
correlated with H. pylori infection.®® Conversely, it has
been reported that in nonneoplastic gastric mucosa,
H. pyloriinfection is not correlated with the number of
methylated genes.®® In the present study, no correla-
tion was found between methylation of any of 12
genes and presence of H. pylori infection in corre-
sponding nonneoplastic gastric mucosa and normal
gasiric mucosa. It also has been reported that vita-
mins, such as folic acid and B12, are crucial for DNA
methylation.®** In the present study, we did not in-
vestigate the relation between DNA methylation and
intake of vitamins because of the lack of clinical infor-
mation.

In summary, we show that GCs with a higher
number of methylated genes have a distinct DNA
methylation profile that differs from that of CIMP-
positive GC as originally described. DNA methylation
of tumor-related genes, some of which are associated
with CIMP, may contribute to development of a ma-
jority of GCs and appears to accumulate in parallel
with tumor progression,
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