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Figure 2. Wnt5a induces the expression of laminin y2 in GC cells. (A) Wnt5a and LAMC2 mRNA expression in various GC cell ines was quantified
by quantitative reverse-transcription PCR. Relative mRNA levels in each cell line were expressed as percentages of Wnt5a mRNA in MKN-1 cells and
LAMC2 mRNA in MKN-45 cells. The results shown are the means + SE of 3 independent experiments. (8) TMK-1 cells. {Left panel) LAMC2 mRNA
levels in TMK-1/control and TMK-1/Wnt5a KD celis were quantified. {Second panel) TMK-1 cells were treated with the indicated concentrations of
WntSa (closed circles) or Wnt3a (open circles) for 4 hours, and then the LAMC2 mRNA leve! was quantified. (Third panel) TMK-1 cells were treated with
100 ng/ml. Wntba for the indicated periods, and then LAMAS3, LAMBS, and LAMC2 mRNA levels were quantified. (Right panel) TMK-1 cells were treated
with 150 ng/mL. WntSa or Wnit3a for 8 hours, and then extraceliular matrix was collected and probed with anti-laminin &3, 83, and 2 antibodies. (C) MKN-1
cells. {Left panel) LAMC2 mRNA levels in MKN-1 cells transfected transiently with scrambie (control), WritSa, or Wnt3a siRNA were quantified. (Right panel)
Total celllysates of MKN-1 celis transfected transiently with scramble, Wnit5a, or Wnt3a siRNA were probed with anti-laminin 42 antibody. (D) MKN-45 cells.
{Left panel) LAMC2 mRNA levels in MKN-45/conirol and MKN-45/ANNtSa cells were quantified. Relative mRNA levels were expressed as fold increases
compared with the LAMC2 mRNA level in MKN-45/control cells. (Right panef) Extraceliular matrix prepared from MKN-45/control and MKN-45/\Wnt5a cells
was probed with anti-laminin y2 antibody. Laminin y2' is a 105-kilodalton processed form of laminin y2.

Wnt5a and Wnt3a proteins were added to TMK-1 cells, nin a3, B3, and y2 chains. mRNA levels of other
WntSa but not Wnt3a increased LAMC2 mRNA in a  components of laminin-$, LAMA3 (laminin a3 gene)
dose-dependent manner (Figure 2B). LAMC2 mRNA and LAMBS3 (laminin 83 gene), were not up-regulated by

started to increase at 2 hours afrer Wnt5a stimulation,  WntSa (Figure 2B). Consistent wirth these results,
reached a maximal level at 4 hours, and then declined = WntS5a increased protein levels of laminin y2 but not
gradually (Figure 2B). Laminin-5 is a trimmer of lami-  laminin a3 and laminin B3 (Figure 2B).

—138—
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Knockdown of Wnrt3a from MKN-1 cells did not
affect LAMC2 mRNA and laminin y2 protein levels
under conditions where knockdown of Wnt5a reduced
them (Figure 2C). MKN-45 cells stably overexpressing
Wnt5a (MKN-45/WntSa cells) increased the expression
of LAMC2 mRNA and laminin y2 protein as compared

GASTROENTEROLOGY Vol. 137, No. 1

results indicate that WntSa induces the expression of
laminin y2 in 3 different GC cell lines.

WntSa Activates the Promoter of Laminin y2
Through the AP-1 Element

To examine how WntS5a signaling induces the

with conrtrol cells (Figure 2D). Taken together, these expression of laminin y2, TMK-1 cells were pretreated
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Figure 3. AP-1 is invoived in Wnt5a-dependent expression of faminin y2. (A) TMK-1 cells were treated with (closed circles) or without {open
circles) 1 ug/mlL cycloheximide (CHX) for 4 hours before stimulation with the indicated amounts of Wnt5a for 4 hours. LAMC2 mRNA was
quantified, and relative mMRNA levels were expressed as fold increases compared with the LAMC2 mRNA Jevel in TMK-1 cells without Wntba
stimulation. (8) {Upper panel) The LAMC2-luciferase constructs used in this study. (Bottom left panel) MKN-45/control or MKN-45/Wnit5a cells
were transfected with the indicated pGL3/LAMC2-Luc constructs, and then the luciferase activities were measured. (Bottom right panel)
TMK-1/control or TMK-1/Wnt5a KD celis were transfected with the indicated pGL3/LAMC2-Luc constructs, and then the luciferase activities
were measured. Relative laminin y2 promoter activity was expressed as fold increase compared with that of MKN-45/controt cells transfected
with pGL3/(1.2 kb) LAMC2-Luc or TMK-1/control cells transfected with pGL3/(0.12 kb) LAMC2-Luc. (C) After TMK-1 cells were transfected
with pGL3/(1.2 kb) LAMC2-Luc with or without mutation in the 5'AP-1 site (5'AP-1 mut or WT, respectively), the cells were stimulated with
control CM or Wnt5a CM for 24 hours. Luciferase activities were measured and expressed as fold increases compared with that of cells
transfected with pGL3/(1.2 kb) LAMC2-Luc and treated with contral CM. WT, wild type. (D) Chromatin from TMK-1/control, TMK-1/Wnt5a KD,
MKN-45/control, and MKN-45/Wnt5a cells was immunoprecipitated with anti-JunD antibody, anti-c-jun antibody, or control immunoglobutin
G, and the samples were analyzed by PCR for the LAMC2 promoter region containing 2 AP-1 sites. (E) The amounts of precipitated DNA in
D were quantified by real-time PCR with the same primers. The relative amounts of the DNA fragments containing AP-1 sites immunopre-
cipitated with anti-JunD or anti~c-jun antibody were expressed as arbitrary units compared with that with control immunoglobulin G. The
results shown are means *+ SE from 3 independent experiments.
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with cycloheximide before Wnt5a stimulation. Cyclohex-
imide did not affect WntSa-dependent expression of
LAMCZ mRNA (Figure 3A), suggesting that Wnt5a in-
duces the expression of LAMC2 mRNA without protein
synthesis.

To evaluate the role of the upstream elements in con-
trolling basal activity of the LAMC2 promoter, a series of
delerions of the LAMC2 5'-flanking region with the lucif
erase gene (LAMC2-Luc) was transfected into MKN-45/
control cells. Consistent with previous observations in
colon cancer cells,’® the 2.5-kilobase (kb) and 1.2-kb
LAMC2-Luc constructs showed luciferase activity, but de-
letion from position —1.2 kb to —0.12 kb reduced the
luciferase activity to 10% (Figure 3B). Similar findings
were observed in TMK-1 cells (Figure 3B). When 3 differ-
ent LAMC2-Luc constructs were transfected into MKN-
45/WntSa cells, the luciferase activity increased approxi-
mately 3-fold as compared with the control cells (Figure
3B). When Wnt5a was knocked down from TMK-1 cells,
the LAMC2-Luc promoter activities were decreased (Figure
3B). These results suggest that the region berween —1.2
kb and —0.12 kb was required for the basal activity of the
LAMC2 promoter and that the —0.12 kb region has a
Wnt5a response element.

It has been reported that the 0.12-kb promoter frag-
ment contains 2 AP-1 elements and that the 5' AP-1 site
is critical for phorbol ester-dependent activation.’® As
shown in Figure 3C, the basal reporter gene activity was
decreased dramatically by introducing mutations in this
area (LAMC2(S' AP-1 mut)-Luc), and WntSa did not stim-
ulate it. Therefore, the 5'AP-1 site could be crucial for the
basal activity of the LAMC2 promoter as well as the
upstream region.

The AP-1 protein containing JunD has been shown to
bind to the 5’ AP-1 site in the LAMC2 promoter using
eleccrophoretic mobility shift assays.’® In ChIP assays,
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PCR amplification of the anti-JunD antibody immuno-
precipitants showed that the fragment of the LAMC2
promoter containing 2 AP-1 sites exists in TMK-1/con-
trol cells but not in TMK-1/WntSa KD cells (Figure 3D
and E). PCR using the fragment containing a T-cell factor
(Tcf) binding site, which is located about 400 base pairs
upstream of the AP-1 sites, showed no detectable bands
in both samples (data not shown). In addition, the PCR
fragment of the LAMC2 promoter containing AP-1 sites
in the anti-JunD antibody immunoprecipitants was in-
creased in MKN-45/Wnt5a cells (Figure 3D and E). How-
ever, anti- c-jun antibody did not immunoprecipitate the
PCR fragment (Figure 3D and E).

We also examined which molecules are involved in
Wnt5a-dependent expression of laminin y2. Consistent
with previous results in other cells,”820 Wnt5a induced
the phosphorylation of c-Jun-N-terminal kinase (JNK)
and PKCa in MKN-45 and TMK-1 cells (Figure 4A),
indicating the activation of JNK and PKCa. SP600125, a
JNK inhibiror, and staurosporine, a PKC inhibiror, sup-
pressed WntSa-dependent LAMC2-Luc activity (Figure
4B). Frizzled (Fz) family are known to function as Wnt
receptors.?! Fz2, FzS, and Fz7 were expressed highly in
MKN-1 cells (data not shown). Knockdown of Fz2 but
not of Fz5 and Fz7 reduced WntSa-dependent expression
of LAMC2 mRNA (Figure 4C). Taken together, these
results suggest that Fz2 is a WntSa receptror in this
signaling of GC cells and that JNK and PKC mediate
Wnt5a-dependent expression of laminin y2 through the
recruitment of JunD to the AP-1 site of the LAMC2
promoter.

Laminin y2 Mediates Wnt5a-Dependent

Invasion

It has been reported that B-catenin activates
LAMC2 promoter funcrion through 2 Tcf-biding ele-
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Figure 4. The mechanism by which Wnt5a induces the expression of laminin y2. (A) MKN-45 cells were stimulated with 300 ng/mbL Wnt5a for
1 hour, and then the cell lysates were probed with anti-phospho-JNK antibody. TMK-1 cells were stimulated with 300 ng/mL Wnt5a for 30
minutes, and then the cell lysates were probed with anti-phospho-PKCa antibody. {B) After TMK-1 cells were transfected with pGL3/(1.2 kb)
LAMC2-Luc, the cells were stimulated with control {open circles) or WntSa (closed circles) CM for 24 hours in the presence of the indicated
concentrations of SP600125 (left panel} or staurosporine (right panel). Luciferase activities were measured and expressed as fold increases
compared with that of cells treated with control CM and without inhibitors. (C) After MKN-1 cells were transfected with the indicated siRNA,

LAMCZ mRNA levels were quantified.
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ments, suggesting that laminin y2 mediates B-catenin- thermore, Wnt5a and B-catenin stimulated the promoter
dependent invasion by colon cancer cells.22 Therefore, the  activity of LAMC2 additively (Figure SA). These results sug-
possibility that B-carenin mediates WntSa-dependent ex-  gest that WntSa induces the expression of laminin y2 with-
pression of laminin y2 was examined, because Wnt5a can out the activation of the B-catenin- dependent pathway.

activate the B-catenin-dependent pathway in a receptor Knockdown of laminin y2 in TMK-1 and MKN-1 cells
context.2? Expression of B-catenin and Tcf-4 in TMK-1  clearly decreased invasion activities in the Transwell as-

cells stimulated the promoter activity of LAMC2, but the  says with Matrigel (Figure 5C). Furthermore, MKN-45/
activity was not affected by SP600125 (Figure SA). Lami- ~ WntSa cells showed higher invasion activity compared with

nin y2 protein levels were also increased by the expres- control cells, and knockdown of laminin y2 decreased the
sion of B-catenin and Tcf-4, although the increment was activity (Figure SC). Consistent with these observations,
slight compared with the extent induced by WntSa stim-  laminin y2 was clearly expressed in TMK-1 cells metasra-
ulation but reproducible (Figure 5B). ATcf-4, which lacks sized to liver in nude mice (Figure 5D). Taken together,
the B-catenin- binding region, is known to act as a domi-  these results suggest thatr WntSa is involved in the expres-
nant negative form?* ATcf-4 did not affect the WntSa- sion of laminin 2, which mediates WntSa-dependent inva-

dependent promoter activity of LAMC2 (Figure SA). Fur-  sion at least partly in a certain type of GC.
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Figure 5. Laminin y2 mediates Wnt5a-dependent cell invasion. (A) (Left panel) TMK-1 cells were transfected with pGL3/(1.2 kb) LAMC2-Luc and
the indicated plasmids in the presence or absence of 10 umal/L SPE00125. At 48 hours after transfection, luciferase activities were measured. The
relative laminin y2 promoter activity was expressed as fold increase compared with that of the cells transfected with empty vectors and without
treatment of SPE00125. (Right panel) At 24 hours after TMK-1 cells were transfected with pGL3/(1.2 kb) LAMC2-Luc and the indicated plasmids, the
cells were stimulated with control CM or WnitSa CM for 24 hours. The relative luciferase activities were expressed as fold increases compared with
that of cells transfected with empty vectors and stimulated with control CM. (B) TMK-1 cells were transfected with plasmids for B-catenin and Tcf-4
and then stimulated with 150 ng/mlL Wnt5a as indicated. The exiracellular matrix fractions of all these samples were collected and probed with
anti-laminin ¥2 antibody. The numbers below the panel show relative quantification values of laminin y2 in each lane. {C) (Left panel) TMK-1 and
MKN-1 cells were transfected with scramble or LAMC2 siRNA, and then the cells were subjected to the invasion assay. Relative invasion activity was
expressed as percentages of the invaded cell numbers of control cells. (Right panel) MKN-45/control and MNK-45/Wnt5a cells were transfected
transiently with scramble or LAMC2 siRNA, and these cells were subjected to the invasion assay. Relative invasion activity was expressed as fold
increase compared with the invaded cell numbers in MKN-45/control cells transfected with scramble siRNA. (D) Liver tumors produced by the
intrasplenic injection of TMK-1 cells were sectioned and stained with anti-laminin +2 antibody. All the cells shown in this figure were metastasized GC
cells. Laminin ¥2 was stained in brown. Scale bar = 19 pm.
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Coexpression of WntSa and Laminin y2 in
GC Cases

To investigare the inducrion of laminin y2 expres-
sion by WnrSa in GC cases, immunohistochemical anal-
yses of Wnt5a and laminin 2 in 153 GC cases were
performed. Representative results of WntS5a immuno-
staining of GC are shown in Figure 64 and Supplemen-
tary Figure 2 (see supplemental material online at www.
gastrojournal.org). Wnt5a was detected in the cytoplasm
of cancer cells. Consistent with the previous observa-
tions,’ positivity for WntSa was associated with advanced
T classification, N classification, and tumor stage (Sup-
plementary Table 2).

Two laminin y2 staining partterns (extracellular stain-
ing and cytoplasmic staining) have been reported in

Figure 6. Coexpression of Wrt5a
and laminin y2 in scirrthous GC.
{A and B) A sample of diffuse-
scattered type GC was stained
with (4) anti-Wnt5a and (B) anti-
laminin 2 antibodies. Cytoplas-
mic laminin y2 was detected in
Whnt5a-positive cancer cells. Scale
bars = 19 um. (C and D) Samples
of other GC types were stained
with anti-laminin y2 antibody.
Laminin y2 was observed as
(C) cytoplasmic expression in in-
testinal type GC and (D) extracel-
lular expression in diffuse-ad-
herent type GC pattems. Scale
bars = 19 um. (E and F) A sam-
ple of GC was stained with (E)
anti-g-catenin and (F) anti-lami-
nin y2 antibodies. {inset} High-
magnification image of 8-catenin
staining. Scale bars = 75 um.
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GC.»* In diffuse-scattered type (so-called scirrhous type)
GC cases, cytoplasmic laminin y2 staining but not extra-
cellular laminin 2 staining was found (Figure 6B and
Supplementary Figure 2). In other types (intestinal or
diffuse-adherent type) of GC cases, both staining par-
terns were observed (Figure 6C and D). Because WntSa
staining was detected in few cancer cells in the GC cases
with extracellular laminin y2 expression, the relationship
between the expression of WntSa and cyroplasmic lami-
nin y2 was investigated.

In total, 35 (23%) of 153 GC cases were recognized as
cytoplasmic laminin y2 positive. Positivity for laminin y2
was associated wirh advanced N classification (P = .0037)
and tumor stage (P = .0330) (Table 1). Among 36 diffuse-
scattered type GC cases, the frequency of laminin y2
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Table 1. Relationship Between Laminin y2 Expression and
Clinicopathologic Characteristics in GC

Laminin y2
Positive Negative P vaiue
T classification
T1 9 (19%) 39 .5345
T2/3/4 26 (25%) 79
N classification
NO 8(12%) 60 .0037
N1/2/3 27 (32%) 58
Stage
gl 15 (17%) 75 .0330
/v 20 (32%) 43
Histologic classification
Diffuse-scattered type 10 (28%) 26 .4966
Other types 25 (21%) 92

expression in WntSa-positive GC cases (10 of 24 cases;
42%) was significantly higher than that in WntSa-nega-
tive GC cases (0 of 12 cases, 0%; P = .0146) (Table 2).
There was a tendency for laminin y2 to be expressed in
GC cells expressing WntS5a (Figure 64 and B and Supple-
mentary Figure 2). In contrast, among 117 other types of
GC cases, the frequency of laminin y2 expression in
WntSa-positive GC cases (5 of 20 cases; 25%) was not
different from that in WntSa-negative GC cases (20 of 97
cases, 21%; P = .7649) (Table 2). However, in 5 GC cases
positive for both WntSa and laminin 2, there was a
tendency for GC cells stained by laminin 2 to also be
positive for WntSa (Supplementary Figure 2). These re-
sults suggest that WntSa is involved in laminin Y2 ex-
pression, at least in diffuse-scattered type GC.

To examine the relationship between expression of
B-catenin and laminin y2, further immunohistochemical
analysis of B-catenin was performed on 153 GC cases.
Cancer cells showing cytoplasmic or nuclear accumula-
tion of B-catenin were not always positive for laminin y2
(Figure 6E and F and Table 2).

Discussion
Wnt5a Induces Expression of Laminin y2

The results of this study showed for the first time
that WntSa is involved in the metastasis of GC cells in
vivo using nude mice. It was also found that WntSa
induces the expression of laminin y2 in at least 3 differ-
ent GC cell lines and thar laminin y2 mediates WntSa-
dependent invasion. From the results in biochemical,
reporter gene, and ChIP assays, the possible mechanism
by which WntS5a induces the expression of laminin y2 in
GC cells is that the binding of Wnt5a to Fz2 would
stimulate the expression of laminin y2 by the recruit-
ment of JunD to the AP-1 binding site of the promoter
region of the LAMC2 gene through the activation of PKC
and JNK. Immunohistochemical studies have shown that
laminin y2 is overexpressed at the invasive front of hu-

GASTROENTEROLOGY Vol. 137, No. 1

man cancers.!4!5 Taken together with previous clinico-
pathologic studies showing that the expression of WntSa
is associated with aggressiveness and poor prognosis in
GC,8 these results suggest that laminin 2 is involved in
aggressiveness of GC in which Wnt5a is highly expressed.

Although the molecular mechanism by which laminin
v2 stimulates the migration of cancer cells is not under-
stood, the proteolysis of laminin y2 to 10S§-kilodalton
and 70-kilodalton fragments increases cell motility activ-
ity but decreases its cell adhesion activity.!! In addition, it
has also been reported that domain IIl of laminin 2
stimulates cell migration by binding to epidermal growth
factor receptor?s and that the 70-kilodalton fragment
binds to syndecan-1 and disrupts the hemidesmosome-
like structure.26 The cleaved form of laminin y2 was
indeed produced in the extracellular matrix fraction from
MKN-45 cells overexpressing WntSa (see Figure 2D).
Therefore, production of proteases, such as metallopro-
teinases, from cancer cells may cooperate to enhance the
effects of laminin y2 on cancer cells.

[B-Catenin activates laminin 2 gene expression through
the 2 Tcf-binding elements in colorectal cancer.?? It was
found that the activation of WntSa and B-catenin path-
ways induces the expression of laminin y2 independently
in cultured GC cells. It is notable that overexpression of
Tcf-4 is required for B-catenin-dependent laminin y2
expression in this assay. Because it was reported that
Tcf-4E is expressed in colon cancer where fB-catenin is
up-regulated,?” expression of B-catenin could induce
the expression of laminin ¥2 in colon cancer. However,
it is unlikely that the B-catenin pathway stimulates the

Table 2. Relationship Between Laminin y2 Protein
Expression and Wnt5a or g-Catenin in GC

Laminin y2
Positive Negative P value
All cases {n = 153)
Wntba
Positive 15 (34%) 29 .0543
Negative 20 (18%) 89
Bcatenin
Positive 4 (18%) 18 7847
Negative 31(24%) 100
Diffuse-scattered type (n = 36)
Wnt5a
Positive 10 (42%) 14 0146
Negative 0 (0%) 12
B-catenin
Positive 0 (0%) 2 1.0000
Negative 10(29%) 24
Other types (n = 117)
Wnt5a
Positive 5(25%) 15 .7649
Negative 20 (21%) 77
B-catenin
Positive 4 (20%) 16 1.0000
Negative 21 (22%) 76
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expression of laminin y2 in GC, because an immuno-
histochemical study suggested that accumulation of
B-catenin in GC cases is not associated with laminin
Y2 expression. The expression level of Tef-4 may not
change in GC cells overexpressing B-catenin.

Clinical Relevance of the Coexpression of
Wnt5a and Laminin y2 in GC

It was shown previously that Wnt5a is expressed
in diffuse-scattered type (scirrhous type) GC more fre-
quently than in other types of GC.6 Scirrhous GC is
characterized by extensive cancer cell infiltration and
proliferation accompanied by abundant stromal fibrosis,
and the prognosis of patients with scirrhous GC remains
poor.2® One reason for the poor prognosis is rapid infil-
tration of cancer cells. It has been reported that abnor-
malities in several molecules are involved in the patho-
genesis of scirrhous GC. The present study found that
the coexpression of Wnt5a and laminin y2 in the same
cancer cells is observed at a statistically significant rate in
diffuse-scattered type GC but not in other GC types.
WntSa stimulates cell migration by activating Rac and
focal adhesion kinase.5® In addition to this pathway,
WntSa induces the expression of laminin y2 by activat-
ing JNK (this study) and JNK also phosphorylates
paxillin, resulting in stimulation of cell motility.2?
Therefore, the acrivation of these pathways by WntSa
overexpressed in scirrhous GC may trigger invasion
and metastasis by GC cells, resulting in poor progno-
sis. Among GC cell lines, KKLS cells barely expressed
laminin y2, aithough Wnt5a was required for in vivo
metastasis and in vitro invasion. These results suggest
that Wnt5a also activates other pathways that are
involved in invasion and metastasis.

Supplementary Data

Note: To access the supplementary material
accompanying this article, visit the online version of
Gastroenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2009.02.003. »
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Te elucidate the mechanism of radiation-induced cancers, molecu-
lar analysis of cancers in atomic-bomb survivors is important. In
our study, we developed a custom oligonucleotide array of 208
genes. We analyzed gene expression profiles of gastric cancers
(GCs) from atomic-bomb survivors and identified 9 genes with sig-
pificantly lower expression in GCs from exposed patients than in
GCs from nonexposed patients. Among these 9 genes, expression
of versican and osteonectin was investigated in greater detail using
immunohistochemistry in 116 GCs from 64 exposed and 52 nonex-
posed patients who developed GC after the bombing. In the Stage
1/IT GCs, the clinicopathologic, phenotypic and proliferative char-
acteristics of GCs from exposed and nonexposed patients did not
differ significantly; however, versican and osteonectin were
expressed at much lower levels in the area of tumor-associated
stroma of exposed patients than in nonexposed patients (p = 0.026
and p = 0.024, respectively). These results suggest that the charac-
teristics of tumor-associated stromal cells differ between GCs
from exposed and nonexposed patients.

© 2008 Wiley-Liss, Inc.

Key words: gastric cancer; radiation carcinogenesis; atomic bomb;
versican; osteonectin

More than 60 years have passed since atomic-bomb (A-bomb)
exposure in Hiroshima and Nagasaki. A prospective cohort study
{Life Span Study (LSS)] of 120,000 subjects has been conducted
by the Radiation Effects Research Foundation (RERF).! Solid can-
cers, including breast, colon, lung and stomach, have a long la-
tency period, and the excess relative risks of solid cancers remain
high, specifically among those exposed when young.! Although
approximately half of the LSS members have already deceased,
cancer mortality in the LSS has continued to increase with the
aging of this population, and it is anticipated to peak in 2015. Pre-
vious studies conducted to elucidate the mechanism of radiation-
associated carcinogenesis mainlg used formalin-fixed and para-
ffin-embedded archival tissues,”® which are not suitable for
selected molecular analyses (e.g. quantitative assays of gene
expression) because of degradation of RNA.

According to the World Health Organization, gastric cancer
(GC) is the fourth most common malignancy world wide, with
~870,000 new cases occurring yearly. Cancer develops as a result
of multiple genetic and epigenetic alterations.** Better knowledge
of changes in gene expression that occur during gastric carcino-
genesis may lead to improvements in diagnosis, treatment and pre-
vention of GC. Thus far, the effect of radiation on GC develop-
ment has been estimated on the basis of the LSS, in which both
mortality and incidence were used as end points. The excess rela-
tive risks per gray (Gy) were 1.20 for mortality® and 1.32 for inci-
dence.! Although several genetic alterations, including mutations
in TP53 and BRAF, have been teported in selected cancers of A-
bomb survivors,mﬁ changes in gene expression have not been
investigated. Furthermore, specific mutations for radiation-associ-
ated cancers have not been reported.

In our study, we performed custom array analysis of GCs from
A-bomb survivors. We found reduced expression of versican and
osteonectin in GCs from exposed patients. Versican, a large chon-
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droitin sulfate proteoglycan, belongs to the aggrecan gene family.®
Versican is a component of the extracellular matrix (ECM) of var-
ious soft tissues and is involved in a number of pathologic proc-
esses including cancer, atherosclerotic vascular diseases and so
on.’ Versican represses cell adhesion and promotes proliferation,
migration, and invasion.!®!! Increased stromal versican deposition
correlates with breast cancer relapse and prostate cancer progres-
sion.!?!3 Osteonectin, a matricellular glycoprotein, modulates the
interaction of cells with the ECM through its regulation of cell ad-
hesion and matrix assembly.' Increased expression of osteonectin
has been reported in several human cancers, and stromal osteonec-
tin expression has been shown to correlates with tumor progres-
sion and poor survival.'’>!® Osteonectin enhances the invasive
capacity of prostate and breast cancer cells.!”!® Although overex-
pression of versican and osteonectin has been reported in GC,1?#%0
the relationship with radiation exposure history of patients has not
been studied. Therefore, we performed immunohistochemical
analysis of versican and osteonectin expression in 116 GCs from
A-bomb survivors.

Material and methods
Tissue samples

Primary tumor samples from 136 patients with GC were col-
lected. Patients were treated at Hiroshima University Hospital
(Hiroshima, Japan) or at an affiliated hospital. All patients under-
went curative resection. Only patients who did not undergo preop-
erative radio- or chemotherapy and did not have clinical evidence
of distant metastasis were enrolled in the study.

For use in our oligonucleotide array analysis, 3 freshly frozen
GC tissue samples from exposed patients (5, 7 and 18 mGy) were
obtained during surgery at the Department of Surgical Oncology,
Hiroshima University Hospital, between 2004 and 2005. These
patients were A-bomb survivors (3 LSS cohort members, RERF)
in Hiroshima, Japan, who developed GC after the bombing. Their
carresponding nonneoplastic mucosa samples were also available.
In addition, we analyzed 20 freshly frozen GC tissue samples
from nonexposed patients, who underwent surgery between 1991
and 1998 at the Department of Surgical Oncology, Hiroshima Uni-
versity Hospital; they were neither A-bomb survivors nor the LSS
cohort members. Of these 20 GC samples, 10 corresponding non-
neoplastic mucosa samples were available. All 20 GC samples
were obtained during surgery at Hiroshima University Hospital.
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We confirmed microscopically that the tumor specimens were pre-
dominantly (>50%, on a nuclear basis) cancer tissue. Samples
were frozen immediately in liquid nitrogen and stored at —80°C
until use.

For immunohistochemical analysis, we used formalin-fixed and
paraffin-embedded archival tissues from 116 patients with GC
who underwent surgery between 1975 and 2005 at the Department
of Surgical Oncology, Hiroshima University Hospital. All 116
patients were A-bomb survivors (LSS cohort members) in Hiro-
shima, Japan. Although these patients were survivors who devel-
oped GC after the bombing, they were further classified according
to the levels of exposed radiation dose (i.e. 25 mGy and <5 mGy
were defined as “exposed” and “nonexposed,” respectively): 64
exposed (median dose, 51 mGy) and 52 nonexposed patients.

Tumor staging was performed according to the TNM classifica-
tion system.” Histologic classification of Gg was carried out
according to the Lauren classification system.”” The detailed pro-
cedures for acquiring informed consent from study patients and
collecting tissue specimens were as described previously.” In ac-
cordance with the Ethical Guidelines for Human Genome/Gene
Research enacted by the Japanese Government, tissue specimens
were collected and used on the basis of the approval from the Ethi-
cal Review Committee of the Hiroshima University School of
Medicine and from the ethical review commitiees of collaborating
organizations.

Radiation dose

A-bomb radiation doses were estimated with the DS02
system.

Oligonucleotide array construction

Probes, which were all 65 bp in length, were designed to have
approximately the same annealing temperature. The oligonucleo-
tide array, Genopal™ (Mitsubishi Rayon, Tokyo, Japan), was
made as described previously.”> In brief, plastic hollow fibers
were bundled in an orderly arrangement and hardened with resin
to form a block. Oligonucleotide-capture probes were chemically
bonded inside each hollow fiber with hydrophilic gel. The block
was then sliced into thin chips, each of which was set in a holder
(www.mrc.co.jp/genome/about/process.html  for details). The
array contained 208 genes, including GC-related genes identified
by our previous SAGE analysi§,72§ known genes related to devel-
opment and progression of GC,2’?® genes related to DNA damage
response and repair and genes associated with sensitivity to anti-
cancer drugs.”® A list of the genes on the array is available upon
request.

Preparation of labeled probe, hybridization, detection
and data analysis

Total RNA was isolated from frozen tissue with Isogene
(Nippon Gene, Tokyo, Japan), according to the manufacturer’s
protocol. Quantification and integrity of RNA were assessed with
an Agilent 2100 Bioanalyzer and RNA 6000 LabChip Kit (Agilent
Technologies, Palo Alto, CA). One microgram of total RNA was
used to prepare antisense biotinylated RNA with MessageAmpTM
II-Biotin Enhanced Single Round aRNA Amplification Kit
(Ambion, Austin, TX) per the manufacturer’s instructions. The bi-
otinylated cRNAs were then cleaned up and fragmented. Hybrid-
ization was carried out with the oligonucleotide array in 100 ul of
hybridization buffer (0.12 M Tris HCI/0.12 M NaCl/0.05%
Tween-20 and 5 pg of fragmented biotinylated aRNA) at 65°C
overnight. After hybridization, the oligonucleotide arrays were
washed twice in 0.12 M Tris HCI/0.12 M NaCl/0.05% Tween-20
at 65°C for 20 min, followed by washing in 0.12 M Tris HCI/0.12
M NaCl for 10 min, before being cooled slowly to room tempera-
ture. After staining with streptavidin—Alexa Fluor 647 (Invitrogen,
Carlsbad, CA), the Genopal array was scanned, and the image was
captured with a cooled CCD-type Microarray Image Analyzer
(Mitsubishi Rayon). Fluorescence intensity was analyzed with
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software developed by Mitsubishi Rayon. Fluorescence through-
out the 3-dimensional structure of each array feature can be effi-
ciently captured because of the long focal depth of the optical sys-
tem of the image analyzer (www.mrc.co.jp/genome/about/analy-
sis.html). After image acquisition and quantification, spots with
signal intensity lower than or equal to that of the background were
identified and excluded from the analysis. Next, background-sub-
tracted spot intensities were normalized so that the ACTB gene
signal would be 10,000.

Immunohistochemistry

Formalin-fixed and paraffin-embedded samples were sectioned,
deparaffinized and stained with H&E to ensure that the sectioned
block contained tumor cells. Adjacent sections were then stained
immunohistochemically with a Dako Envision + Rabbit Peroxi-
dase Detection System (Dako Cytomation, Carpinteria, CA) or
Dako Envision + Mouse Peroxidase Detection System (Dako
Cytomation). Antigen retrieval was done by microwave heating in
citrate buffer (pH 6.0) for 30 min. After peroxidase activity was
blocked with 3% H;0,-methanol for 10 min, sections were incu-
bated with normal goat serum (Dako Cytomation) for 20 min to
block nonspecific antibody binding sites. Sections were incubated
with primary antibodies against transketolase (dilution 1;50; Santa
Cruz Biotechnology, Santa Cruz, CA), versican (1:50; Seikagaku
Corporation, Tokyo, Japan), THBS-2 (1:50; Santa Cruz Biotech-
nology), PDGF receptor-8 (1:50; Santa Cruz Biotechnology), ri-
bonuclease A (1:50; Abcam, Cambridge, UK), osteonectin (1:50;
Novocastra, Newcastle, UK), vimentin (1:50, Dako Cytomation)
and Ki67 (1:50, Dako Cytomation) for 1 hr at room temperature,
followed by incubations with Envision + antirabbit peroxidase or
Envision + antimouse peroxidase for 30 min each. Staining was
completed with 10 min incubation with the substrate—chromogen
solution. Sections were counterstained with 0.1% hematoxylin.
For the Ki67-index, 1,000 nuclei were counted to evaluate the per-
centage of positive nuclei. The Ki67-index was considered to
reflect the proliferative index.

Phenotype analysis of GC

GCs were classified into 4 phenotypes: gastric (G) type, intesti-
nal (I) type, gastric and intestinal mixed (GI) type and unclassified
(N) type. For phenotypic expression analysis of GC, we performed
immunohistochemical analysis (as described earlier) with 4 anti-
bodies: anti-MUCSAC (Novocastra) as a marker of gastric foveo-
lar epithelial cells, anti-MUC6 (Novocastra) as a marker of pyloric
gland cells, anti-MUC2 (Novocastra) as a marker of goblet cells in
the small intestine and colorectum, and anti-CD10 (Novocastra) as
a marker of microvilli of absorptive cells in the small intestine and
colorectum. The criteria®® for the classification of G-type and I-
type GCs were as follows. GCs in which more than 10% of cells
in the section expressed at least 1 gastric epithelial cell marker
(MUCS5AC or MUCS) or intestinal epithelial cell marker (MUC?2
or CD10) were classified as G-type or I-type cancers, respectively.
Sections that showed both gastric and intestinal phenotypes were
classified as GI type, and those that lacked both the gastric and in-
testinal phenotypes were classified as N type.

Statistical methods

Correlation between the gene expression profiles from different
sample conditions was assessed by Spearman’s rank correlation
coefficients. Differences in mRNA expression levels between 2
samples were tested by Mann-Whitney U test for individual
genes. Univariate analysis for clinicopathologic, phenotypic and
proliferative variables in relation to radiation exposure status was
done by Mann—Whitney U test for continuous variables and Fish-
er’s exact test for categorical variables. Associations between clin-
icopathologic variables and immunostaining for versican or osteo-
nectin were analyzed by Fisher’s exact test. Multivariate logistic
regression analysis was carried out to assess the relationship
among clinicopathologic characteristics, expression of versican
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and osteonectin, and radiation exposure status. A p value of <0.05
was considered statistically significant.

Results
Custom array analysis

Toward identification of potential molecular markers for radia-
tion-associated cancer and also better understanding of its molecu-
lar mechanisms, we designed a custom oligonucleotide array com-
prising 208 genes (Fig. 1). Because this platform has not been
characterized, we first validated the performance of this array
before analyzing the GCs from exposed patients. To validate the
array, total RNA was isolated from the MKN-1 cell line. RNA
quality was assessed with a Bioanalyzer (Agilent), and the RNA
integrity number (RIN) was confirmed to be 10.0. The isolated
RNA was divided into 5 tubes (Samples 1-5), and we subjected
the RNA in each tube to a different preparation condition. To ana-
lyze the effect of the amount of total RNA, we prepared 3 sam-
ples. Sample 1 contained 1.0 pg total RNA, Sample 2 contained
2.0 ng total RNA and Sample 3 contained 0.5 pg total RNA. To
analyze the effect of RNA quality, we prepared 2 RNA samples
with different RINs. Sample 4 was frozen and thawed 20 times,
and Sample 5 was frozen and thawed 40 times. The RNA quality
was then assessed with the Bioanalyzer. The RIN of Sample 4 was
8.2 and that of Sample 5 was 5.9. Probes derived from these 5
samples were hybridized simultancously (Fig. 1). Although the
condition of each sample differed, gene expression levels from
Sample 1 obtained by oligonucleotide array correlated well with
those from Sample 2 (p < 0.0001, » = 0.95), Sample 3 {p <
0.0001, r = 0.96), Sample 4 (p < 0.0001, r = 0.98) and Sample 5
(p < 0.0001, r = 0.97) (Fig. 1). Therefore, 1 pg of total RNA
(RIN > 6.0) was used for further array analysis. -

We next analyzed the gene expression profiles of GCs from
exposed and nonexposed patients by custom cligonucleotide array.
Freshly frozen GC tissue samples were obtained from 3 exposed
patients (Cases EX01, EX02 and EXO03, with radiation dose 7, 5
and 18 mGy, respectively) as well as their corresponding nonneo-
plastic mucosa samples. Clinicopathologic features of these
exposed patients are shown in Table 1. Histologically, EX01 was
intestinal-type GC of Lauren classification, EX02 was diffuse-type
GC of Lauren classification, and EX03 was an o-fetoprotein
(AFP)-producing hepatoid adenocarcinoma (Fig. 2a). Immuno-
staining of EX03 revealed that AFP was present in cancer cells
(Fig. 2a). On the other hand, when we analyzed 20 freshly frozen
GC tissues from nonexposed patients (Cases NEX01 to NEX20),
unsupervised clustering showed that the exposed and nonexposed
patients could not be distinguished on the basis of mRNA expres-
sion (data not shown). To determine whether there is a gene
expression profile characteristic to exposed patients, we compared
expression levels of individual genes between exposed and nonex-
posed patients. Finally, we found 9 genes whose expression was
significantly lower in GC from exposed patients than in GC from
nonexposed patients (Table IT). No gene showed higher expression
in GC from exposed patients than in GC from nonexposed
patients.

Among these 9 genes, antibodies against proteins encoded by
TKT (encoding transketolase), VCAN (encoding versican), THBS2
(encoding THBS-2), PDGFRB (encoding PDGF receptor-8),
RNASE]! (encoding ribonuclease A) and SPARC (encoding osteo-
nectin) were commercially available. We performed immunohis-
tochemistry of these 6 molecules in 3 formalin-fixed and paraffin-
embedded archival GC tissue samples from exposed patients and
10 GC samples from nonexposed patients analyzed by oligonu-
cleotide array to compare oligonucleotide array data and immuno-
staining results. The immunostaining results for versican (encoded
by VCAN) and osteonectin (encoded by SPARC) were consistent
with those of the oligonucleotide array. It has been reported that
immunoreactivity for versican was present in tumor-stroma asso-
ciated with malignant areas and in blood vessel walls.’! In Case
EXO03 (exposed patient), expression of versican (VCAN) mRNA
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Ficure 1 — Custom oligonucleotide array analysis of GCs from
exposed and nonexposed patients. Images of hybridization results for
probes prepared under 5 different conditions. The oligonucleotide
arrays’ intensity data for Samples 1 and 2, Samples 1 and 3, Samples
1 and 4 and Samples 1 and 5 are plotted against each other. *Spear-
man’s rank correlation coefficient.

on the oligonucleotide array was low, and immunohistochemistry
revealed that tumor-associated stroma did not express versican de-
spite staining of versican in blood vessel walis (Fig. 2b). In Case
EXO! and Case EXO02, versican staining was not observed. In
Case NEX03 (nonexposed patient), strong and extensive staining
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TABLE I - CLINICOPATHOLOGIC CHARACTERISTICS OF THE 3 GASTRIC CANCERS FROM EXPOSED PATIENTS ANALYZED BY OLIGONUCLEOTIDE ARRAY

Sample name Age (years) Sex T grade N grade M grade Stage Histologic classification Radiation dose {(mGy}
EXO01 72 Female 2 0 0 I Intestinal 7
EX02 75 Male 2 1 0 1 Diffuse 5
EXO03 62 Female 2 i 0 11 Hepatoid 18

VCAN Blood vessel SPARC
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FIGURE 2 - (a) H&E-stained sections of GCs from exposed patients analyzed by custom oligonucleotide array. Case EX01 was an intestinal-
type GC of Lauren classification, and Case EX02 was a diffuse-type GC of Lauren classification. EX03 was an AFP-producing hepatoid adeno-
carcinoma. Staining of AFP was observed in tumor cells (brown color). Bar: 25 pm. (b) Analyses of expression of VCAN mRNA (which encodes
versican) by custom oligonucleotide array (left) and expression of versican protein by immunohistochemistry (right) in GCs from exposed and
nonexposed patients. Each point represents the VCAN mRNA expression level. "Marm——Whitney U test. Immunostaining of versican in GC from
exposed patients (Case EX03) and nonexposed patients (Case NEX03) revealed that tumor-associated stromal cells express versican. Versican
staining in blood vessel wall was also observed (arrow). Bar: 50 pm. (c) Analyses of expression of SPARC mRNA (which encodes osteonectin)
by custom oligonucleotide array (left) and expression of osteonectin protein by immunohistochemistry (right) in GCs from exposed and nonex-
posed patients. Each point represents the SPARC mRNA expression level, 'Mann-Whitney U test. In GC from exposed patients (Case EX01)
and nonexposed patients (Case NEX15), tumor-associated stromal cells express osteonectin. Bar: 50 pm.

of versican was observed in tumor-associated stroma (Fig. 2b).
Stromal versican staining was also found in several GC cases from
nonexposed patients. In addition to versican, osteonectin has also
been reported to be stained in tumor-associated stroma. In Case
EXO01 (exposed patient), expression of osteonectin (SPARC)
mRNA on the oligonucleotide array was low, and a small fraction
of tumor-associated stromal cells was shown to express osteonec-
tin by immunohistochemistry (Fig. 2¢). In Case EX02 and Case
EX03, osteonectin staining was not observed. In contrast, in Case
NEX15 (nonexposed patient), extensive staining of osteonectin
was observed in tumor-associated stroma (Fig. 2¢). Stromal osteo-
nectin staining was also found in several GC cases from nonex-
posed patients. Immunostaining of the remaining 4 molecules

(transketolase, THBS-2, PDGF receptor- and ribonuclease A)
did not differ significantly between exposed and nonexposed
patients. Therefore, we decided to perform immunostaining of ver-
sican and osteonectin in additional GC cases.

Clinicopathologic features, mucin phenotypes and proliferative
characteristics of survivor patients

To validate the reduced expression of versican and osteonectin
in GC from exposed patients, we collected formalin-fixed and par-
affin-embedded archival tissues from 116 patients with GC who
underwent surgical resection. All 116 patients were A-bomb survi-
vors (LSS cohort members) in Hiroshima, Japan, and comprised
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64 exposed (median dose, 51 mGy; range, 5-2,601 mGy) and 52
nonexposed patients (range, 0—4 mGy) who developed GC after
the bombing. Patient characteristics such as latency period (years
elapsed from A-bombing to diagnosis, defined only for exposed
patients), age at the time of A-bombing, histologic type, sex, age
at diagnosis, T grade, N grade and tumor stage are summarized in
Table III. Clinicopathologic characteristics of patients did not stat-
istically differ between exposed and nonexposed patients. Diffuse-
type GC was found more frequently in exposed patients than in
nonexposed patients, but the difference was not statistically signif-
icant (p = 0.085).

Despite the usefulness of the Lauren classification, it was previ-
ously reported that GC can be subdivided according to mucin
expression into 4 phenotypes (G type, I type, Gl type and N
type).>? Several distinct genetic and epigenetic changes have been
reported to be associated with G-type and I-type GCs.2*3° There-
fore, we investigated the mucin phenotypes of 116 GCs: Gastric

TABLE II — NINE GENES WITH LOWER EXPRESSION IN GASTRIC
CANCERS FROM EXPOSED PATIENTS THAN IN GASTRIC CANCERS
FROM NONEXPOSED PATIENTS

mRNA expression:

Gene symbot Exposure status median (cange) p value!

SPARC Exposed 46 (39-84) 0.002
Nonexposed 153 (55-624)

ABCCI Exposed 19 (15-22) 0.002
Nonexposed 43.5(19-101)

RNASE1 Exposed 75 (74-100) 0.012
Nonexposed 425 (46-1632)

VCAN Exposed 29 (24-63) 0.018
Nonexposed 92 (22-258)

THBS2 Exposed 35 (19-81) 0.018
Nonexposed 155.5 (39-411)

PDGFRB Exposed 20 (18-29) 0.018
Nonexposed 49,5 (13-138)

TNFRSF14 Exposed 27 (25-42) 0.035
Nonexposed 49 (29-90)

TKT Exposed 58 (35-100) 0.035
Nonexposed 128 (53-253)

FBPI Exposed 105 (36-114) 0.046
Nonexposed 196.5 (55-509)

'Mann-Whitney U test.
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(MUC5AC and MUC6) and intestinal (MUC2 and CDI10).
MUCSAC was detected in 57 of 116 (49%) cases, MUCG6 in 37
(32%) cases, MUC2 in 34 (29%) cases and CDI10 in 25 (22%)
cases. Expression of these 4 markers did not differ statistically
between exposed and nonexposed patients (data not shown). In
addition, distribution of the G, I, GI and N phenotypes did not dif-
fer significantly between exposed and nonexposed patients (data
not shown).

Phenotypic shift from G—tyge to I-type GC along with tumor
progression has been reported.”” Therefore, mucin phenotypes and
immunostaining of MUC5AC, MUC6, MUC2 and CD10 were an-
alyzed with respect to tumor stages. In Stage I/II, expression of
the 4 markers did not differ significantly between exposed and
nonexposed patients (data not shown). In contrast, in Stage oIV,
some GCs from exposed patients showed extensive staining of
MUCS6 (Fig. 3a). In addition, staining of MUC2 was rare in GCs
from exposed patients (Fig. 3a). Of 28 Stage III/IV GCs from
exposed patients, MUC6 was expressed in 12 GCs (43%), whereas
MUC6 was expressed in 2 (12%) of 17 Stage III/IV GCs trom
nonexposed patients (p = 0.046). In Stage III/IV cases, the fre-
quency of MUC2 expression in GCs from exposed patients (3/28,
11%) was significantly lower than that in GCs from nonexposed
patients (8/17, 47%, p = 0.011). There was no correlation between
exposure status and MUCSAC or CD10 (data not shown). Mucin
phenotypes with respect to tumor stage are shown in Figure 3b.
For Stage I/l GCs, distribution of the G, I, GI and N types did not
differ significantly between exposed and nonexposed patients.
Among GCs from nonexposed patients, frequency of the G type
slightly decreased with advancing tumor stage. In contrast, among
GCs from exposed patients, frequency of the G type increased
with advancing tumor stage: furthermore, frequency of the I type
decreased with advancing tumor stage. However, statistical analy-
sis showed that neither frequency of the G type (Table IV) nor 1
type (Table V) differed between exposed and nonexposed
patients. :

Proliferative characteristics of GCs from exposed and nonex-
posed patients were also investigated. The Ki67-index did not dif-
fer significantly between exposed and nonexposed patients (Table
I1I). This was also the case in Stage I/II (data not shown). These
results indicate that no significant differences in clinicopathologic,
phenotypic and proliferative characteristics of GCs were found
between exposed and nonexposed patients, at least in Stage 1/
I GCs.

TABLE T - CLINICOPATHOLOGIC CHARACTERISTICS OF PATIENTS BY RADIATION EXPOSURE STATUS

Variable Exposed patients (n = 64) Nonexposed patients (1 = 52) p value
Median radiation dose (mGy, range) 51 (5-2601) 0(0-4)
Median latency period (years, range) 47 (30-60) 46 (30-57) 0.5!
Median age at the time of 25 (2-47) 28 24T 0.098*
atomic-bombing (years, range)
Sex
Male 34 27 1.0%
Female 30 25
Age at diagnosis (years)
<65 18 12 0.7*
>65 46 40
T grade
TYT2 43 35 1.0%
T3/T4 21 17
N grade
NO 24 28 0.093
N1/N2/N3 40 24
Stage
it 36 35 0.3?
mav 28 17
Lauren classification
Intestinal 35 37 0.085%
Diffuse 29 15
Median Ki67-index (%, range) 33 (11-69) 39 (10-64) 0.196!

'Mann-Whitney U test.—Fisher’s exact test.
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Ficure 3 — Phenotypic analysis of GCs from exposed and nonex-
posed patients. (a) Immunostaining of MUC6 (exposed patient) and
MUC2 (nonexposed patient). Bar: MUC6, 250 pm; MUC2, 100 pm.
(b) Distribution of G, I, GI and N-type GCs from exposed and non-
exposed patients. Numbers indicate the number of cases.

TABLE 1V - SUMMARY OF THE FREQUENCY OF G-TYPE GASTRIC
CANCERS IN STAGE NIV FROM EXPOSED AND NONEXPOSED PATIENTS

G type Other type p value!
Exposed patients 14 (50%) 14 0.118
Nonexposed patients 4 (24%) 13

"Fisher’s exact test.

Decreased expression of versican and osteonectin
in exposed patients

We performed immunostaining of versican and osteonectin in
116 GCs. In nonneoplastic gastric mucosa, although epithelial
cells and stromal cells exhibited weak or no expression of versican
(Figs. 4a and 4b), versican staining was observed in the walls of
blood vessels (Fig. 4¢). In GC tissue, tumor cells were not stained;
however, versican was expressed in tumor-associated stroma. In-
tracellular staining of versican was detected in fibroblastic cells,
because of their morphology and vimentin (a marker of fibro-
blasts) positivity on serial sections, Staining in fibrous bands
within the tumor was also observed. The Ievel of versican imrmu-
noreactivity was evaluated in the area of tumor-associated stroma
(fibroblastic cell plus ECM). The percentage of versican-stained
area of tumor-associated stroma was a continuum from 0 to 80%,
and characteristic staining pattern was not observed. To analyze
the relationship of versican staining to clinicopathologic charac-
teristics, the GC cases were divided into two groups: diffuse posi-
tive group and focal positive or negative group. To maximize the
statistical detection power, it is ideal that the number of diffuse
positive cases/focal positive or negative cases ratio is less than 2
in nonexposed patients. When we chose 50% (50% of the area of
tumor-associated stroma) as a cutoff for diffuse positive group and
focal positive or negative group, 32 (62%) were diffuse positive
for versican in 52 GC cases from nonexposed patients. Therefore,
the immunostaining was considered diffuse positive for versican
when more than 50% of the area of tumor-associated stroma was
stained by versican. Of 116 GC cases, 55 (47%) were diffuse posi-
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TABLE V -~ SUMMARY OF THE FREQUENCY OF I-TYPE GASTRIC CANCERS
IN STAGE HI/IV FROM EXPOSED AND NONEXPOSED PATIENTS

Itype Other type p vatue!
Exposed patients 5(18%) 23 0.5
Nonexposed patients 5(29%) 12

!Fisher’s exact test.

tive for versican. Figure 44 illustrates the typically diffuse positive
immunostaining of versican. In diffuse-type GC, strong and exten-
sive stromal versican staining was frequently observed (Fig. 4d).
Staining in fibrous bands within the tumor was also observed. Fig-
ure 4e illustrates the typically focal positive immunostaining of
versican. In many GCs from exposed patients, although blood ves-
sel wall expressed versican, staining of versican was weak or
absent in stromal fibroblasts and stromal matrix (Fig. 4¢). Diffuse
positive GCs correlated to advanced T grade (p = 0.003), N grade
(p = 0.016) and tumor stage (p = 0.001) (Table VI). Diffuse posi-
tive GCs were more frequently found in diffuse-type GCs than in
intestinal-type GCs (p = 0.008) (Table 6). Focal positive or nega-
tive GCs were more frequently found in exposed patients than in
nonexposed patients (p = 0.009) (Table 6). Because expression of
versican correlated with tumor stage, versican immunostaining
was analyzed by tumor stages. As shown in Table 6, in both Stage
I/Il and Stage OI/TV GCs, focal positive or negative GCs were
more frequently found in exposed patients than in nonexposed
patients (p = 0.026 and p = 0.023, respectively). We then exam-
ined whether versican staining in GC from exposed patients was
related to radiation dose, latency period or age at the time of A-
bombing; however, there was no correlation between versican
staining and any of these variables. Although versican staining
was correlated with tumor stage in 116 GC cases (p = 0.001),
multivariate logistic regression analysis revealed that expression
of versican was not significant independent marker for tumor stage
in 64 exposed patients (p = 0.6). Among 52 nonexposed patients,
multivariate logistic regression analysis showed that expression of
versican was not significant independent marker for tumor stage
(p=09).

We next investigated expression of osteonectin. In nonneoplas-
tic mucosa, epithelial cells did not express osteonectin. However,
in some cases, stromal cells exhibited osteonectin immunoreactiv-
ity (Fig. 4). In GC tissues, osteonectin was stained in tumor-asso-
ciated stroma; however, tumor cells were not stained. Intracellular
staining of osteonectin was detected in fibroblastic cells because
of their morphology and vimentin positivity on serial sections. As
in a previous study,” immunoreactivity was also evident in the
stromal matrix. Therefore, the levels of osteonectin immunoreac-
tivity were evaluated in the area of tumor-associated stroma (fibro-
blastic cell plus ECM). The percentage of osteonectin-stained area
of tumor-associated stroma ranged from 0 to 80%. Among 116
GCs, osteonectin-positive stromal cells were observed at the su-
perficial parts of tumors in 44 (38%) cases (Fig. 4g). Osteonectin
staining at the superficial parts of tumors was not correlated with
T grade, N grade, tumor stage, histological type or exposure status
(data not shown). To further analyze the relationship of osteonec-
tin staining to clinicopathologic characteristics, the GC cases were
divided into 2 groups: diffuse positive group and focal positive or
negative group. When the same cutoff point for osteonectin and
versican immunostaining was set (50% of the area of tumor-asso-
ciated stroma), 20 (38%) were diffuse positive for osteonectin in
52 GC cases from nonexposed patients, and the number of diffuse
positive cases/focal positive or negative cases ratio was less than 2
in nonexposed patients. Of 116 GC cases, 29 (25%) were diffuse
positive for osteonectin. Figure 44 illustrates the typically diffuse
positive immunostaining of osteonectin. Extensive staining of
stromal cells was frequently observed in late-stage GC. Immunor-
eactivity was also evident in the stromal matrix. Figure 4i illus-
trates the typically focal positive or negative immunostaining of
osteonectin, In many GCs from exposed patients, only few stromal
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Ficure 4 — (a—¢) Immunohistochemical analysis of versican and osteonectin in 116 GCs from exposed and nonexposed patients. (a) Immuno-
staining of versican in GCs from exposed and nonexposed patients. (a) Nonneoplastic gastric mucosa. Panels (b) and (c) show high-magnifica-
tion images of the fields indicated by boxes in panel (a). Bar: 150 um. (b) Foveolar epithelium in nonneoplastic gasiric mucosa is negative for
versican. Bar: 25 pm. (c) Blood vessel wall in nonneoplastic gastric mucosa expresses versican. Bar: 25 pm. (d) Stromat cells in GC from nonex-
posed patients express versican. Bar: 25 pm. (¢) Staining of versican was weak or absent in GCs from exposed patients. Bar: 25 pm. () Immu-
nostaining of osteonectin in GCs from exposed and nonexposed patients. (f) Nonneoplastic gastric mucosa. Some stromal cells are positive for
osteonectin. Bar: 12 pm. (g) In some GC cases, osteonectin-positive stromal cells are observed at the superficial part of the tumor tissue. Bar: 50
pm. (h) Stromal cells in GC from nonexposed patients are positive for osteonectin, Bar: 50 pm. (i) Few stromal cells are stained in GC from

exposed patients. Bar: 50 pm.

cells exhibited osteonectin staining. Immunoreactivity was not
found in the stromal matrix. Diffuse positive GCs correlated to
advanced T grade (p = 0.006), N grade (p = 0.011) and tumor
stage (p = 0.004) (Table VI). Focal positive or negative GCs were
more frequently found in exposed patients than in nonexposed
patients (p = 0.005) (Table VI). Because expression of osteonec-
tin correlated with tumor stage, we analyzed osteonectin immuno-
staining by tumor stage. As shown in Table VI, in both Stage I/I1
and Stage III/IV GCs, focal positive or negative GCs were more
frequently found in exposed patients than in nonexposed patients
(p = 0024 and p = 0.013, respectively). We then examined
whether osteonectin staining in GCs from exposed patients was
related to radiation dose, latency period or age at the time of A-
bombing; however, there was no correlation between osteonectin
staining and these variables. Although diffuse positive GCs corre-
lated to tumor stage (p = 0.004), multivariate logistic regression
analysis revealed that expression of osteonectin was not significant
independent marker for tumor stage in 64 exposed patients (p =

0.057). Among 52 nonexposed patients, multivariate logistic
regression analysis showed that expression of osteonectin was not
significant independent marker for tumor stage (p = 0.9).

Because clinicopathologic characteristics and expression of ver-
sican and osteonectin may be interrelated, we performed multivar-
iate logistic analysis to determine which variables are independent
markers for radiation exposure status. As shown in Table VII,
multivariate logistic regression analysis revealed that both expres-
sion of versican (p = 0.002) and osteonectin (p = 0.001) were sig-
nificant independent markers for GCs from exposed patients.

Discussion

Our study entails 2-stage strategy to find molecular markers that
are specifically involved in radiation-associated gastric carcino-
genesis among A-bomb survivors. First, candidate genes were
selected by custom oligonucleotide array, developed by us, which
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TABLE VI - RELATION BETWEEN VERSICAN OR OSTEONECTIN EXPRESSION AND CLINICOPATHOLOGIC
CHARACTERISTICS OF GASTRIC CANCER

Versican Osteonectin
Variable Diffuse positive Focal positive p vatue! Diffuse positive Focal positive or p value!
o) or negative (%) negative
Sex
Male 30 (49) 31 0.7 16 (26) 45 0.8
Female 25 (45) 30 13 (24) 42
Age at diagnosis
<65 15 (50) 15 0.8 9 (30) 21 0.5
>65 40 (47) 46 20 (23) 66
T grade
T1/T2 29 (37) 49 0.003 13317 65 0.006
T3/T4 26 (68) i2 16 (42) 22
N grade
NO 18 (35) 34 0.016 7(13) 45 0.011
NI1/N2/N3 37 (58) 27 22 (34) 4?2
Stage
/i 25 (35) 46 0.001 11 (15) 60 0.004
mav 30 (67) 15 18 (40) 27
Lauren classification
Intestinal 27 (38) 45 0.008 17 (24 55 0.7
Diffuse 28 (64) 16 12 (27) 32
Exposure status (all cases)
Exposed 23 (36) 41 0.009 9 (14) 55 0.005
Nonexposed 32 (62) 20 20 (38) 32
Exposure status (Stage I/II cases)
Exposed 8 (22) 28 0.026 2(6) 34 0.024
Nonexposed 17 (49) 18 9 (26) 26
Exposure status (Stage III/IV cases)
Exposed 15 (54) 13 0.023 7 (25) 21 0.013
Nonexposed 15 (88) 2 11 (65) 6
Exposure status (intestinal type of Lauren classification)
Exposed 9 (26) 26 0.054 5(25) 30 0.097
Nonexposed 18 (49) 19 12 (65) 25
Exposure status (diffuse type of Lauren classification)
Exposed 14 (48) 15 0.003 4(14) 25 0.011
Nonexposed 14 (93) 1 8(53) 7

"Risher’s exact test.

TABLE VII - MULTIVARIATE LOGISTIC REGRESSION ANALYSIS OF
CLINICOPATHOLOGIC CHARACTERISTICS AND EXPRESSION OF
VERSICAN AND OSTEONECTIN

2

Variable Hazard ratio 95% CI* b4 p value
Sex
Male 1 Reference 0.505 0.5
Female 0.733 0.311-1.728
Age at diagnosis
(years)
<65 1 Reference 1225 0.3
>65 0.553  0.194-1.579
T grade
T1/2 1 Reference 0438 0.5
T3/4 0.624  0.154-2.523
N grade
NO 1 Reference 2266 0.1
N1/2/3 2373 0.770-7.310
Stage
I/ 1 Reference 1.054 0.3
mav 2315 0.466-11.495
Lauren classification
Intestinal 1 Reference 1.284 0.3
Diffuse 1.814  0.647-5.084
Versican expression
Diffuse positive 1 Reference  10.141 0.002
Focal positive or  4.484 1.783-11.364
negative
Osteonectin expression
Diffuse positive 1 Reference 10.205 0.001
Focal positive or 6452 2.053-20.408
negative

'Exposed vs. nonexposed GC.

was applied to freshly collected cancer tissue specimens from 3 sur-
vivor patients exposed to atomic-radiation as well as 20 nonexposed
patients for comparison. Second, of these candidate genes, we
marked out VCAN (encoding versican) and SPARC (encoding
osteonectin) genes, and their protein expression was further investi-
gated by immunohistochemical analysis with formalin-fixed and
paraffin-embedded archival cancer tissue specimens from 116 survi-
vor patients comprised of 64 exposed and 52 nonexposed cases. In
our study, we found that versican and osteonectin are expressed at
significantly lower levels in tumor-associated stromas of exposed
patients than in nonexposed patients. Because IR is a carcinogen
and can increase an individual’s risk of developing cancer, analysis
of early-stage GC rather than late-stage GC is important to under-
stand the development of radiation-induced cancer. It is important
to note that the clinicopathologic, phenotypic and proliferative char-
acteristics of the early-stage (Stage I/IT) GCs analyzed in our study
did not differ significantly between exposed and nonexposed
patients, indicating that the GC samples analyzed in our study were
collected in an unbiased manner. In Stage I/l GCs, versican and
osteonectin were expressed at much lower levels in tumor-associ-
ated stromas of exposed patients than in nonexposed patients. Simi-
lar results were obtained in Stage IT/IV GCs. Furthermore, multi-
variate logistic regression analysis revealed that reduced expression
of versican and osteonectin were independent markers for GCs
from exposed patients. These findings suggest that tumor—stroma
interaction may be altered in the development of GCs in exposed
patients, typically as demonstrated by decreased expression of
versican and osteonectin in tumor-associated stromas.

In our study, stromal expression of both versican and osteonec-
tin was lower in GCs from exposed patients than in GCs from
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nonexposed patients. Because transforming growth factor (TGF)-
B1 can induce expression of both versican and osteonectin in cul-
tured fibroblasts,®37 genes associated with TGF-P signaling path-
way may be altered in exposed patients. Mice with a fibroblast-
specific knockout of the TGF- Type-Il receptor rapidly develop
epithelial tumors,*® suggesting that TGF-f receptor in fibroblasts
may be altered in exposed patients.

Stromal expression of both versican and osteonectin correlates
with tumor progression. In our study, stromal expression of versi-
can and osteonectin correlated with tumor stage in GC. Versican
and osteonectin were expressed less frequently in stroma of
exposed patients than in nonexposed patients. Phenotypic analysis
revealed that although the frequency of G-type GC decreased with
advancing tumor stage in nonexposed patients, the frequency of
G-type GC increased with advancing tumor stage in exposed
patients. In Stage III/IV GC, a marginally significant difference
was observed between the frequency of G-type GC in exposed
patients and that in nonexposed patients. These findings suggest
the molecular mechanism of GC progression may also differ
between exposed and nonexposed patients. It has been reported
that tumor stage of GC is quite comparative between exposed and
nonexposed patients.39 In the present study, clinicopathologic
characteristics of patients including tumor stage did not statisti-
cally differ between exposed and nonexposed patients. In addition,
multivariate logistic regression analysis revealed that expression
of versican and osteonectin was not significant independent
marker for tumor stage. Taken together, expression of versican
and osteonectin may not be involved deeply in tumor progression
in GC. The biologic significance of decreased expression of versi-
can and osteonectin in tumor progression should be investigated in
detail.

Versican represses cell adhesion and promotes proliferation,
migration and invasion.'®!! Osteonectin enhances the invasive
capacity of prostate and breast cancer cells.'”1® Therefore, prog-
nosis of exposed patients with GC may be favorable; however, it
has been reported that the excess relative risk per Gy is 1.20 for
mortality,6 suggesting that stromal expression of versican or osteo-
nectin dose not contribute significantly to aggressiveness of GC.
Other molecules may be involved in poor prognosis of exposed
patients with GC.

In the present study, strong and extensive staining of both versi-
can and osteonectin were observed in tumor-associated stroma. It
has been reported that both versican and osteonectin are compo-
nent of the ECM. In breast cancer, the induction of versican secre-
tion by fibroblasts isolated from normal and cancer tissues has
been reported.'? Expression of SPARC mRNA in liver m(yoﬂbro-
blasts has been demonstrated by in situ hybridization.4 In the
present study, in addition to extracellular staining, intracellular
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staining of versican and osteonectin in fibroblasts were observed.
Furthermore, GC cells were negative for versican and osteonectin.
Taken together, these results indicate that versican and osteonectin
observed in tumor-associated stroma are produced mainly by tu-
mor-associated stromal cells.

One weak point of our study is that the A-bomb radiation doses
of exposed patients with GC analyzed by oligonucleotide array
were low. In addition, only 3 GCs from exposed patients were an-
alyzed by oligonucleotide array in the present study. Analysis of
additional GCs is needed. In the present study, diffuse-type GC
was found more frequently in exposed patients than in nonexposed
patients although the difference was not statistically significant.
The diffuse-type GC contains scirrhous-type GC, which is charac-
terized by extensive fibrous stroma, infiltrative and rapid growth
and poor prognosis. Because cancer stromal cells are a mixture of
fibroblasts, smooth muscle cells, endothelial cells, vascular peri-
cytes, mesenchymal stem cells and so on, difference of cell types
composing cancer stroma between A-bomb exposed and nonex-
posed patients should be investigated.

Although expression of TKT, THBS2, PDGFRB and RNASEI
was significantly lower in GC from exposed patients than in GC
from nonexposed patients by oligonucleotide array, immunoreac-
tivities for these proteins were present in GC from exposed
patients. Among 6 antibodies used in the present study, the speci-
ficity of antibodies against versican and osteonectin has been char-
acterized in detail. In contrast, the specificity of antibodies against
transketolase, THBS-2, PDGF receptor-$ and ribonuclease A has
not been characterized in detail. Therefore, it is possible that
inconsistent results between oligonucleotide array and immuno-
staining represent insufficient specificity of these antibodies. Im-
munohistochemical analysis of these proteins by specific antibod-
ies should be performed in the near future.

In conclusion, we found significant reduction of stromal expres-
sion of versican and osteonectin in GCs from exposed patients.
Although it is unclear whether all of the GCs from exposed
patients were radiation-induced cancers, versican and osteonectin
may be markers for radiation-associated GC. Studies of tumor-
associated stromal cells rather than tumor cells may be important
to elucidate the precise long-term effects of radiation exposure.
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Immunohistochemical analysis of Reg IV in urogenital
organs: Frequent expression of Reg IV in prostate
cancer and potential utility as serum tumor marker
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Abstract. Regenerating islet-derived family, member 4
(Reg IV) is a candidate marker for cancer and inflammatory
bowel disease and is associated with neuroendocrine and
intestinal differentiation. We have reported that 14% of
prostate cancer (PCa) cases are positive for Reg IV by
immunohistochemistry. In the present study, we performed
immunohistochemical analysis of Reg IV in other major
urological cancers, including 101 renal cell carcinoma
(RCC), and 95 urothelial carcinoma (UC) of urinary bladder
by immunohistochemistry. We also investigated neuro-
endocrine differentiation by chromogranin A and synapto-
physin staining along with intestinal differentiation by
MUC?2 staining. Immunohistochemical analysis of Reg IV
revealed no expression of Reg IV in RCC, and only one case
(1%) of UC expressed Reg IV. Neither neuroendocrine nor
intestinal differentiation was found in RCC. Among 95 UC
cases, neuroendocrine differentiation was detected in 13
cases (14%), and intestinal differentiation was observed in
33 cases (35%). In one Reg IV-positive UC case, MUC2
staining was observed. Since Reg IV expression was
frequently found in PCa, we also measured Reg IV levels in
sera from patients with PCa by enzyme-linked immuno-
sorbent assay. The serum Reg IV concentration in PCa
patients (n=38, mean + SE, 1.69+0.16 ng/ml) was significantly
higher than that in control individuals (n=40; 1.28+0.11
ng/ml, P=0.0199, Mann-Whitney U test). The sensitivity and
specificity for detection of PCa were 34% (13/38) and 90%
(36/40), respectively. These results suggest that among
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major urologic cancers, Reg IV is expressed frequently in
PCa, and that serum Reg IV represents a novel biomarker
for PCa.

Introduction

Prostate cancer (PCa) is one of the most common types of
cancer and is the second leading cause of cancer death
among men in the United States (1). Currently, the standard
diagnostic marker for PCa is prostate-specific antigen (PSA)
and the rapid incorporation of aggressive PSA testing has
resulted in dramatically earlier identification of PCa (2).
However, the significantly high false-positive rate of PSA
combined with its widespread clinical application, has lead to
a tremendous increase in the number of unnecessary prostate
biopsies (3). Therefore, there has been an increasing emphasis
in the need to determine multiple protein biomarkers for use in
the diagnosis and prognosis of PCa.

Renal cell carcinoma (RCC) accounts for ~2% of all
human cancers worldwide, and in 2000 189,000 cases and
91,000 deaths were reported (4). RCC is characterized by an
absence of early warning signs leading to a rather high
percentage of advanced, metastatic tumors upon diagnosis.
For example, the classic triad of pain, hematuria, and a
palpable flank mass is encountered in only 10% of patients
and is usually associated with the presence of advanced
disease (5). Unlike other solid malignancies in which
established serum or urinary biomarkers are available for
early detection, relatively few diagnostic tools are currently
available for the early detection of renal tumors. Therefore,
an ideal tumor marker with high sensitivity and specificity
offers the ideal opportunity for early detection of RCC.

Bladder cancer, the majority of which is urothelial
carcinoma (UC) is the sixth most common cancer in the
world. A distinctive feature of UC is that multiple meta-
chronous or synchronous cancers frequently develop, arising
from either a polyclonal origin or metastasis from a single
clone. Thus, bladder cancer patients need a long-term follow-
up with repeated urine cytology and cystoscopy for monitoring.
Conventional urine cytology has been the standard non-
invasive method for cancer detection and disease monitoring.

—157—



