Table 1. Peritoneal metastasis of Reg /V transfectants

Cells T M is'  Number Size (mm)
MEKN28
RO Vehicle 290 15207 104019
Rl Reg 1V o/t 53100 42410
R2 Reg IV 94" 56209 521144
TMKI
RO Vehicle 2/8° 0.7+06 06+0.19
Rl Reg IV B8t 9E+ 1.5 46108
MEN4S
Control  siRNA mix RI% 144+21 35+0M
sIRNA  RegIVsiRNA 58 055+07% 09+0.5¢

"Metastasis determined at 2 weeks post inoculation.
°P < 0.01, %P <0001, %P < 0.0001.

from those of MKN28-R0O cells. Anti-Reg IV antibody
added to the culture media to neutralize secreted Reg IV
did not affect invasion of three types of MKN28 cells
(Fig. 2d). In TMK1 and MKN45 cells, transfection or
knockdown of Reg /V did not affect the cell growth or
invasion (Fig. 2b,c,e,f). We next treated these cells with
nitric oxide (NO) using SNP as an NO donor. NO cyto-
toxicity depends on NO concentration and sensitivity of
the cells (36). MKN28-RO cells were decreased by SNP
treatment in a dose-dependent manner (Fig. 2g). In con-
trast, MKN28-R2 and MKN28-R1 cells attenuated cell
decrease in SNP concentration higher than 1077 M. At
10! M, the relative cell numbers compared to untreated
MKN28 parental cells were 28+3% and 57+ 5% in
MKN28-R1 and MKN28-R2 cells, respectively, which
were higher than that in MKN28-RO cells (13 +2%)
(both P<0.0001), TMKI1-R1 cells also showed lower
sensitivities to SNP-induced cytotoxicity than that in
TMKI1-RO cells. In contrast, MKN45-siRNA cells showed
higher SNP sensitivities than that in MKN45-Cont cells
(Fig. 2h,i).

Peritoneal tumours of Reg [V-transfectants

Reg IV-transfected MKN28 cells were inoculated into the
peritoneal cavitics of nude mice. Peritoneal tumours of
Reg IV-transfected MKN28 cells were compared to
MKN28-R0 tumours (Table 1, Fig. 3). Tumorigenicity of
MEKN28-R1 and MKN28-R2 cells was significantly higher
(both 9/9) than that of MKN-RO cells (2/9) (P = 0.0023).
Numbers of peritoneal tumours in MKN28-R1 and
MEKN28-R2 cells were higher (5.3+ 1.0 and 5.6 £0.9
foci, respectively) than of MKN28-RO cells (1.520.7
foci) (P = 0.0364). Sizes of tumours of MKN28-R1 and
MKN28-R2 cells were significantly larger (4.2 £ 1.2 mm
and 5.2 £ 1.4 mm, respectively) than of MKN28-R0 cells
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(1.0£ 0.1 mm) (P = 0.0005). MKN28-R2 cells formed
larger tumours in the peritoneum than MKN28-R0 cells
(Fig. 1a). Reg IV-transfected TMK1-R1 cells also showed
higher tumorigenicity (8/8) than TMKI1-RO cells (2/8).
Numbers and sizes of the peritoneal tumours were larger
(9.8 £ 1.5 foci and 4.6 = 0.8 mm, respectively) in TMK1-
R1 cells than those in TMKI1-RO cells (0.7 £ 0.6 foci and
0.6 £ 0.1 mm, respectively) (P < 0,001 and P < 0.0001).
In contrast, knockdown of Reg/V decreased tumouri-
genicity, tumour number and mwmour growth in MKN45
cells. Reg IV siRNA-treated MKN45 cells showed lower
tumorigenicity (5/8) than siRNA mixture-treated MKN45
cells (8/8). The number and sizes of the peritoneal tumours
in Reg [V siRNA-treated MKN45 cells were smaller
(0.55+0.7 foci and 0.9 +0.5 mm, respectively) than
those in siRNA mixture-treated MKN45 cells (14.4 £ 2.1
foci and 3.5 0.7 mm, respectively) (P <0.0001 and
P <0.0001).

Histologically, MKN28-R0 tumours showed large
areas of necrosis, whereas no necrosis was found in the
MKN28-R2 tumours (Fig. 3b). Production of Reg IV in
the tumours was confirmed by immunohistochemistry
(Fig. 3b, Table 2). MKN28-R0 tumours contained few
Reg IVepositive cells, whereas MKN28-R2 tumours showed
marked Reg IV immunoreactivity in the cytoplasm in all
tumour cells (Allred’s grade 8). As shown in Table 2,
MKN28-R1, TMK1-R1 and siRNA mixture-treated MKN45
cells showed marked Reg IV expression (grades 7, 8 and
8, respectively), whereas MKN28-R0, TMK1-R0 and Reg IV
siRNA-treated MKN4S5 cells showed no Reg IV expression
(grade 0).

Cell proliferation and apoptotic properties of
MKN28-R1 and -R2 tumours were compared to those of
MEKN28-R0 wumours (Fig. 3c, Table 2). Proliferating cell
nuclear antigen (PCNA) indices in MKN28-R1 and
MEKN28-R2 tumours were 87 £ 5% and 83 + 4%, respec-
tively, which were similar to those in MKN28-R0 tumours
(84 £ 5%). In contrast, TUNEL indices in MKN28-R1
and MEN28-R2 tumours were 0.8+0.8% and
0.5+ 0.7%, respectively, which were significantly lower
than in MKN28-R0O tumours (6.2 % 1.6%, P <0.0001).
We examined labelling indices of PCNA and TUNEL in
TMKI-R1 and Reg IV siRNA-treated MKN435 tumours,
which were compared to those in TMK1-R0 and siRNA
mixture-treated MKN45 tumours, PCNA indices in
TMKI1-R0O and TMKI-R! tumours were 58+ 7 and
65 £ 7, respectively, which were similar to each other. In
contrast, the TUNEL index in Reg [V-transfected TMK1-
R1 tumours was significantly lower (2.3 + 1.8) than that
in TMKI1-R0O tumours (8.6 +2.4) (P <0.01). TUNEL-
positive apoptotic cells were significantly increased by
Reg IV knockdown in MKN45 cells. In contrast, PCNA
indices were not affected by Reg [V knockdown.
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Figure 3, Peritoneal of Reg IV fi (a) M ic app of MKN28-RO cell umour (at the mesocolon, arrow} and

MEN28-R2 tumour (at the abdominal wall). (b) Histological findings using haematoxylin and eosin staining (upper panels). Necrotic area (asterisk).
Immunostaining of Reg IV (lower panels). Immunoreactivity was observed in cytoplasm in MEN28-R2 cells. (¢) Immunostaining of PCNA and
TUNEL assay in MKN28-R2 and MKN28-R0 mmours. Arrow, TUNEL-positive apoptotic cells. (d-f) Survival of mice inoculated with MKN28-R1.
MEN28-R2 and MKN28-RO cells (d), TMK1-R0 and TMK1-R] (c), and MKN45 treated with Reg /V-siRNA (MKN45-siRNA) or siRNA mixture
(MIN45-Cont) (f) were calculated by Kaplan—Meier model and compared by Cox proportional hazard model. Survival of mice inoculated with
MEN28-RI/MEN28-R2, TMK1-R1 and MEKN45-Cont were significantly worse than those of mice inoculated with MEN28-R0, TME-R0, MEKN45-
§IRNA (P <0.001, P<0,0001, £ < 0.0005, respectively).

Survival of mice burdened with peritoneal tumours of mRNA'“T:d gnm:;’uus m“:;gmm?’ w;
Reg IV-transfected gastric cancer cells anal)s::l(. g 30-1). R Rasvnec x v
were continuously administrated liposome-encapsulated
The survival of a further set of mice inoculated with  siRNA into the peritoneal cavity. Survival of mice
Reg IV-transfected MKN28 and TMKI cells or Reg /¥ inoculated with MKN28-R1 and MKN28-R2 cells, or
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Table 2. PCNA and TUNEL indices in peritoneal metastasis of Reg [V
transfectants in mice

Immunohistochemistry

Cell line Reg IV grade® PCNA (%) TUNEL (%)
MEN28
RO 0 445 62+ 1.6
Rl 7 87+5 0.8+08"
R2 8 8344 05+0.7¢
TMEI
RO ] 5817 86244
Rl ] 657 23+138¢
MKN45
Control 8 16+8 374039
siRNA 0 72+9 1064234

*According to Allred grading. Grade 0, no staining,

Grade 7, intermedi i ivity was found in all cells;
Grade 8, strong immunoreactivity was found in all cells.

bip < (.0001, %P < 0.01.

TMKI-RI cells was significantly worse than of those of
mice inoculated with MKN28-R0O and TMK-RO cells
(P=0.001 and P<0.0001, respectively). In contrast,
mice inoculated with Reg [ siRNA-treated MKN45 cells
showed significantly better survival than those inoculated
with siRNA mixture-treated MKN45 cells (P < 0.0005).
All mice died from extended peritoneal tumours which
lead to malnutrition.

Reg IV levels in peritoneal lavage fluid and serum of Reg IV
ransfectants-inoculated nude mice and human gastric
cancer patients

Next, we detected Reg IV protein in peritoneal lavage
fluid and serum from Reg [V-transfected MKN28 and
TMKI cells or siRNA-treated MKN45 cells (Fig. 4ab).
Reg IV protein levels in peritoneal lavage fluid from mice
inoculated with MKN28-R1, MKN28-R2 and TMKI-R1
cells increased 12.3, 19.6 and 1.5 times, respectively,
higher than that from mice inoculated with MKN28-R0 or
TMEKI1-RO cells. In contrast, Reg IV protein levels in peri-
toneal lavage fluid from mice inoculated with Reg [V
siRNA-treated MKN45 cells were 9% of that in mice
inoculated with siRNA mixture-treated MKNA45 cells.
Reg IV protein levels in serum from mice inoculated with
MEKN28-R1, MKN28-R2 and TMKI-R! increased 2, 3.4
and 12 times, respectively, higher than that in mice ino-
culated with MKN28-R0 or TMK.1-R0 cells. In contrast,
Reg IV protein levels in serum from mice inoculated with
Reg IV siRNA-treated MKN45 cells were 0.6% of that in
mice inoculated with siRNA mixture-treated MKN45
cells.
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Table 3. Reg IV expression in metastatic gastric cancer

Reg IV expression

n Positive Negative
At operation
Peritoneal metastasis (+) 43 200 14
Peritoneal metastasis () 21 ja 20
Peritoneal recurrence 21 180 3
Total 85 48 37

0P < (,0001 (Fisher's exact test).

We next examined expression of Reg I'V in 85 human
gastric cancer patients with metastasis to the lymph
nodes, liver or peritoneum (Table 3, Fig. 4c). RegIV
expression was detected in 30 of 64 (47%) gastric cancers
at the time of surgery. In these cases, Reg IV was detected
in 29 of 43 (67%) peritoneal metastasis-positive cases at
the operation, whereas | of 21 (5%) peritoneal metastasis-
negative cases showed Reg IV expression (P < 0.0001).
In 21 peritoneal recurrent cases, |8 (86%) were positive for
Reg IV, In 48 Reg IV-positive cases, 29 showed peritoneal
metastasis at the time of operation. In contrast, the |8 out
of the 48 cases showed peritoneal recurrence after the
operation despite no peritoneal metastasis at the opera-
tion. It suggested that Reg I'V-positive peritoneal lavage
might be a marker for peritoneal recurrence.

We further detected Reg IV protein in peritoneal
lavage fluid from 14 gastric cancer cases, which were found
to be invading into the serosa (Fig. 4c). In 8 out of the
14 cases, Reg IV protein, keratin mRNA, and cancer cells
were detected in the peritoneal lavage fluids (Fig. 4d).
PCR examination of epithelial cell-specific keratin was
also positive in the above 8 cases, which supported the
evidence that cancer cells existed in the lavage fluid. In 6
cytology-negative cases, Reg [V protein was detected in 2
cases in which keratin was detected. The other 4 cases
were negative for Reg IV protein, cytology and keratin.

Discussion

Our data have shown that Reg IV increased expression
levels of anti-apoptotic BCL-2, BCL-XL and survivin,
and phosphorylation levels of AKT in Reg [V-transfected
MKN28 and TMKI] gastric cancer cells. Moreover,
Reg IV knockdown decreased these apoptotic factors in
Reg IV-expressing MKN435 cells; Reg IV protein levels
paralleled apoptotic factors in these cells. Although NO
is a strong inducer of apoptosis, increments of anti-
apoptotic factors reduced NO-induced cytotoxicity in these
cells (36). Anti-apoptotic property of Reg IV has been
reported in several studies, and this gives cancer cells a
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survival advantages for progression and tastasis
(24,27,29,37).

We have previously confirmed that EGF and the
receptor formed autocrine and paracrine loops in MKN2§
and TMKI cells (38). MKN28 and TMK cells showed
high phosphorylation levels of EGFR and Reg IV is
reported to be associated with phosphorylation of EGFR
(27). Our data confirmed increased phophorylation levels
of EGFR in Reg [V-transfected MKN28 and TMK cells,
whereas cell population growth and invasive capacity
were not enhanced in the transfectants. Reg IV enhanced
phosphorylation of EGFR, however, downstream signals
might be preferentially associated with cell survival but
not with growth and invasion in the Reg [V-transfected
MKN28 and TMK1 cells. Reg/V knockdown inversely
suppressed EGFR phosphorylation in MKN45 cells
but the intracellular signalling pathway of Reg IV needs to
be elucidated.

Reg IV-transfected and TMKI cells produced perito-
neal metastasis with larger diameter tumours and higher
multiplicity than those of control cells. Proliferative activ-
ity of transfectant tumours was not different from that of
the control cell tumours, whereas transfectant tumours
had reduced necrosis and apoptosis in comparison to con-
trol tumours. These findings suggest that anti-apoptotic
property of Reg IV renders more pronounced potential for
peritoneal metastasis of MKN28 and TMK1 cells. Moreover,
remarkable progression of metastatic tumours worsened
survival of mice inoculated with the Reg /V-transfected
MEKN2R8 cells than that of mice inoculated with control
cells. In contrast, Reg [V knockdown significantly sup-
pressed peritoneal metastasis of MKN45 cells. Tumouri-
genicity was still sustained in Reg IV siRNA-treated
MKN45 cells. /n vivo knockdown using liposome encap-
sulation of siRNA might be less efficient than that of
in vitro treatment (34). MKN45 cells express c-mer at
high levels with gene amplification, which is associated
with the scirrhous phenotype and peritoneal metastasis
(7,9,10).

Our previous report shows that Reg I'V expression is
not associated with peritoneal metastasis in the overall
gastric cancer cases (33). However, examination of meta-
static gastric cancer shows that Reg [V expression is
significantly associated with peritoneal metastasis and
peritoneal recurrence. In establishment of peritoneal

Figure 4. Reg IV p in levels in per

1 is, several mechanisms are proposed. Cell-to-cell
adhesion between cancer cells and peritoneal mesothelial
cells is an initial step of peritoneal metastasis, expression
of CD44 and P integrin and intercellular adhesion mole-
cule-1 playing a role in cancer cell adhesion to mesothelial
cells (39,40). However, CD44 expression is silenced in
MKN28 cells and also in the Reg [V-transfected MKN28
cells (data not shown) (41), The anti-apoptotic property of
cancer cells is emphasized in formation of peritoneal
metastasis (15-18). In our data, Reg [V transfectants
showed up-regulation of several anti-apoptotic proteins:
Bel-2, Bel-XL, survivin, and phosphorylated AKT.
Reg IV transfectants acquired resistance to NO-induced
apoptosis. TMKI1 cells, which are sensitive to various
apoptotic inducers, show the anti-apoptotic phenotype after
Reg IV transfection (35). Reg IV is associated with anti-
apoptotic phenotype in MKN45 cells, which carry wild-
type p33 differently from MKN28 and TMK1 cells (41)
and the anti-apoptotic property is not specific to perito-
neal metastasis; however, enhanced survival potential
might be a relevant advantage for peritoneally dissemi-
nated cancer cells to form metastatic foci.

Because Reg IV is a small secretory protein, its detec-
tion in ascites might be expected as a marker for perito-
neal metastasis (22). We examined Reg IV protein in
peritoneal lavage of gastric cancer cell-inoculated mice.
Reg IV in peritoneal lavage fluid was at higher levels in
Reg [V-ransfected MKN28 and TMK 1 cells than in con-
trol cells. In contrast, lavage Reg IV was significantly
lower in mice inoculated with Reg /V-knocked down
MKN45 cells. We then examined Reg IV protein in
peritoneal lavage fluid of gastric cancer patients at the
operation, Reg IV protein was detected in all cases with
macroscopical and cytological peritoneal metastasis.
Moreover, all cases with keratin mRNA-positive ascites
showed Reg IV protein in the ascites. Ascites keratin
detected by RT-PCR is a sensitive marker for scanty cancer
cells in ascites in cytologically metastasis-negative cases
(42). These findings suggest that ascites Reg [V might
be a sensitive marker for peritoneal metastasis of gastric
cancer.

In the present study, we have reported the pivotal role
of Reg [V in peritoneal metastasis of gastric cancer, Reg IV
is expected to be a marker for early detection of peritoneal
metastasis and a prognostic marker for gastric cancer.

I lavage fluids and serum of Reg IV-transfected gastric cancer cells and human gastric cancer

cases, (a) Reg IV protein levels were examined in peritoneal lavage fluids and serum of Reg [V-transfected MEN28 and TMKI cells and Reg IV
siRNA-treated MEKN45 cells by immunoblotting (CB: loaded protein detected by Coomassie blue). (b) Reg I'V signals of mice lavage fluids and
serum were semiquantified. Reg IV signal of peritoneal lavage fluid of MKB28-R0 inoculated mice was set to 10. Error bar: standard deviation.
(¢) Immunohistochemistry of Reg IV in serosa-invading human gastric cancer. Signet ring cells showed strong Reg IV immunoreactivity. Bar: 50 pm.
(d) Reg IV protein levels were examined in peritoneal lavage fluids from bumnan gastric cancers by immunoblotting. Cytol., cytological examination
of the lavage fluid; +, cancer cell positive; —, cancer cell negative; Ker., PCR examination of keratin in the lavage fluid.
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Vascular Endothelial Growth Factor C Stimulates Progression
of Human Gastric Cancer via Both Autocrine
and Paracrine Mechanisms

Michiyo Kodama, Yasuhiko Kitadai," Miwako Tanaka,' Toshio Kuwai,? Shinji Tanaka,* Nachide Oue,’
Wataru Yasui.” and Kazuaki Chayama'

Abstract

Purpose: Vascular endothelial growth factor (VEGF) -C induces lymphangiogenesis by activating
the VEGF receptor (VEGFR)-3, which is expressed by lymphatic endothelial cells. VEGFR-3 has
also been detected on several malignant cells, but the significance of VEGFR-3 expression on
malignant cells remains unclear, In this study, we examined the expression and function of
VEGFR-3 in gastric carcinoma cells.

Experimental Design: We examined the expression of VEGFR-3 by four human gastric carci-
noma cell lines and in 36 surgical specimens of gastric carcinoma. We also used cDNA micro-
arrays to examine the effect of VEGF-C on gene expression in VEGFR-3 -expressing KKLS cells.
To stimulate VEGF-C/VEGFR-3 signaling in an autocrine manner, the VEGF-C expression vector
was transfected into KKLS cells, and stable transfectants were established. These cells were then
transplanted into the gastnc walls of nude mice.

Results: Two of the four gastric carcinoma cell lines expressed VEGFR-3 mRBNA. In 17 of 36
gastric carcinoma specimens, VEGFR- 3 -specific immunoreactivity was detected on tumor cells,
In vitro treatment of KKLS cells with VEGF-C stimulated cell proliferation and increased expres-
sion of mMRNAs encoding cyclin D1, placental growth factor, and autocrine motility factor. Follow-
ing inoculation of VEGF-C-transfected and control cells into the gastric walls of nude mice, tumor
growth of the VEGF-C-transfected cells was greatly accelerated in comparison with that of control
cells. Greater angiogenesis and lymphangiogenesis were also detected in VEGF-C-transfected
tumors than in control tumors.

Conclusions: Gastric carcinoma cells express VEGF-C and VEGFR-3. VEGF-C may play a role
in the progressive growth of human gastric carcinoma through both autocrine and paracrine

mechanisms.

The process of cancer metastasis is sequential and selective and
consists of a series of interlinked independent steps (1). To
produce a metastatic lesion, tumor cells must complete all of the
steps, which include angiogenesis, motility, invasion, survival in
the circulation, adhesion, extravasation, and proliferation (2, 3)
Several sets of growth factors and their cognate receptors have
been reported 1o be important in the regulation of metastasis
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For example, cancer cells attach to the vascular endothelium via
adhesion molecules, invade the tissue via motility factors, grow
in the tissue with the help of growth faciors, and establish their
blood supply by the parucipauon of angiogenic factors. Thus,
disruption of a growth factor/receptor axis is a current strategy
for the development of anticancer drugs (4)

The vascular endothelial growth factor (VEGF) family includes
VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, and placental
growth factor (PIGF; refs. 5, 6). The importance of VEGF and
VEGF receptor (VEGFR) expression in tumor angiogenesis and
lymphangiogenesis is supported by several lines of evidence
VEGF-A is one of the most potent stimulators of angiogenesis
identified thus far, affecting endothelial cell proliferation and
motility and vascular permeability (7). VEGF-A exerts its
angiogenic functions through activation of the tyrosine kinase
receptors VEGFR-1 (Fli-1) and VEGFR-2 (Flk-1/KDR), which are
expressed primarily by vascular endothelial cells (8). However,
VEGFRs are also expressed by a wide variety of cancer cell lines.
VEGF-A and VEGFR-1/2 are coexpressed in a number of cancers,
including cancers of the breast (9), prostate (10), colon (11), and
pancreas (12, 13), suggesting that VEGF-A may directly influence
tumor cell growth via an autoaine mechanism.

VEGF-C induces lymphangiogenesis by activaung VEGFR-3.
which is expressed by lymphatic endothelial cells (14) We
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Translational Relevance

Many studies in experimental models of cancer have
shown that the vascular endothelial growth factor
(VEGF)-C/VEGF receptor-3 (VEGFR-3) signaling system
is a key regulator of tumor lymphangiogenesis. In the pres-
ent study, we showed that tumor cells express not only
VEGF-C but also VEGFR-3 in human gastric carcinoma,
In vitro and in vivo expenments showed VEGF-C acts as a
growth factor for carcinoma cells, in addition to acting as a
lymphangiogenic or angiogenic factor. Therefore, VEGF-C
may play a role in the progressive growth of human gastric
carcinoma through both autocrine and paracrine mecha-
nisms. We propose that interruption of the VEGF-C/
VEGFR-3 axis may be a therapeutic approach for control-
ling disease progression. Reagents that block this pathway
could provide benefit for patients with gastric carcinoma in
the clinic,

reported previously that expression of VEGF-C correlates with
lymph node metastasis in several malignancies, including
esophageal (15), gastric (16), and colorectal (17) carcinomas.
VEGFR-3 has also been detected on malignant cells, including
lung adenocarcinoma (18), head and neck carcinomas (19).
prostate carcinoma (20), and leukemia cells (21) These
observations suggest that VEGF-C may directly affect cancer
cells. Su et al (18) reponted that the VEGF-C/VEGFR-3 axis
plays an imponant role in promoting invasion and metastasis
of human lung adenocarcinoma cells, However, unlike the
well-characterized axes of VEGF-A and VEGFR-1/2, the biolo-
gical significance of the activation of the VEGF-C/VEGFR-3 axis
in epithelial tumor cells is not well understood. The expression
status and significance of VEGFR-3 on gastric carcinoma cells
remain unclear. In the present study, to charactenize the VEGF-C/
VEGFR-3 axis in gastric carcinoma, we examined the expression
and function of VEGFR-3 on gastric carcinoma cell lines and
Lssue specimens.

Materials and Methods

Patients and tumor specimens.  Thimy-six pauens who underwent
surgical resection for gastric carcinoma without preoperative treatment
at Hiroshima University Hospital, Hiroshima, Japan, were enrolled in
this study  The patient group comprised 32 men and 4 women; median
age was 66 y. Informed consent was obtained from all patients for
participation in the study. Paraffin-embedded archival specimens from
the patients were examined by immunohistochemistry. Pathology
reports and clinical histories were reviewed for accurate staging at the
time of surgery. Criteria for staging and histologic classification were
those proposed by the Japanese Research Society for Gastric Cancer
{22). All patients had invasive gastric carcinoma in which the tumor
invasion was beyond the submucosa (21 patients stage 1I; 15 patients
stage I11).

Cell cultures. Four cell lines esiablished from human gastric
carcinomas were maintained in RPMI 1640 (Nissui Co.) with 10%
fetal bovine serum (FBS. MA BioProducts) The TMK-1 cell line
(a poorly difterentiated adenocarcinoma) was provided by Dr E
Tahara of Hiroshima University. The KKLS cell line (an undifferentiated
carcinoma) was provided by Dr. ¥ Takahashi of Chiba University,
Chiba, Japan. The other two cell lines (MKN-1, from an adenosqua-
mous carcinoma, and MKN-28, from a well-differenuated adenocarci-
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noma) were obtained from the Health Science Research Resources
Bank, Osaka, Japan

Cell proliferation assays. In wiro growth was measured with a Cell
Proliferation Biowrak ELISA System, version 2 (Amersham Biosciences),
according to the manufacturer's instructions to determine whether
recombinant human VEGF-C (thVEGF-C; R&D Systems) would
stimulate proliferation of KKLS cells. Cells were seeded in a 96-well
plate at a density of 1 % 10* cells per well and incubated overnight in
200 pl culture medium containing 10% FBS. After incubation for 24 h,
cells were cultured in serum-free culture medium containing 10 pmol/L
bromodeoxyuridine with or without thVEGF-C for 24 h, and cell
proliferation was measured in a plate reader (Microplate Manager 5.2.1,
Bio-Rad) at 450 nm.

Microarray analysis.  KKLS cells were culwred in RPMI 1640 without
FBS for 6 h and then cultured with or without thVEGF-C (20 ng/mL) for
8 h. These cells were collected and stored at -80°C umil use. Microarray
analysis was done with the Human Cancer CHIP' (version 4, Takara
Shuzo), which contains 637 human cancer - related genes (listed on the
home page of Takara Shuzo®) spoued on glass plaws. A fluorescent
probe synthesized by reverse transenpuon of 1 pg of the above mRNA
with 50 Ul AMV reverse transcriptase (Takara Shuzo) was added o each
reaction mixture. Cy3- and Cy5-labeled probes were prepared from
mRNAs isolated from conuol cells and thVEGF-C-treated cells,
respectively; both were mixed in the reaction buffer [6x S5C, 0.2%
SDS, 5= Denhardi's solunion, 08 mg/ml poly{dA), and 1 mg/mL yeast
IRNA| The mwture was hybndized to the ¢DNA CHIP at 65°C
overnight. The CHIP was washed twice with 2 SSC/0.2% SDS solution
at 55°C for 30 min and then with the same solution at 65°C for 5 min
Finally, the CHIP was washed with 0.05= S5C a1t room temperature for
10 min. Signals on the hybridized CHIP were visualized and quantified
with the Scan-Array 5000 (G5! Lomonids) and normalized to the
averaged signals of housekeeping genes. Genes were excluded from
further investigation when the intensities of both Cy3 and Cy5 were
below 1,000 fluorescence units. Those with Cy3/Cy5 signal ratios »2.0
were regarded as up-regulated

Semiguantitative and quantitative reverse transcription-PCR.  Toual
RNA was extracted from gastric carcinoma cell lines with an RNeasy
Kit (Qiagen) according to the manufacturer's instrucions. cDNA was
synthesized from 1 ug total RNA with a first-strand cDNA synthesis
kit (Amersham Biosciences). After reverse transcription of RNA ino
cDNA, guanutative reverse transcription-PCR (RT-PCR) was done with
a LightCycler-FastStan. DNA Master SYBR-Green | Kit (Roche), and
semiquantitative RT-PCR was done with an AmpliTag Gold Kit (Roche)
according 10 the manufacturer's recommendations Quantiative RT-
PCR was used 1o monitor gene expression and was done with a
LightCycler system and LightCycler Data Analysis Software ver. 3.5
{Roche) in accordance with standard procedures PCR reactions were
carried out in tnplicates. To correct for differences in both RNA quality
and quantity between samples, the data were normalized 1o those of
fractin. Primers for PCR were designed with specific primer analysis
software [Primer Designer, Scientific and Educational Software), and
the specificity of the sequences was confirmed by FASTA (EMEBL
Database). Primer sequences, annealing temperatures (Ta), and PCR
cycles were as follows: VEGF-C forward, GAGGAGCAGTTACGGTCTGT
and VEGF-C reverse, GTAGCTCGTCGCTGGTGTITCA (VEGF-C PCR
product, 371 bp; Ta, 59°C: 28 cycles); VEGFR-3 forward, GGTTCCT-
CCAGGATGAAGAC and VEGFR-3 reverse, CAAGCAGTAACGC-
CAGTGTC (VEGFR-3 PCR product, 505 bp; Ta, 62°C; 28 cycles);
AMFR forward, ACTCTCCTGTCCCTGGACCT and FLT-4 reverse,
TCATTGTTGACAGCCAGCTC (AMFR PCR product, 218 bp; Ta, 59°C;
35 cycles): AMF forward, CGCCCAACCAACTCTATTGT and AMF
reverse, GGTAGAAGCGTCCTGAGAGG (AMF PCR product, 213 bp;
Ta. 59°C. 40 cycles); PIGF forward, ATGTTCAGCCCATCCTGTGT and

S hitp.//bio. takara.co.p/catalog/DNACHhp Down-load htm
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PIGF reverse, CTTCATCTTCTCCCGCAGAG (PIGF PCR product. 201 bp
Ta. 597C. 40 cycles), GAPDH torward. ATCATCCCTGCCTCTACTGG
and GAPDH reverse. CCCTCCGACGCCTGCTTCAC (GAPDH DPCR
product. 188 bp: Ta. 55°C: 28 cvdles): and B-actin forward, CGACTTC
CGAGCAAGACGATGG and practin reverse. AGCACTGTGTTGGCGTACAG
(f-aenn PCR product, 234 bp. Ta, 55°(C:35 cycles), After amplification
PCR products were resolved on 5% nondenatunng polyacrylamide
gels in Trs-borate-EDTA buffer RT.-PCR in the absence of reverse
ranscnpiase showed no specific bands

Immunohistochemical stmning.  Immunochistochemisury for VEGF-C
VEGFR-3. Lyvel. and Ki-67 was done on formalin-fixed. paraffin-
embedded tissues cut into senal 4.um sections. After deparaffinization
and rehydration, tissue sections for staining of VEGF-C and VEGFR-3
were pretreated by microwave twice for 5 min i Dako REAL Targer
Retrieval Solution (Dako) Immunohistochemical staining of CD3)
was done on fresh-frozen specimens cut into 8-pm sections, mounted
an positively charged slides and stored at -80°C Frozen tissue sections
were fixed in cold acetone for 10 min. VEGF-C was detected with a goat
antihuman polyclonal antibody (1:200; R&D Systems). and VEGFR-3
was detected with a goat antihuman polyclonal antibody (1:50; R&D
Systemns). Lyvel was detected with the rat antimouse monoclonal
antibody (1:20; R&D Systems). and Ki-67 was detected with the mouse
amiihuman polyclenal amibody (MIB-1: 1:25, Dako). CD31 was
detected with the rat anumouse polyclonal antibody (1:200; Pharmin-
gen) The primary antibodies were applied to the slides and incubated
overmight in humidified boxes at 4°C. After incubation for 1 h at room
temperature with peroxidase-conjugated corresponding secondary anu-
bodies, a positive reaction was detected by exposure for 5 to 10 min to
stable 3,3 .diaminobenzidine Slides were counterstained with hema-
1oxylin for visualization of the nucleus

Gene transfection and cdoming of rransfected cell ines. A full-length
VEGF-C cDNA (a1 9-kbp EcoRI-EcoRl fragment) was inserted into the
EcoRl-EcoRI site of pBR322 (lnvirogen) The resultamt plasmid was
digested with Xhol-BamH| and cloned into the Xhol-BamHI site of the
pEGFP-N1 expression vector (BD Biosciences) to yield the VEGF-C
expression vector. Expression of VEGF-C cDNA was under the control
of the cytomegalovirus promoter. The KKLS cell line was transfected
with either the VECF-C expression vector or the pEGFP-N1 vecior alone
with Lipofecun (Life Technologes] according to the manufaciurer's
instructions. After transfection, cells were grown in selective medium
(10% FBS-RPMI 1640 containing 800 pg/ml G418) The selective
medium was changed every 3 d G416-resistant dones (KKLS/VECF-C
and KKLS/EGFP) were selected and then expanded for addiuonal
strdies. G415 was from Sigma

ELISA for VEGF-C protein. For generanon of conditioned media
wmor cells were plated at 1.0 * 10%/mL per 10-cm dish (Becon
Dickinson Labware), and the supernatants were collected after 48 h,
centrifuged 1o remove floaung cells, and stored at -80°C We used the
Quantikine Human VEGF-C Immunoassay (R&D Systems) according to
the manufacturer's instructions to measure VEGF.C levels

Waestern blor analysis. Expression of VEGF-C, VEGFR-3, and cvclin
D1 was evaluated by Western blot analysis. The phosphorylation status
of VEGFR-3 or Akt was also evaluated by Western blot analysis. To
evaluate VEGFR-3 or Akt phosphorylation of KKLS cells stimulated with
VEGF-C, cells were seeded in 10-cm dishes (1.5 x 10° cells per dish) in
growth medium and allowed 10 anach overnight before the growth
medium was replaced with serum-free medium for an additonal 24-h
incubation. The cells were then stmulated with or without VEGF-C
(20 ng/mL) for 5 or 10 min at 37°C. To evaluate VEGFR-3 or Akt
phosphorylation in KKLS cells transfected with expression vector, cells

Fig 1. Expression of VEGFR-3 and VEGF-C in human gastnic carcmoma nssues. immunoreactivity of VEGFR-3 was detected on tumor cells m 17 of 36 (47.2%) gastnc

carcinoma specimens A, staining of VEGFR-3 on lymphatic vessals (red a haad) 8 t o
Normal mucosa did not show VEGFR-3 staining (black arowhead) C. n 10 of 17 specimens. VEGFR-3 exp was g
mare intensa 31 the despest invasive site (black arrow ) than at the central portion or suparficial part. O VEGF-C immur
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staring of VEGFR- 3 (black arrow) was observed in 7 of 17 specimens
h Immunoreactivity for VEGFR-3 was
y was o d on tumor cells
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were seeded in 10-cm dishes (1.5 = 107 cells per dish) in growth
medium and allowed o auach overnight before the growth medium
was replaced by serum-free medium for an additional 24-h incubation
After three washes with cold PBS containing 1 mmolfL sodium
orthovanadate, cells were lysed Protein samples of the cell lvsates
(1otal protein 20 pg) or 1| pl of culture medium were separated by SDS
PAGE and transferred 1o nitrocellulose transfer membranes (Whatman
GmbH). After being blocked with 1% or 3% skim milk in TBS, the
membranes were incubated with primary antibodies, namely, poly-
clonal goat antihuman VEGF-C antibody. polyclonal goat antihuman
VEGFR-3 antibody, polyclonal mouse antihuman cyclin D1 {Dako),
polyclonal rabbit antihuman phopho-VEGFR-3 antibody (Calbio
chem), polyclonal rabbit amibody to phospho-Akt (phosphorylated
at 5er473, Cell Signaling Technology), or f-actin (Sigma), and were
diluted in TBS at 4°C overnight. The membranes were then washed in
TBS-T (0.1% Tween 20 in TBS) and incubated with the secondary
antibodies specific for each primary antibody at room temperature for
1 h. To confirm equivalent protein loading, membranes were stripped
and reprobed with anti-Aka anubody (Cell Signaling Technology). The
immune complexes were visualized with enhanced chemiluminescence
with an ECL Plus Kit (Amersham Life Science)

A RT-PCR "
~ g
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pe/mi
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Fig. 2. Expression of VEGF-C and VEGFR-3 in gastnc carcinoma cell lines. A,
VEGF-C and VEGFR- 3 expression by gastnc cell knes was axamined by RT-PCR
B culture supématants were assayed for VEGF-C by ELISA. C VEGFR-3 protan
expression was analyzed by Western blotting
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fluorescence staining for pVEGFR-3. To confirm the activa-
tion of VEGFR-3 by VEGF-C, KKLS cells were cultured in RPMI 1640
without FBS for 24 h and then sumulated with or without thVEGF-C
(20 ng/ml) for 10 min. Tumor cells were stained with pVEGFR-2, 3
[1:1,000; Calbiochem)

Amimal models. Male athymic BALB/c nude mice were obtained
from Chatles River Japan. The mice were maintained under specific
pathogen-free conditions and used a1 5 wk of age This study was
carned out after permission was granted by the Committee on Animal
Expenmentation of Hiroshima Liniversity

Orthotopic (gastric mucosa) xenograft model. For implantation,
subconfluent KKLS/VEGF-C and KKLS/EGFP cells were harvested by
brief treatment with 0.25% trypsin and 0.02% ethylenediamine tetra-
acetic acid, and resuspended 1o a final concemration of 2.0 = 107 cells/
mL Hanks solution Using a 30-gauge needle attached o a I-mL
syringe, cells (1.0 * 10%/0.05 mL) were implanted into the gastric walls
of nude mice under observation with a zoom stereomicroscope. After
4 wk. the mice were sacrificed. and the umors were resected for study
The tumors were fixed in 10% buffered formalin or formalin-free THC
Zine Fixauve (Pharmingen) for immunohistochemisury.

Qi itation of lymphatic vessel density, microvessel density, and Ki-67
labeling index. Lymphatic vessel density and microvessel density were
determined from counts of Lyvel-positive vessels and CD31-positive
vessels, respectively,. Vessel counts were assessed by light microscopy in
immunohistochemistry-stained areas of the intratumoral and peritu-
moral regions containing the highest numbers of capillanes and small
venules (23). Highly vasculanzed areas were first identified by scanning
tumor sections at low power (=40 and =100). The vessel count was
determined for six such areas at x400 ( *40 objective and * 10 ocular),
and the mean of the six counts was calculated. A vessel lumen was not
necessary for a structure to be defined as a blood microvessel (23) In
slides immunaolabeled for Lyvel, only vessels with typical marphology
(including a lumen) were counted as lymphatic vessels because of
oceasional weak antibody cross-reactivity with fibroblasis (24). The
Ki-67 labeling index was determined by light microscopy at the site of
the greatest number of Ki-67 - positive cells. The sites were identified by
scanning wmor sections at low power [ *40). For the Ki-67 labeling
index. the number of positive cells among - 1,000 wmor cells was
calculated as a percentage. Staining of cells was evaluated by wo
independent observers (M K. and Y.K.) blinded 10 the patient’s stawus.

Statistical analysis.  Results are expressed as mean + SE Fischer's
exact test or x° test was used for the analysis of categorical data.
Wilcoxon/Kruskal-Wallis analysis was used for companson of contin-
uous variables A P value of <005 was considered staustically
significant

Results

h

Immunolocalization of VEGFR-3 in gastric carci
tissues, We analyzed 36 human gastric cancer specimens with
a polyclonal antibody specific for human VECFR-3. We
detected VEGFR-3-specific immunoreactivity on lymphatic
endothelial cells (Fig. 1A). In 17 of 36 (47.2%) gastric
carcinoma specimens, VEGFR-3-specific immunoreactivity was
detected on wmor cells (Fig. 1B and C). Immunoreactivity for
VEGFR-3 was more intense at the site of deepest invasion than
at the central portion or superficial part of the umor (Fig. 1C).
In 12 of 36 (33.3%) gastric carcinomas, tumor cells expressed
both VEGF-C and VEGFR-3 (Fig. 1C and D). VEGFR-3
immunoreactivity was not detected in normal gastric epithelial
cells (Fig. 1B)

Expression of VEGF-C and VEGFR-3 in gastric carcinoma cell
lines. We next analyzed VEGF-C and VEGFR-3 expression in
gastric carcinoma cell lines. Gaswric carcinoma cell lines
constitutively expressed VEGF-C mRNA at various levels. Two
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A Phosphorylation of VEGFR-3

thVEGF-C (+)

B Westemn blot analysis

thVEGF-C (20ng/ml)

. o
o® 5““? \06‘\

kDa

of the four gastric carcinoma cell lines (KKLS and MKN-1)
expressed VEGFR-3 mRNA. Of these two cell lines, the KKLS
cell line pverexpressed VEGFR-3 mRNA (Fig. 2A). Expression of
VEGF-C and VEGFR-3 by gastnc carcinoma cells was confirmed

at the protein level Culture supematants were assaved for
VEGF-C by ELISA (Fig. 2B), VEGFR-3 protein expression was
analyzed by Western blotting (Fig. 2C). KKLS cells expressed
high levels of VEGFR-3 protein, but the amount of VEGF-(
protein was below the limit of detecion. which was not
consistent with the level of mRNA. For this reason (high
endogenous VEGFR-3 and low endogenous VEGF-C in KKLS
cells), we used KKLS cells for further studies

VEGF-C stimulates proliferation of KKLS cells
the possibility of autocrine tumor cell growth stimulation by
VEGF-C, we treated KKLS cells with thVEGF-C and analyzed
phosphorylation of VEGFR-3. Akt and mitogen-activated
protein kinase in KKLS cells and the effect on cell prolifera-
tion. VEGF-C treatment induced phosphorylation of VEGFR-3
and Akt in KKLS cells (Fig. 3A and B) and increased cell pro-
liferation of KKLS cells in a dose-dependent manner (Fig. 3C)
Phosphorylation of mitogen-actvated protein kinase was not
detected (data not shown). In contrast, VEGF-C had no effect
on cell proliferation of TMK-1 cells (VEGFR-3 negative cell line
Fig. 3D)

VEGF-C up-regulates expression of genes associated with

I'o investigate

disease progression i KKLS cells. To study the downstream
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effector genes of VEGF-C/VEGFR-3 signaling, we did microarray
analysis using the Human Cancer CHIP (Takara Shuzo)
Expression of vanous mRNAs in untreated KKLS cells was
compared with expression in KKLS cells treated with rhVEGF-(
for 8 hours. Under the highly stringent conditions we used, 52
genes were classified as genes showing significantly increased
expression in response to VEGF-C. Among these genes, we
confirmed the increased expression of cyclin D, PICF, and
autocrine motility factor receptor (AMFR) by quantitative RT-
PCR or Western blotting Treatment with VEGF-C increased
expression of AMFR mRNA in a dose-dependent and time
dependent manner (Fig. 4A). We also investigated expression of
the mENA encoding AMF, the ligand of AMFR. Treatment with
VEGF-C also increased expression of AMF mRNA (Fig. 4B)
Levels of PIGF mRNA were similarly increased in VEGF-(
treated KKLS cells (Fig 4C). In addiuon, VEGF-C increased
expression of cyclin D1 protein in a dose-dependent manner
(Fig. 4D)

Transfection of the VEGF-C gene into KKLS cells
late autocrine VEGF-C/VEGFR-3 signaling, a VEGF-C expression
vector was transfected into KKLS cells. After transfection with
the VEGF-C expression vecior or the control vector (pEGFP-N1)
we selected a stable clone (KKLS/VEGF-C) that overe
VEGF-C and a conurol clone (KKLS/EGFP) for subseque
Overexpression of VEGF-C mRNA and VEGF-C protein was con

I'o sumu

pressed

1554Y5

firmed by quantitative RT-PCR (Fig. 5A) and Western blotting,
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respectuvely (Fig. 5B). Phosphorylauon of Akt in KKLS/VEGF-(
cells was also confirmed by Western bloting (Fig. 5B)

In vitro and in vivo proliferation of VEGF-C-transfected
gastric carcinoma cells.  Under culwure conditions of 0.5% FBS
cell proliferation was stimulated by transfection with VEGF-C ex
pression vector (Fig. 5C). To investigate the role of the VEGF-C/
VEGFR-3 axis in an animal model, we implanted KKLS/VEGF-C
and control cells into the gastric walls of nude mice. At the end of
the 4-week experimental period, in vive growth of KKLS/VEGF-C
cells was significantly greater than that of control cells (Fig. 5D)

We next used immunohistochemistry for Lyvel, CD31, and
Ki-67 to investigate lymphatic vessel density, microvessel
density, and Ki-67 labeling index. Greater lymphangiogenesis
(Fig. 6A) and angiogenesis (Fig. 6B) were observed in mice
implanted with VEGF-C-transfected KKLS cells than in those
implanted with conwrol KKLS cells, Staustical analysis showed
that the number of Ki-67 - positive cells, as well as lymphatic
vessel density and microvessel density, was significantly higher
in the KKLS/VEGF-C wmors than in the conuol wmors (P <
0.01; Fig. 6C)

Discussion

Until recently, studies of VEGF family members have
focused primarily on their functions as paracrine stimulators
of angiogenesis or lymphangiogenesis. Promotion of wumor
metastasis by VEGF-C is reported to be due 1o the induction of
tumor lymphangiogenesis via effects of activated VEGFR-3 on
lymphatic endothelial cells (25) Association of VEGF.C with
twumor lymphangiogenesis and with lymph node metastasis
has been observed in many human carcinomas, including
thyroid, prostate. esophageal, gastric, colorectal, and lung
cancers (15, 16, 26, 27). Furthermore, several studies have
shown that overexpression of VEGF-C induces lymphangio-
genesis and promotes umor metastasis N Mouse tumor
models (28, 29).

After the discovery of VEGFRs on malignant cells, it was
reported that VEGF-A can aat as an autocnne growth factor for
various types of cancer cells (13, 30, 31). Unlike the well-
characterized VEGF-A/VEGFR-2 axis, there may be many
undefined functions and molecular mechanisms involved in
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tumor progression mediated by the VEGF.C/VEGFR-3 axis
Results regarding the expression of VEGFR-3 on wmor cells
are controversial. Some studies did not detect expression of
VEGFR-3 on tumor cells (32-34), whereas other studies found
expression of VEGFR-3 on wmor cells (18-21, 35-37). These
contradictory findings suggest that expression of VEGFR-3 on
cancer cells may differ between malignancies or cell lines
Expression of VEGF-C and VEGFR-3 correlates significantly
with poor prognosis of specific types of cancer (18 19, 21,
37-41). Marchio et al. (40) reported that tyrosine phosphory-
lation of VEGFR-3 is increased in Kaposi sarcoma cells teated
with recombinant VEGF-C protein, and they found that acti-
vation of the VEGF-C/VEGFR-3 axis in Kaposi sarcoma cells
is involved in the regulation of cellular functions, such as

www.aacrjournals.org 2Zn

proliferation and migraton The VEGF-C/VEGFR-3 axis has
also been found to play a role in the growth of malignant
mesothelioma cells (41) and leukemic cells (21). It has become
clear that the VEGF-C/VEGFR-3 axis plays an impornant role in
promoting invasion and metastasis of human lung adenocar-
cinoma cells (18). It has also been reported, however, that
inhibition of VEGFR-3 signaling by the soluble fusion protein
VEGFR-3-immunoglobulin did not change the growth of lung
cancer cells (42). These findings indicate that the effects and
interactions of the VECF-C/VEGFR-3 system in cancer biclogy
are complex and may differ between malignancies. Previously,
we reponted that VEGF.C immunoreactivity is associated not
only with lymphatic invasion and lymph node metastases but
also with greater depth of tumor invasion in gastric cancer (16)

Clin Cancer Res 2008:14(22) November 15, 2008
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This fact suggests that VEGF-C may directly influence tumor
cell growth or motility via an autocrine mechanism. Therefore,
we conducted the present study to clanfy whether gastric
cancer cells express functional VEGFR-3 and 10 evaluate the
biological significance of VEGFR-3 expression in gastric cancer
progression

In the present study, we found that VEGFR-3 is expressed by
tumor cells as well as lymphauc endothelial cells in gastric
carcinoma tssues. Approximately half of our gastric cancers
(17 of 36) contained wmor cells that expressed VEGFR-3

protein. On the basis of the lack of VEGF-C and VEGFR-3
expression in normal gastric epithelial cells, we concluded
that de novo expression of VEGF-C and VEGFR-3 seems to
be associated with the process of malignant transformation
Treatment of cultured KKLS cells with VEGF-C induced ryrosine
phosphorylation of VEGFR-3 and then increased proliferation.
It also induced expression of cyclin D1, PIGF, AMF, and AMFR.
PIGF and AMF are growth factors known 1o regulate angio-
genesis and wmor cell motility, respectively. We previously
reported that VEGF-C expression is higher at the site of deepest
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mncreased density of Lyve.1 - and CD31-positive vessels and highar numbers of Ki-67 - positive cells than control wmors. Right panels. quantification of Lyve-1 - posilive
vessels, CD31-positive vessels. and Ki-67 - posiive cells in these wmaors ** # ¢ 0.01, bars. SE
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penetration of the invasive tumor than in the superficial
portions (16). In the present study. heterogeneous intratumoral
staining was observed for VEGFR-3 and VEGF-C, with the
highest levels of expression at the invasive edges. Expression of
PIGF and AMF/AMFR induced by VEGF-C/VEGFR-3 signaling
may play a role in progression of gastric cancer cells to an
aggressive phenotype.

Makinen er al. proved the critical role of VEGF-C/VEGFR-3
signaling in the growth and survival of lymphatic endothelial
cells (43) They found VEGFR-3 induces a protein kinase C-
dependent pd2/p44 mitogen-activated protein kinase activation
and wortmannin-sensitive phosphoryvlation of Akt However,
the biochemical signaling pathways actvated via VEGFR-3
are unknown in tumor cells. In the present study, we found
veatment with VEGF-C resulted in phosphorylauon of Akt but
not mitogen-activated protein kinase in KKLS cells. Further
studies using Akt inhibitor will be needed to clanfy whether Akt
indeed plays a role as a signaling molecule of the VEGF-C/
VEGFR-3 axis.

To sumulate VEGF-C/VEGFR-3 signaling in an autocnine
manner, we transfected a VEGF-C expression vector into KKLS
cells, established stable transfectants, and transplanted VEGF-C-
transfected cells and control cells into the gastnic walls of nude
mice (orthotopic site). Lyvel-positive vessel-like structures were
found at a much higher density in KKLS/VEGF-C umors than
in conuol twmors. These findings are consistent with the
published direct evidence for the role of VEGF-C in tumor
lymphangiogenesis (28, 29). However, VEGF-C secreted by the
tumor did not promote lymphatic metastasis in our present
experiments. Lymph node metastasis was not observed in the
KKLS/VEGF-C or the control mice. For lymphauc metastasis,
tumor cells must complete multple steps, which include
lymphangiogenesis, motility, invasion, survival in the circula-
tion, adhesion, extravasation, and proliferation (2. 3). He et al.
(42) reported that wumors of lung carcinoma cells overexpress-
ing VEGF-C contain more lymphatic vessels than vector-
transfected tumors but do not have increased metastatic ability.
Therefore, lymphangiogenesis induced by VEGF-C may not be
the only metastasis rate-limiting factor. To survive in the lymph
circulation and colonize lymph nodes, another growth factor,
such as VEGF-A (44) or plateler-derived growth factor-BB (45),
may be needed.

In addition to lymphangiogenesis, we observed greatly
accelerated angiogenesis and in vivo growth of KKLS/VEGF-C
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cells compared with that of control cells in the present study
VEGF-C and VEGF-D can exent angiogenic activity through
VEGFR-2 (46), and previous data clearly link VEGFR-2 to
angiogenesis and progression of gastric cancer (47). On the
other hand. Mandriota et al reported that VEGF-C induces
lymphangiogenesis, but not angiogenesis in double-transgenic
mice (48) Although there is no explanation for the discre-
pancy. this might be due 10 differences in VEGF-C proteolyuc
processing in the different models. The stepwise proteolytic
processing of VEGF-C generated several VEGF-C forms with
increased activity towards VEGFR-3, but only the fully
processed VEGF-C could activate VEGFR-2 (49). VEGFR-3 has
been detected in both blood vessels and lymphatic vessels in
tumor tissues (27, 50, 51). There are several studies that showed
that antibody interference with VEGFR-3 function can inhibit
tumor growth by inhibiting neoangiogenesis in vanous human
mor xenografts in immunocompromised mice (34, 52). We
found in the present study that VEGF-C induces the expression
of PIGF by KKLS cells. Expression of PIGF by KKLS cells may
also play a role in umor angiogenesis

Beside roles in lymphangiogenesis and angiogenesis, we
identified an additional role of VEGF-C/VEGFR-3 in tumor
growth. Treatment with VEGF-C increased expression of cyclin
D1 (a cell cycle regulator) and stimulated growth of KKLS cells
in viro, and we found a higher number of Ki-67 - positive cells
in KKLS/VEGF-C tumors than in vector control tumors. He
et al. (53) reported that treatment of ectopic xenografts of lung
caranoma cells with VEGFR-3-immunoglobulin inhibits tumor
growth without a reduction in microvessel density, These
findings support the existence of autocrine stimulation of
wmor growth by the VEGF-C/VEGFR-3 axis.

In summary, our results show that VEGF-C is an imponant
growth factor, in addition to acting as a lymphangiogenic or
angiogenic factor. Thus, we propose that interruption of the
VEGF-C/VEGFR-3 axis may be a therapeutic approach for
controlling disease progression.
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Gene expression profiling with microarray and
SAGE identifies PLUNC as a marker for
hepatoid adenocarcinoma of the stomach

Kazuhiro Sentani’, Naohide Oue’, Naoya Sakamoto', Koji Arihiro?, Kazuhiko Aoyagi’,

Hiroki Sasaki® and Wataru Yasui!

'Department of Molecular Pathology, Hiroshima University Graduate School of Biomedical Sciences,
Hiroshima, Japan; *Department of Anatomical Pathology, Hiroshima University Hospital, Hiroshima, Japan
and *Genetics Division, National Cancer Center Research Institute, Tokyo, Japan

Gastric cancer is one of the most common malignancies worldwide. In this study, we screened for genes
upregulated in gastric cancer by comparing gene expression profiles from serial analysis of gene expression
and microarray and identified the palate, lung, and nasal epithelium carcinoma-associated protein (PLUNC)
gene. Immunostaining for PLUNC in 140 gastric cancer cases revealed strong and extensive staining of PLUNC
in hepatoid adenocarcinoma of the stomach, whereas 7% of conventional gastric cancer cases showed focal
immunostaining of PLUNC. Gastric hepatoid adenocarcinoma is an extrahepatic tumor characterized by
morphologic similarities to hepatocellular carcinoma. To investigate the utility of PLUNC immunostaining in the
diagnosis of gastric hepatoid adenocarcinoma, six cases of gastric hepatoid adenocarcinoma (six primary
tumors and two associated liver metastases) were studied further. PLUNC staining was observed in all six
primary hepatoid adenocarcinomas. PLUNC staining was observed in both the hepatoid adenocarcinoma and
tubular/papillary adenocarcinoma components of primary tumors, although PLUNC staining was preferentially
localized in tubular/papillary adenocarcinoma components. Staining of PLUNC was also detected in both liver
metastases. PLUNC staining was not observed in 52 cases of primary hepatocellular carcinoma or in normal
adult or fetal liver. These results indicate that PLUNC is a novel marker that distinguishes gastric hepatoid
adenocarcinoma from primary hepatocellular carcinoma.
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According to the World Health Organization, gastric
cancer is the fourth most common malignancy
worldwide, with approximately 870000 new cases
occurring every vear. Mortality due to gastric cancer
is second only to that due to lung cancer.’ Cancer
develops as a result of multiple genetic and
epigenetic alterations.*™ Better knowledge of the
changes in gene expression that occur during gastric
carcinogenesis may lead to improvements in diag-
nosis, treatment, and prevention. Identification of
novel biomarkers for cancer diagnosis and novel
targets for treatment are the major goals in this
field.* To identify potential molecular markers for
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cancer and to better understand the development of
cancer at the molecular level, comprehensive gene
expression analysis may be useful. Among the
comprehensive methods used to analyze transcript
expression levels, array-based hybridization® and
serial analysis of gene expression (SAGE)" are
currently the most common approaches.

We previously performed SAGE of four primary
gastric cancers.” From the SAGE data, we identified
several gastric cancer-associated genes;® however,
these alterations cannot completely explain the
pathogenesis of gastric cancer, In addition, although
gene expression profiles from SAGE and microarray
have better correlations for genes with high-fold
changes, the gene expression profiles from these
methods show relatively poor correlations among
genes with low-fold changes, suggesting that SAGE
data may not yield a comprehensive gene expression
profile.’® In our previous study, the invasion/
metastasis-associated genes identified by SAGE



were quite different from those identified by micro-
array."’ Therefore, we performed gene expression
profiling using Affymetrix GeneChip Human
Genome U133Plus 2.0 arrays of one gastric cancer
sample previously analyzed by SAGE and identified
several candidate gastric cancer-associated genes.
Among these candidate genes, the palate, lung, and
nasal epithelium carcinoma-associated protein
(PLUNC. also known as lung-specific X protein,
LUNX) gene is upregulated in human gastric cancer.
However, little is known about the relation of
PLUNC to human gastric cancer.

PLUNC was originally identified in the nasal
epithelium of mouse embryo and the trachea and
bronchi of adult mouse lung.’* The human PLUNC
gene shows a similar expression pattern, including
lncalization to the tracheal epithelium.'® PLUNC was
also identified as a marker of non-small-cell lung
carcinoma.  Immunohistochemical analysis  of
PLUNC in lung cancer revealed that PLUNC is
commonly expressed in adenocarcinoma, mucoepi-
dermoid carcinoma, and bronchoalveolar carcinoma
and is absent from small cell carcinoma and squamous
cell carcinoma.'® Although PLUNC is a major secreted
protein product in the upper respiratory tract,” the
biologic function of PLUNC is poorly understood.

In this study, we examined the expression and
distribution of PLUNC in human gastric cancer by
immunohistochemistry. The relation between
staining for PLUNC and clinicopathologic character-
istics was examined. In addition, because we
observed frequent immunostaining of PLUNC in
hepatoid adenocarcinoma of the stomach, we also
performed PLUNC immunostaining of primary
hepatocellular carcinoma to investigate the potential
utility of PLUNC immunostaining in the diagnosis
of gastric hepatoid adenocarcinoma,

Materials and methods
Tissue Samples

In total, specimens from 144 cases of primary gastric
cancer and 52 cases of primary hepatocellular
carcinoma were collected. Patients were treated at
the Hiroshima University Hospital. The histologic
classification was based on the World Health
Organization system. Tumor staging was according
to the TNM classification system.'® Because written
informed consent was not obtained, for strict privacy
protection, identifying information for all samples
was removed before analysis. This procedure was in
accordance with the Ethical Guidelines for Human
Genome/Gene Research of the Japanese Government.
For microarray analysis, one primary gastric cancer
sample (Case P208T, 60-year-old man, T4N3MO,
stage 1V, poorly differentiated adenocarcinoma) and
corresponding non-neoplastic mucosa were used.
This gastric cancer sample was analyzed previously
by SAGE for comprehensive gene expression
profiling.” For quantitative reverse transcription
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(RT)-polymerase chain reaction (PCR) analysis, four
gastric cancer samples and corresponding non-
neoplastic mucosa samples were used. The samples
were obtained during surgery at the Hiroshima
University Hospital. We confirmed microscopically
that the tumor specimens were predominantly
(>50%) cancer tissue. Samples were frozen imme-
diately in liquid nitrogen and stored at —80°C until
use. Samples of normal brain, spinal cord, heart,
skeletal muscle, lung, stomach, small intestine,
colon, liver, pancreas, kidney, bone marrow, spleen,
peripheral leukocytes, and trachea were purchased
from Clontech (Palo Alto, CA, USA). For western
blot analysis, lysates from normal adult stomach and
trachea were purchased from Clontech. For immu-
nohistochemical analysis, we used archival forma-
lin-fixed, paraffin-embedded tissues from 144
patients who had undergone surgical excision of
gastric cancer (65 women and 79 men; age range, 38—
90 years; mean, 68 years). Thirty-nine of the 144
patients had early gastric cancer, and 105 had
advanced gastric cancer. Early gastric cancer is
limited to the mucosa or the mucosa and submucosa,
regardless of nodal status. Advanced gastric cancer is
a tumor that has invaded beyond the submucosa."
Primary gastric cancers exhibiting a hepatoid com-
ponent were regarded as hepatoid adenocarcinomas.
Out of 144 primary gastric cancers, 6 cases were
histologically classified as hepatoid adenocarcino-
ma. Out of six hepatoid adenocarcinoma cases, liver
metastasis samples were available for two cases. Two
patients with liver metastasis were serologically
negative for HBV and HCV infection and they did
not show any clinical or echographic signs of
cirrhosis. Both patients had no history of alcohol
abuse. In addition. we used archival formalin-fixed,
paraffin-embedded tissues from 52 patients who had
undergone surgical excision of hepatocellular carci-
noma (8 women and 44 men; age range, 4482 years;
mean, 64 vears; stage 1, 31 cases; stage II, 16 cases:
stage IIl, 5 cases). Normal adult (n=2, 45 and 57
years) and fetal (n=2, 10 and 18 gestational weeks)
livers were obtained at autopsy.

Microarray Analysis

One primary gastric cancer sample (P208T) and
corresponding non-neoplastic mucosa were analyzed
by genome-wide microarray, as described pre-
viously." Here, we used Affymetrix GeneChip Hu-
man Genome U133Plus 2.0 arrays (Affymetrix, Santa
Clara, CA, USA). Each transcript on this array is
represented by a set of 11 probe pairs, called the probe
set, The array contains =54 000 probe sets, represen-
ting 47 400 transcripts, including 38500 genes. Five
micrograms of total RNA was used to prepare
antisense biotinylated RNA with One-cycle Target
Labeling and Control Reagent (Affymetrix) as per the
manufacturer’s instructions. In brief, first-stranded
cDNA was synthesized with a T7-RNA polymerase
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promoter-attached oligo(dT) primer followed by sec-
ond-stranded cDNA svnthesis. This ¢cDNA was pur-
ified and served as a template in the subsequent
in vitro T7-transcription (IVT). The IVT reaction was
carried out in the presence of T7 RNA polymerase
and biotinvlated UTP for eRNA production. The
biotinylated cRNAs were then cleaned up and
fragmented. The fragmented, biotinylated cRNA was
hybridized to the array (45°C for 16h). The proce-
dures for staining. washing, and scanning of arravs
were carried out as per the instructions in the
Affymetrix technical manual. The expression value
(average difference. AD) of each probe was calculated
with GeneChip Operating Software Version 1.1
(Affymetrix). The mean of AD values in each
experiment was 1000 to reliably compare variable
multiple arrays.

Quantitative RT-PCR

Total RNA was extracted with an RNeasy Mini Kit
(Qiagen, Valencia, CA, USA), and 1 pug of total RNA
was converted to cDNA with a First Strand cDNA
Synthesis Kit (Amersham Biosciences, Piscataway,
NJ, USA). Quantitation of PLUNC mRNA levels in
human tissue samples was done by real-time
fluorescence detection, as described previously.’
PLUNC primer sequences were 5-CAG TTGCCT
TCT CTC CGA GG-3' and 5'-CAT GGG ATG TTA
CAC ACGCC-3'. PCR was performed with an SYBR
Green PCR Core Reagents Kit (Applied Biosystems,
Foster City, CA, USA). Real-time detection of the
emission intensity of SYBR Green bound to double-
stranded DNA was performed with an ABI PRISM
7700 Sequence Detection System (Applied Biosys-
tems), as described previously.*® ACTB-specific PCR
products were amplified from the same RNA
samples and served as internal controls.

Western Blotting

Western blotting was performed as described pre-
viously.®' Lysates (40pug) were solubilized in
Laemmli sample buffer by boiling and then sub-
jected to 12% SDS-polyacrylamide gel electrophor-
esis followed by electrotransfer onto a nitrocellulose
filter. The filter was incubated with the primary
antibody against PLUNC (goat polyclonal, dilution
1:500; R&D Systems, Abingdon. UK). Peroxidase-
conjugated anti-goat IgG was used in the secondary
reaction. Immunocomplexes were visualized with
an ECL Western Blot Detection System (Amersham
Biosciences). f-Actin (Sigma, St Louis, MO, USA)
was also stained as a loading control.

Immunohistochemistry

Formalin-fixed, paraffin-embedded samples were
sectioned, deparaffinized, and stained with H&E to
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ensure that the sectioned block contained tumor
cells. Adjacent sections were then stained immuno-
histochemically. Antigen retrieval was done hy
microwave heating in citrate buffer (pH 6.0) for
30 min for PLUNC, HepPar1. cytokeratin 19 (CK19),
cytokeratin 20 (CK20), and polvclonal carcinoem-
bryonic antigen (p-CEA). After peroxidase activity
was blocked with 3% H.O,-methanol for 10 min,
sections were incubated with normal goat serum
(Dako Cytomation, Carpinteria, CA, USA) for 20 min
to block nonspecific antibody-binding sites. Sec-
tions were incubated with the primary antibodies
against PLUNC (the same antibody used in western
blotting to PLUNC, dilution 1:50), alpha-fetoprotein
(AFP) [C3, 1:20; Novocastra, Newcastle, UK), Hep-
Par1 (OCH1E5, 1:20; Dako Cytomation), CK19
(RCK108, 1:50; Dako Cytomation), CK20 (Ks20.8,
1:50; Dako Cytomation), and p-CEA (1:1000; Dako
Cytomation) for 1h at room temperature, followed
by incubations with biotinvlated anti-goat, anti-
rabbit, or anti-mouse IgG and peroxidase-labeled
streptavidin for 10min each. Staining was com-
pleted with 10min incubation with the substrate-
chromogen solution. The sections were counter-
stained with 0.1% hematoxylin. The staining results
were recorded in semiquantitative fashion as fol-
lows: 0, absence of staining; 1+, any tumor cell
stained to 10% of tumor cells stained; 2+, 11-50%
of tumor cells stained; and 3 +, more than 50% of
the tumor cells stained.

Statistical Methods

Associations between clinicopathologic parameters
and PLUNC expression were analyzed by y*-test.
Kaplan-Meier survival curves were constructed for
PLUNC-positive and PLUNC-negative patients. Sur-
vival rates were compared between PLUNC-positive
and PLUNC-negative groups. Differences between
survival curves were tested for statistical signifi-
cance by log-rank test.** A P-value of less than 0.05
was considered statistically significant.

Results

Comparison of Gene Expression Profiles from
Microarray and SAGE

The gene expression profiles obtained from the gastric
cancer sample (P208T) and corresponding non-
neoplastic gastric mucosa sample were compared. To
identify ideal biomarkers for gastric cancer, we
focused on genes that showed significantly increased
expression in gastric cancer. The top 20 genes that
showed higher expression in the gastric cancer sample
than in the corresponding non-neoplastic gastric
mucosa sample by microarray analysis are listed in
Table 1. The gene showing the greatest increase in
expression in the gastric cancer sample by microarray
was PLUNC. Increased expression of the MAGE genes



