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Serum concentration and expression of Reg IV
in patients with esophageal cancer: Age-related
elevation of serum Reg IV concentration

NAOHIDE OUE!, TSUYOSHI NOGUCHI2, KATSUHIRO ANAMI!, KAZUHIRO SENTANI!,
NAOYA SAKAMOTO!, NAOHIRO URAOKA!, YUTA WAKAMATSU!, HIROKI SASAKI® and WATARU YASUI!

Department of Molecular Pathology, Hiroshima University Graduate School of Biomedical Sciences, Hiroshima;
P y
2Department of Gastrointestinal Surgery, Oita University Faculty of Medicine, Oita;
3Genetics Division, National Cancer Center Research Institute, Tokyo, Japan

Received September 29, 2010; Accepted December 29, 2010

DOI: 10.3892/01.2011.239

Abstract. Regenerating islet-derived family, member 4
(REG4, which encodes Reg 1V) is a marker for cancer and
inflammatory bowel disease. This study aimed to investigate
the diagnostic utility of Reg IV measurement in sera from
esophageal cancer patients. Reg IV expression was examined
in 269 esophageal cancer samples by immunostaining and
the Reg IV levels in sera were measured from 65 patients
with esophageal squamous cell carcinoma (SCC) by enzyme-
linked immunosorbent assay. No Reg IV staining was detected
in 255 SCC and 4 small cell carcinoma samples, whereas
Reg IV was stained in 4 of 10 (40%) adenocarcinoma samples.
Serum Reg IV concentration in esophageal SCC patients was
significantly higher compared to that of the control subjects
(P=0.0003). A significant correlation between serum Reg IV
concentration and age was found in control subjects (P<0.0001).
When serum Reg IV concentration was analyzed according to
age, the distribution of serum Reg I'V concentration in patients
with esophageal SCC was similar to that of the control subjects.
These results suggest that Reg IV expression is highly specific
for adenocarcinoma of the esophagus. Further investigation is
required to clarify whether Reg IV serves as a serum tumor
marker for esophageal cancer.

Introduction

Regenerating islet-derived family, member 4 (REG4, which
encodes Reg IV) is a member of the REG gene family, which
constitutes a multi-gene family belonging to the calcium-
dependent lectin superfamily. REG4 was originally identified
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by high-throughput sequence analysis of a large inflammatory
bowel disease cDNA library (1). Previously a serial analysis
of gene expression in four primary gastric cancer tissues was
performed and a number of gastric cancer-specific genes were
identified (2,3). Of these genes, REG4 is a candidate gene for
cancer-specific expression in patients with gastric cancer. Our
previous immunohistochemical analysis showed that Reg IV
was expressed in 30% of gastric cancers and was associated
with intestinal mucin phenotype and neuroendocrine differ-
entiation (4). A number of immunohistochemical analyses of
Reg IV have been reported in human cancers, including lung,
breast, pancreas, colorectal, prostate, salivary gland, kidney,
urinary bladder and gallbladder cancer (4-11). These analyses
indicate that Reg IV is expressed in adenocarcinoma cells
showing intestinal mucin differentiation. Reg IV staining also
aids in the diagnosis of gastrointestinal signet ring cell carci-
noma, a unique subtype of adenocarcinoma (12). By contrast,
little is known about Reg IV expression in other histological
types of cancer, such as squamous cell carcinoma (SCC).

In addition to adenocarcinoma, Reg IV expression has
been reported in neuroendocrine neoplasms, including gastro-
intestinal and renal carcinoids (4,10,13). Reg IV expression is
also found in small cell carcinoma of the lung (14). However,
Reg IV expression in small cell carcinoma of the esophagus
has yet to be investigated.

Reg 1V is a secreted protein and a novel biomarker for gastric
cancer (15). The diagnostic sensitivity of serum Reg IV was
superior to that of serum carcinoembryonic antigen or carbo-
hydrate antigen 19-9. Serum Reg IV serves as a tumor marker
for colorectal, pancreatic and prostate cancer (5,7,10). The data
support the hypothesis that Reg I'V protein is a potentially novel
serum tumor marker for a wide range of malignancies. However,
the serum concentration of Reg IV in esophageal cancer has yet
to be measured.

In the present study, the expression and distribution
of Reg IV in human esophageal cancers, including SCC,
adenocarcinoma and small cell carcinoma, was examined
by immunohistochemistry. Previously two Reg IV staining
patterns, i.e., mucin-like and strong perinuclear staining were
reported (4). Mucin-like staining is observed in goblet cells
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and goblet cell-like vesicles of cancer cells. These cells are
positive for MUC2 (a marker of goblet cells). By contrast,
strong perinuclear staining is detected in neuroendocrine
cells. These cells are positive for chromogranin A (a marker of
neuroendocrine cells). Therefore, the coexpression of Reg IV
and MUC2 or chromogranin A was examined. Additionally,
the Reg IV levels in sera from patients with esophageal cancer
were measured using an enzyme-linked immunosorbent assay
(ELISA) to investigate the potential diagnostic utility of Reg IV
measurement.

Materials and methods

Tissue samples. Primary tumor samples from 279 patients with
esophageal cancer (35 females and 244 males; age range 36-84
years, mean 65) and serum samples from 65 patients with esoph-
ageal cancer (8 females and 57 males; age range 49-82 years,
mean 65) were collected. The patients had undergone curative
resection between 1990 and 2002 at Oita University Hospital,
Oita, Japan. Only patients without pre-operative radio- or
chemotherapy and without clinical evidence of distant metas-
tasis were enrolled in the study. The histologic classification
was based on the World Health Organization system. Tumor
staging was performed according to the TNM stage grouping
system. For strict privacy protection, identifying information
for the samples was removed prior to being analyzed in accor-
dance with the Ethical Guidelines for Human Genome/Gene
Research enacted by the Japanese Government.

For quantitative reverse transcription-polymerase chain
reaction (RT-PCR), 10 primary esophageal cancer tissue
samples and their corresponding non-neoplastic mucosa
samples were used. The 10 esophageal cancer samples were
all SCC. The samples were obtained at the time of resection,
immediately frozen in liquid nitrogen and stored at -80°C until
use. It was microscopically confirmed that the tumor specimens
consisted mainly (>50%) of carcinoma tissue.

The 269 primary esophageal cancer tissue samples were
used for immunohistochemical analysis. The samples were
archival formalin-fixed, paraffin-embedded tissues. These 269
esophageal cancer samples were classified histologically as SCC
(n=255), adenocarcinoma (n=10) or small cell carcinoma (n=4).

Serum samples were used to measure Reg IV levels using
ELISA. All 65 serum samples were obtained from patients
with esophageal SCC prior to surgery and before initiation of
therapy. Primary esophageal SCC tissue samples from all 65
patients with esophageal cancer were available for immunohis-
tochemical analysis. The control serum samples were obtained
from 133 healthy individuals (92 females and 41 males; age
range 21-80 years, mean 51). Control subjects were randomly
selected from individuals visiting hospitals for regular health
checks or due to certain symptoms, such as appetite loss or
epigastralgia. The control subjects were confirmed to be free
of malignancy by gastrointestinal endoscopy and biopsy. The
serum samples were stored at -80°C until analysis.

Quantitative RT-PCR. Total RNA was extracted with an
RNeasy mini kit (Qiagen, Valencia, CA, USA) and 1 pg of
total RNA was converted to cDNA with a First Strand cDNA
synthesis kit (Amersham Biosciences, Piscataway, NJ, USA).
Quantitation of REG4 mRNA levels was performed by real-
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time fluorescence detection as previously described (2). In
brief, PCR was performed with a 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
Biosystems) as previously described (16). ACTB-specific PCR
products were amplified from the same RNA samples and
served as an internal control.

Immunohistochemistry. Formalin-fixed, paraffin-embedded
samples were sectioned, deparaffinized and stained with hema-
toxylin and eosin to ensure that the sectioned block contained
tumor cells. Adjacent sections were then stained immunohis-
tochemically. The sections were pre-treated by microwaving
in citrate buffer for 30 min to retrieve antigenicity. After
peroxidase activity was blocked with 3% H,0O,-methanol for
10 min, the sections were incubated with normal goat serum
(Dako, Carpinteria, CA, USA) for 20 min to block non-specific
antibody binding. The sections were incubated with a primary
antibody against Reg IV (rabbit polyclonal antibody, diluted
1:50; anti-Reg IV antibody was raised and characterized in
our laboratory) (4), MUC2 (1:50; Novocastra, Newcastle,
UK) or chromogranin A (1:50; Novocastra) for 1 h at room
temperature, followed by incubation with peroxidase-labeled
anti-rabbit or anti-mouse IgG for 1 h. Staining was completed
with a 10-min incubation in a substrate-chromogen solution.
The sections were counterstained with 0.1% hematoxylin. The
specificity of the Reg I'V antibody was previously characterized
(4). Staining of each antibody was considered positive if any
tumor cells were stained.

Enzyme-linked immunosorbent assay. For the measurement
of serum Reg IV concentration, a sandwich ELISA method
was developed as previously described (15). First, polystyrene
microtiter plates were coated with mouse monoclonal anti-
Reg I'V antibody (R&D Systems, Abingdon, UK) by overnight
incubation of 50 p1/125 ng/well antibody diluted in Tris buffer
(pH 7.4). The plates were then washed three times with wash
buffer. After the plates were blocked with 1% milk in phos-
phate-buffered saline, 50 pl of recombinant Reg IV standard
or sample was added to each well and incubated overnight at
4°C. After three washes, 50 ul of biotinylated goat polyclonal
anti-Reg IV antibody (R&D Systems) in assay buffer [1%
bovine serum albumin (BSA), Tris buffer (pH 7.4) and 0.05%
normal goat serum] was added to each well (75 ng antibody/
well). The mixture was then incubated for 1 h with agitation at
37°C and washed three times with wash buffer. The plates were
incubated with 50 ul/well alkaline phosphatase-conjugated
streptavidin (Dako) diluted 1:2,000 in diluent containing 1%
BSA and Tris buffer (pH 7.4) for 1 h at 37°C and washed three
times. Color development was performed with the addition of
pNPP chromogenic substrate (Sigma-Aldrich, St. Louis, MO,
USA) followed by incubation at 37°C for 1 h. Absorbance at
405 nm was measured with an ELISA plate reader. As a refer-
ence standard, known concentrations of human recombinant
Reg IV from 0 to 30 ng/ml were tested in triplicate.

Statistical methods. Differences in the serum Reg IV
concentration between two groups were tested using the non-
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Figure 1. Immunostaining and serum concentration of Reg IV in esophageal cancer. (A) Immunostaining of Reg IV in esophageal adenocarcinoma (original
magnification, x100). Reg IV staining is observed in goblet cell-like vesicles of adenocarcinoma cells. (B) Enzyme-linked immunosorbent assay of serum
samples from 133 control subjects and 65 patients with esophageal squamous cell carcinoma (SCC). The yellow bar indicates the cut-off levels defined on the
basis of a previous study (2 ng/ml) (15). The red bars indicate the mean + SE. Differences in the serum concentration of Reg IV between two groups were tested
using the Mann-Whitney U test. (C) Correlation between the serum concentrations of Reg IV and age in control subjects. The correlation was examined using
Spearman's rank correlation test. (D) Correlation between the serum concentrations of Reg IV and age in patients with esophageal SCC. The correlation was
examined using Spearman's rank correlation. (E) Panel (C) was merged with panel (D).

parametric Mann-Whitney U test. Correlations between the
serum Reg IV concentration and age or gender were assessed
using Spearman's rank correlation test. P<0.05 was considered
to be statistically significant.

Results

Expression of Reg IV in esophageal cancer. An immunohis-
tochemical analysis of Reg IV was performed in 269 human
esophageal cancer tissue samples. Although esophageal SCC
is the most frequent subtype of esophageal cancer in Asian
countries, no Reg IV staining was detected in any of the
255 esophageal SCC samples. Quantitative RT-PCR of REG4
was performed in 10 esophageal SCC samples; however, no
REGH4 expression was found. By contrast, Reg IV was stained

in 4 of 10 (40%) adenocarcinoma samples (Fig. 1A). The
Reg IV staining was mucin-like; no perinuclear staining was
noted. It was confirmed that tumor cells showing mucin-like
staining of Reg IV were positive for MUC2 and negative
for chromogranin A (data not shown). Although extensive
chromogranin A staining was observed in the 4 samples of
small cell carcinoma, no Reg IV staining was found (data not
shown). Reg IV staining was also not found in corresponding
non-neoplastic squamous cells (Fig. 1A).

Serum Reg IV concentration in patients with esophageal
squamous cell carcinoma and control subjects. Serum Reg IV
levels in 133 control subjects and 65 patients with esophageal
SCC measured by ELISA are shown in Fig. 1B. The serum
Reg IV concentration of control subjects measured in the



238

present study (mean + SE, 1.38+0.08 ng/ml) was higher than
that measured in our previous study (0.52+0.05 ng/ml) (15).
The correlation between the serum concentration of Reg IV
and age or gender was investigated. Although the serum
concentration of Reg IV did not correlate with age in our
previous study (15), serum concentration was higher in elderly
compared to that in young control subjects. Spearman's rank
correlation test showed a significant correlation between
serum Reg IV and age (r=0.4362, P<0.0001) (Fig. 1C). In our
previous study, the cut-off level for Reg IV was set at 2 ng/ml
(15). A high level of Reg IV concentration was found in 13 of
23 (57%) control subjects who were more than 65 years old.

Serum Reg IV concentration in esophageal SCC patients
at stage I (n=26, 1.88+0.16 ng/ml, P=0.0006, Mann-Whitney U
test) and stage II (n=22, 1.76+0.21 ng/ml, P=0.0437, Mann-
Whitney U test) was significantly higher than that of the control
subjects (Fig. 1B). By contrast, the serum Reg I'V concentration
in esophageal SCC patients at stage 1II was not significantly
elevated (n=17, 1.48+0.11 ng/ml, P=0.1329, Mann-Whitney U
test). In total, serum Reg IV concentration in esophageal SCC
patients (n=65, 1.74+0.10 ng/ml) was significantly higher
compared to that of the control subjects (P=0.0003, Mann-
Whitney U test).

In the present study, no Reg IV expression was detected
in esophageal SCC by quantitative RT-PCR and immuno-
histochemistry. However, serum Reg IV concentration in
esophageal SCC patients was significantly higher compared
to that of the control subjects. Discrepancy between immu-
nostaining and ELISA results is not likely due only to
methodological differences. Spearman's rank correlation
test showed that there was no significant correlation between
serum Reg IV concentration in esophageal SCC patients and
age (r=0.1445, P=0.2509) (Fig. 1D). Additionally, when the
distribution of serum Reg IV concentration in esophageal SCC
patients was compared to that of the control subjects, it was not
significantly different (Fig. 1E).

Discussion

This study aimed to investigate the expression of Reg IV in
esophageal cancer. Although Reg IV staining was not detected
in esophageal SCC and small cell carcinoma samples, it was
present in 40% of adenocarcinoma samples. We confirmed that
the adenocarcinoma cells were also positive for MUC?2. In our
previous study, Reg IV expression was not found in renal cell
carcinoma and was noted in only 1% of urothelial carcinoma,
neither of which are adenocarcinomas (10). Taken together,
these results indicate that the expression of Reg IV is highly
specific for adenocarcinoma.

Although Reg IV expression was not found in esopha-
geal SCC at the mRNA and protein levels, serum Reg IV
concentrations in esophageal SCC patients at stages I and II
were significantly higher compared to those of the control
subjects. Spearman's rank correlation test showed a significant
correlation between serum Reg I'V and age in control subjects.
In the ELISA analysis, the mean age of the control subjects
(51 years) was younger than that of patients with esophageal
SCC (65 years), suggesting that the elevation of the serum
concentration of Reg IV in esophageal SCC is age-related and
not due to esophageal SCC. Notably, the distribution of serum
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Reg IV concentration in esophageal SCC patients did not
show a significant difference from that noted in the control
subjects.

We are unable to thoroughly explain this age-related
elevation of serum Reg IV concentration. A number of lines of
evidence have suggested that Reg IV protein detected in serum
samples is derived from cancer cells. In pancreatic adeno-
carcinoma patients, postoperative serum Reg IV levels were
reduced to within normal range 3 or 4 weeks following tumor
resection (5). The Reg IV concentration in serum samples
from patients with gastric cancer showing Reg IV-positive
immunostaining was significantly higher compared to that
with gastric cancer showing Reg IV-negative immunostaining
(15). Although the control subjects were confirmed to be free
of malignancy by gastrointestinal endoscopy and biopsy, the
possibility that the control subjects had cancer cannot be
excluded. To address these issues, serum samples from cancer-
free subjects confirmed by autopsy should be analyzed.

Another possible explanation for the age-related elevation
of serum Reg IV concentration is Reg IV expression in intes-
tinal metaplasia of the stomach. In our previous study, normal
stomach cells were not stained by Reg IV, however, extensive
staining of Reg IV was observed in intestinal metaplasia of
the stomach (4). Since the incidence and prevalence of intes-
tinal metaplasia of the stomach increase with age, age-related
elevation of serum Reg IV concentration may be due to Reg IV
expression in intestinal metaplasia of the stomach.

In conclusion, we showed that the expression of Reg IV is
highly specific for adenocarcinoma, but is not specific for SCC
or small cell carcinoma. Although serum Reg IV concentra-
tion in esophageal SCC patients was significantly higher than
that in control subjects, we hypothesize that serum Reg IV is
not suitable as a tumor marker for esophageal SCC detection.
The reason for the apparent age-related elevation of serum
Reg IV concentration in esophageal SCC patients has yet to
be elucidated and further investigation is required to clarify
the potential utility of serum Reg IV measurement.
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Anti-stromal therapy with imatinib inhibits growth and
metastasis of gastric carcinoma in an orthotopic nude

mouse model
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- Resected tumors were analyzed immunohistochemically. Carci

~ Recent studies have revealed that platelet-derived gmwth factor (PDGF) plays a role in promoting progressive tumor growth
_in several organs; however, whether PDGF plays such a role in gastric carcinoma is undetermined. We examined whether ;
r inhibition of PDGF receptor (PDGF-R) tyrosine kinase signaling by imatinib affects tumor growth and metastasis inan
_ orthotopic nude mouse model of human gastric carcinoma. TMK-1 “human gastric urclnoma r.ells were injected into the
~ gastric wall of nude mice. Groups of mice (n = 10 each) teceived stedle water {control), lmv-dose Imatmlb (50 mg/kglday).
high-dose imatinib. (200 mglkglday). cancer chemotherapeutic ageut irinotecan (5 mg/kg/week), or imatinib (50 mg]kglday or
200 mg/kg/day) and irinotecan (5 mg/kg/week) in ‘combination for"fzs ‘days. Tumor growth and metastasis were nssessed.

-assodatedfibmbiasts. yerlcytas and !ymphatlc i

k wdothebai cells in strnmtxpressed high levels of PDGF-R; arcinumi cells did not.“tmatment with imatinib alone did not
;j.‘ inhiblt lumot growth nnd metastasis; however, tmtment wlth ifinohecan ilone or,combined wlth lmtlnib slgnlﬁcantly

Recent studies in tumor biology have shown that tumor
growth and metastasis are determined not only by cancer
cells, but also by a variety of stromal cells. The stroma consti-
tutes a large part of most solid tumors, and the cancer-stro-
mal cell interaction contributes functionally to tumor growth
and metastasis."” Tumor stroma contains many different cell
types, including activated fibroblasts (myofibroblasts), endo-
thelial cells and inflammatory cells. It has become clear that
activated fibroblasts in cancer stroma are prominent modi-
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fiers of tumor progression. As such, they are called carci-
noma-associated fibroblasts (CAFs).> Although the mecha-
nisms that regulate activation of fibroblasts and their
accumulation in tumors are not fully understood, platelet-
derived growth factor (PDGF), transforming growth factor-p
and fibroblast growth factor (FGF)-2 are known to be partly
involved in this process.*

PDGF and PDGF receptor (PDGF-R) are expressed in
many types of human neoplasm, including neoplasm of the
prostate,” lung,® colon” and breast.>® PDGF is a dimeric pro-
tein of the following molecular variants: PDGF-AA, PDGF-
BB, PDGF-AB, PDGF-CC and PDGF-DD.'® The a-receptor
binds all possible forms of PDGF except PDGF-DD, whereas
PDGF-RP preferentially binds PDGF-BB. PDGF-R signaling
is reported to increase proliferation of tumor cells in an auto-
crine manner'! and to stimulate angiogenesis,'” recruit peri-
cytes'™® and control interstitial fluid pressure (IFP) in
stroma, influencing transvascular transport of chemothera-
peutic agents in a paracrine manner.”® Receptor tyrosine
kinases have been proposed as potential targets for antitumor
therapy. Imatinib mesylate (also known as STI571 or
Gleevec) is a protein-tyrosine kinase inhibitor of the 2-phe-
nylaminopyrimidine class that was developed initially for its
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selectivity against Bcr-Abl fusion protein present in nearly all
patients with chronic myeloid leukemia.'® Additional tyrosine
kinases are inhibited by imatinib: c-kit, the receptor for kit
ligand (KL) and two structurally similar PDGF-Rs (PDGF-Ra
and PDGF-RB) and DDRs (DDR1 and DDR2).!%!7 Imatinib
therapy is well tolerated and leads to remission in patients
with c-kit-positive gastrointestinal stromal tumor containing
gain-of-function mutations in c-kit.'® Imatinib is also
reported to inhibit the growth of glioblastoma, dermatofibro-
sarcoma protuberans, neuroblastoma, Ewing’s sarcoma and
small cell lung cancer, all of which may exhibit PDGF/
PDGF-R or KL/c-kit autocrine growth loops.”>? It was
reported recently that blockade of paracrine PDGF-R signal-
ing pathways in tumor-associated endothelial cells could
serve as a novel therapy for many neoplasms.**** In addition
to endothelial cells that form the tumor vasculature, attention
is now focused on other elements of the stromal compart-
ment, i.e, CAFs and vascular pericytes.?®

In this study, we examined the therapeutic effect of imati-
nib administered as a single agent or in combination with
chemotherapeutic agent irinotecan against human gastric
carcinoma cells growing in an orthotopic nude mice model,
paying particular attention to tumor stroma. Irinotecan has
been evaluated alone and in combined therapy in multiple
trials, with promising results and good tolerance in patients
with advanced gastric carcinoma.”’

Material and Methods

Human gastric carcinoma cell lines and culture conditions
The TMK-1 cell line (poorly differentiated adenocarcinoma)
was kindly provided by Dr. E. Tahara (Hiroshima University,
Hiroshima, Japan). The KKLS cell line (undifferentiated
carcinoma) was kindly provided by Dr. Y. Takahashi (Chiba
University, Chiba, Japan). Human osteosarcoma cell line
MG63 (positive control for PDGF-R expression) was
obtained from the Health Science Research Resources Bank,
Osaka, Japan. These cell lines were maintained in RPMI 1640
(Nissui Co., Tokyo, Japan) with 10% fetal bovine serum
(FBS; Sigma, St. Louis, MO).

Semiquantitative reverse transcription

polymerase chain reaction

Total RNA was extracted from gastric carcinoma cell lines
with an RNeasy Kit (Qiagen, Tokyo, Japan) according to the
manufacturer’s instructions. Reverse transcription polymerase
chain reaction (RT-PCR) was performed with the isolated
RNA (1 pg). cDNA was generated from 1 pg of total RNA
with a first-strand ¢cDNA synthesis kit (Amersham Bioscien-
ces, Buckinghamshire, UK). Semi-quantitative RT-PCR was
performed with an AmpliTag Gold Kit (Roche, Mannheim,
Germany) according to the manufacturer’s instructions.
RT-PCR reactions without reverse transcription showed no
specific bands. Respective primer sequences, annealing
temperatures and PCR cycles were as follows: PDGF-B for-
ward, CGAGTTGGACCTGAACATGA and PDGF-B reverse,
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GTCACCGTGGCCTTCTTAAA (PDGF-B PCR product, 339
bp; 58°C; 30 cycles); PDGF-RP forward, AGCTACCCCT
CAAGGAATCATAG and PDGF-RB reverse, CTCTG
GTGGATGGATTAAGACTG (PDGF-Rf PCR product, 376
bp; 58°C; 30 cycles); and GAPDH forward, ATCATCC
CTGCCTCTACTGG and GAPDH reverse, CCCTCCG
ACGCCTGCTTCAC (GAPDH PCR product, 188 bp; 58°C;
28 cycles).

Reagents

Imatinib (imatinib mesylate or Gleevec; Novartis Pharma,
Basel, Switzerland) was diluted in sterile water for oral
administration. Irinotecan (Camptosar; Pharmacia, North
Peapack, NJ) was kept at room temperature and dissolved in
0.9% NaCl on the day of intraperitoneal injection. Primary
antibodies were purchased as follows: polyclonal rabbit anti-
PDGF-RB, polyclonal rabbit anti-phosphorylated PDGF-RB
(p-PDGEF-RB), polyclonal rabbit anti-PDGF-BB subunit from
Santa Cruz Biotechnology (Santa Cruz, CA); rat anti-mouse
CD31 from BD PharMingen (San Diego, CA); mouse anti-
desmin monoclonal antibody from Molecular Probes
(Bugene, OR); o-smooth muscle actin (2-SMA) and Ki-67
equivalent antibody (MIB-1) from Dako Cytomation (Car-
pinteria, CA); monoclonal rat anti-mouse Lyve-1 antibody
from R&D Systems (Minneapolis, MN) and polyclonal rabbit
anti-mouse type-1 collagen from Novotec (Saint Martin La
Garenne, France). The following fluorescent secondary anti-
bodies were used: Alexa 488-conjugated goat anti-rabbit IgG,
Alexa 488-conjugated goat anti-rat IgG and Alexa 546-conju-
gated goat anti-rabbit IgG (all from Molecular Probes).

Western blot analysis

Gastric carcinoma cell lines and MG63 cells were cultured in
serum-free culture medium for 1 hr and then stimulated with
10 ng/mL PDGF-BB for 10 min. After three washes with
cold phosphate-buffered saline (PBS) containing 1 mmol/L
sodium orthovanadate, cells were lysed. Proteins (total pro-
tein 20 pg) were separated by SDS-PAGE and transferred to
nitrocellulose transfer membranes (Whatman GmbH, Dassel,
Germany). The immune complexes were visualized by
enhanced chemiluminescence with an ECL Plus Kit (GE
Healthcare, Buckinghamshire, UK).

Cell proliferation assay

In vitro growth was measured with a Cell Proliferation
Biotrak ELISA System, version 2 (Amersham Biosciences,
Piscataway, NJ), according to the manufacturer’s instructions.
Cells were seeded in a 96-well plate at a density of 1 x 10*
cells/well and incubated overnight in 200 pL culture medium
containing 10% FBS. After incubation for 24 hr, cells were
cultured in serum-free culture medium containing 10 pM
BrdU with or without imatinib for 24 hr, and cell prolifera-
tion was measured in a plate reader (Microplate Manager
5.2.1, BIO-RAD, Hercules, CA) at 450 nm.
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Animals and orthotopic implantation of tumor cells

Male athymic nude BALB/c mice were obtained from Charles
River Japan (Tokyo, Japan). The mice were maintained under
specific pathogen-free conditions and used at 5 weeks of age.
The study was carried out after permission was granted by
the Committee on Animal Experimentation of Hiroshima
University. KKLS and TMK-1 cells were harvested from sub-
confluent cultures by brief exposure to 0.25% trypsin and
0.02% ethylenediamine tetraacetic acid. Trypsinization was
stopped with medium containing 10% FBS, and the cells
were washed once in serum-free medium and resuspended in
Hanks’ balanced salt solution (HBSS). Only suspensions
consisting of single cells with >90% viability were used. To
produce gastric tumors, 1 x 10° cells in 50 pL of HBSS were
injected into the gastric wall in nude mice under observation
with a zoom stereomicroscope.

Treatment of established human gastric carcinoma tumors
growing in the gastric wall in nude mice

To evaluate the therapeutic effects of imatinib on stromal
cells, we performed preliminary dose-response experiments
(optimal biological dose as determined previously).”*-* Four-
teen days after the orthotopic implantation of tumor cells,
mice were randomized into three groups: those given water
daily (control group), those given 50 mg/kg/day imatinib by
oral gavage and those given 200 mg/kg/day imatinib by oral
gavage. Treatments continued for 28 days, and the mice were
killed on day 29. Excised tumors were used for immunohisto-
chemical analysis.

To evaluate the effect of combination therapy, in a second
experiment, mice were randomized to receive 1 of the follow-
ing 6 treatments (n = 10 in each group): (i) daily administra-
tion of water by oral gavage and weekly intraperitoneal injec-
tion of PBS (control group), (ii) daily oral gavage of low-dose
imatinib (50 mg/kg) and weekly intraperitoneal injection of
PBS, (iii) daily oral gavage of high-dose imatinib (200 mg/kg)
and weekly intraperitoneal injection of PBS, (iv) daily oral
gavage of water and weekly intraperitoneal injection of irino-
tecan (5 mg/kg), (v) daily oral gavage of low-dose imatinib
(50 mg/kg) and weekly intraperitoneal injection of irinotecan
(5 mg/kg), (vi) daily oral gavage of high-dose imatinib
(200 mg/kg) and weekly intraperitoneal injection of irinote-
can (5 mg/kg). The mice were treated for 28 days, then killed
and subjected to necropsy.

Necropsy procedures and histologic studies

Mice bearing orthotopic tumors were euthanized by metho-
phane. Body weights were recorded. After necropsy, tumors
were excised and weighed. For immunohistochemical and
hematoxylin and eosin (H&E) staining, one part of the tumor
tissue was fixed in formalin and embedded in paraffin, and
the other part was embedded in OCT compound (Miles,
Elkhart, IN), rapidly frozen in liquid nitrogen and stored at
—80°C. All macroscopically enlarged regional (celiac and

Anti-stromal therapy with imatinib

para-aortal) lymph nodes were harvested, and the presence of
metastatic disease was confirmed by histologic examination.

Double immunofluorescence staining for PDGF-Rp and

a-SMA (CAFs), CD31 (vascular endothelial cells), Lyve-1
(lymphatic endothelial cells) or desmin (pericytes)
Fresh-frozen specimens of TMK-1 human gastric carcinoma
tissue obtained from nude mice were cut into 8-um sections
and mounted on positively charged slides. In preparation for
assays, sections were fixed in ice-cold acetone for 10 min,
then washed thrice with PBS for 3 min each. Slides were
placed in a humidified chamber and incubated with protein
blocking solution (5% normal horse serum and 1% normal
goat serum in PBS) for 20 min at room temperature. The
slides were incubated overnight at 4°C with primary antibody
against a-SMA, CD31, Lyve-1 or desmin. Slides were then
rinsed thrice with PBS and incubated for 10 min in protein
blocking solution. For desmin staining, slides were incubated
overnight at 4°C with Fab fragment goat anti-mouse IgG
(Jackson ImmunoResearch Laboratories, West Grove, PA) to
block endogenous immunoglobulins. This was followed by a
short incubation with protein blocking solution and then by
incubation with primary antibody. Slides were incubated for
1 hr at room temperature with Alexa 488-conjugated second-
ary antibody. Slides were then incubated overnight at 4°C
with antibody against PDGF-Rf or p-PDGF-Rp. The sections
were rinsed thrice with PBS and incubated for 10 min in pro-
tein blocking solution. Slides were incubated for 1 hr at room
temperature with Alexa 546-conjugated goat anti-rabbit IgG
secondary antibody. The samples were then rinsed thrice in
PBS and nuclear counterstained with DAPI for 10 min.
Samples were again rinsed thrice with PBS, and mounting
medium was placed on each sample, which was protected
with a glass coverslip. CAFs, endothelial cells or pericytes
were identified by green fluorescence, whereas PDGF-R or
p-PDGF-Rp was identified by red fluorescence.

Double immunofluorescence staining for CD31 (vascular
endothelial cells) and desmin (pericytes)
To identify endothelial cells, slides were incubated overnight
at 4°C with antibody against CD31. This was followed by
incubation with Alexa 488-conjugated goat anti-rat IgG
secondary antibody, and the slides were again blocked in a
blocking solution as described above and incubated with anti-
body against desmin. After further washing and further
blocking with blocking solution, the slides were incubated
with Alexa 546-conjugated goat anti-rabbit IgG secondary
antibody. Endothelial cells were identified by green fluores-
cence, whereas pericytes were identified by red fluorescence.
The coverage of pericytes on endothelial cells was deter-
mined by counting CD31-positive cells in direct contact with
desmin-positive cells in five randomly selected microscopic
fields (at 100x magnification).?!
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Immunohistochemical staining and terminal
deoxynucleotide transferase-mediated dUTP-biotin

nick end labeling (TUNEL)

Immunchistochemistry for a-SMA, Type-1 collagen, Ki-67 or
Lyve-1 was performed on formalin-fixed, paraffin-embedded
tissues cut into serial 4-pm sections. After deparaffinization
and rehydration, tissue sections for staining of a-SMA, Type-
1 collagen, Ki-67 or Lyve-1 were pretreated by microwaving
them twice for 5 min in Dako REAL Target Retrieval Solu-
tion (Dako). Immunohistochemical staining for CD31 was
done on fresh-frozen specimens cut into 8-pm sections.
Frozen tissue sections were fixed in cold acetone for 10 min.
Primary antibodies were applied to the slides and incubated
overnight in humidified boxes at 4°C. After incubation for 1
hr at room temperature with corresponding peroxidase-
conjugated secondary antibodies, a positive reaction was
detected by exposure to stable 3,3’-diaminobenzidine for
5-10 min. Slides were counterstained with hematoxylin for
visualization of the nucleus. Apoptotic cells in tissue sections
were detected by TUNEL assay with the ApopTag Plus Per-
oxidase In Situ Apoptosis Detection Kit (CHEMICON,
Temecula, CA) according to the manufacturer’s instructions.

Quantification of the CAF («-SMA-positive), collagen

(Type-1 collagen-positive), microvessel (CD31-positive)

and lymphatic vessel (Lyve-1-positive) areas

To evaluate angiogenic and lymphangiogenic activity of the
tumors, the respective areas of vascular and lymphatic micro-
vessels were quantified. Ten random fields at 100X magnifi-
cation were captured for each tumor, and the outline of each
vascular or lymphatic microvessel including a lumen was
manually traced. The areas were then calculated with the use
of NIH Image] software (Wayne Rasband, Bethesda, Mary-
land). The areas of CAF and extracellular matrix (ECM)
were also determined from the respective areas of a-SMA-
positive or Type-1 collagen-positive staining from 10 optical
fields (100x magnification) of different sections.

Determination of the Ki-67 labeling index (Ki-67 LI) and

the apoptotic index

The Ki-67 LI was determined by light microscopy at the site
of the greatest number of Ki-67-positive cells. Cells were
counted in 10 fields at 40x magnification, and the number
of positive cells among ~ 1,000 tumor cells was counted and
expressed as a percentage. The number of cells undergoing
apoptosis was counted in five random 0.81-mm? fields at
100x magnification. The apoptotic index was taken as the
ratio of positively stained tumor cells and bodies to all tumor
cells and expressed as a percentage for each case.

Confocal microscopy

Confocal fluorescence images were collected by using a 20x
or 40x objective lens on a Zeiss LSM laser scanning micro-
scopy system (Carl Zeiss, Thornwood, NY) equipped with a
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motorized Axioplan microscope, argon laser (458/477/488/
514 nm, 30 mW), HeNe laser (543 nm, 1 mW), HeNe laser
(633 nm, 5 mW), LSM 510 control and image acquisition
software and appropriate filters (Chroma Technology Corp.,
Brattleboro, VT). Confocal images were exported into Adobe
Photoshop, and montages were prepared for publication
photos.

Statistical analysis

Results are expressed as mean * SE. Between-group differen-
ces in murine body weight, tumor weight and the areas of o-
SMA-positive, Type-1 collagen-positive, CD31-positive and
Lyve-1-positive cells were analyzed by Wilcoxon/Kruskal-
Wallis test. Differences in the incidence of lymph node
metastasis, liver metastasis and peritoneal metastasis were an-
alyzed by Fischer’s exact test. Differences in the percentages
of Ki-67-positive cells and TUNEL-positive cells were ana-
lyzed by unpaired Student’s t-test or ” test as appropriate.
A p value of <0.05 was considered statistically significant.

Results

Expression of PDGF-B and PDGF-R$ in human gastric
carcinoma cell lines

RT-PCR and Western blotting revealed that, under culture
conditions, gastric carcinoma cells expressed PDGF-B
mRNA, the level of which was higher in TMK-1 cells than in
KKLS cells (Fig. 1a). PDGF-Rp was expressed by MG63 cells
but not by TMK-1 and KKLS cell lines (Figs. 1a and 1b).
Phosphorylation of PDGF-RP in MG63 cells was inhibited by
1 pM imatinib (Fig. Lc).

Effect of imatinib on the growth of gastric

carcinoma cell lines

To assess the effect of imatinib on growth of gastric carci-
noma cell lines in vitro, cell proliferation assay was con-
ducted. The reported clinically effective plasma concentration
of imatinib is 1-5 pM.*? Cell proliferation assay revealed no
inhibition of gastric carcinoma cell growth after treatment
with imatinib even when the concentration of imatinib was
increased to 10 pM (Fig. 1d).

Expression of PDGF-B and PDGF-RB in human gastric
carcinoma cells growing in the gastric wall of nude mice

In our orthotopic nude mouse models of KKLS and TMK-1
tumors, tumor cells were shown by immunofluorescence to
express PDGF-B but not PDGF-RP. The expression level of
PDGF-B protein was higher in TMK-1 cells than in KKLS
cells (Figs. 2a and 2e). PDGF-RP immunoreactivity was pre-
dominant in the tumor stroma (Figs. 2b and 2f). Because the
stroma of TMK-1 tumors expressed p-PDGF-RP (Fig. 2g),
and it was more abundant than that of KKLS tumors
(Figs. 2d and 2h), we used the TMK-1 cell line to identify
which cell type in tumor stroma expresses PDGF-RB. We did
this by double immunofluorescence staining for PDGF-Rf
and «-SMA (CAFs), CD31 (vascular endothelial cells),
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Figure 1. Reverse transcription polymerase chain reaction (RT-PCR) (a) and Westem blot analysis (b and ¢) for expression of PDGF-B and
PDGF-RB in gastric carcinoma cell lines. In MG63 cell line (positive control for PDGF-R expression), phosphorylation of PDGF-RB was
inhibited by 1 uM imatinib (c). A dose-response curve for imatinib and the effect of growth inhibition in vitro in gastric carcinoma

cell lines (d).

desmin (pericytes) or Lyve-1 (lymphatic endothelial cells).
PDGF-RP protein co-localized with a-SMA protein, indicat-
ing CAFs expressed PDGF-RP (Fig. 2i). CD31-positive endo-
thelial cells were covered by PDGF-Rf-positive cells (Fig. 2j),
which expressed desmin (Fig. 2k), indicating that pericytes
expressed PDGF-Rf. Lymphatic endothelial cells stained pos-
itively for Lyve-1. Lyve-1 protein also co-localized with
PDGF-Rp protein, suggesting that lymphatic endothelial cells
expressed PDGF-Rp (Fig. 21).

Effect of imatinib on tumor stroma

When we examined the dose effect of imatinib on the inhibi-
tion of PDGF-R phosphorylation in stromal cells, we found
that the level of PDGF-Rp expressed by CAFs in orthotopic
TMK-1 tumors did not change with treatment (Fig. 3a).
In contrast, phosphorylation of PDGF-RP was markedly
inhibited in tumors of mice treated with high-dose imatinib
(Fig. 3b). The stromal reaction in tumors was evaluated as
the area of a-SMA-positive or Type-1 collagen-positive
lesions. The effects of imatinib treatment on pericyte cover-
age of tumor-associated endothelial cells were evaluated by
double immunofluorescence staining with anti-CD31 anti-
body and anti-desmin antibody. We noted morphologic
differences between pericytes in the control group and peri-
cytes in the imatinib treatment groups. Pericytes in the con-
trol group were enlarged and overlapped each other, whereas

pericytes treated with imatinib were very thin (Fig. 3c). The
stromal reaction was significantly reduced in mice treated
with imatinib in comparison to that in control group mice
(Figs. 4a and 4b). These effects were more remarkable in the
high-dose imatinib treatment group than in the low-dose
imatinib treatment group (Fig. 4a).

We also evaluated the dose effect of imatinib on tumor-
associated microvessels. The vascular microvessel area (CD31-
positive area) was significantly reduced in mice treated with
imatinib in comparison with that in control group mice. This
effect did not differ significantly between the low-dose and
high-dose imatinib treatment groups (Fig. 4c). A decrease in
the lymphatic vessel area (Lyve-1-positive area) was observed
only in the group of mice treated with high-dose imatinib
(Fig 4d).

Treatment of human gastric carcinoma growing in the
gastric wall of nude mice

We next determined the effects of imatinib, irinotecan and
imatinib and irinotecan in combination on the growth and
metastasis of TMK-1 human gastric carcinoma cells implanted
in the gastric wall of nude mice. The tumor incidence was
100% in all treatment groups. Toxicity of the various treat-
ment regimens was assessed on the basis of change in body
weight. Oral administration of imatinib, intraperitoneal injec-
tion of irinotecan and administration of the two drugs in

Int. ). Cancer: 128, 2050-2062 (2011) © 2010 UICC
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Figure 2. Hematoxylin and eosin (H&E) and immunofluorescence staining for PDGF-BB, PDGF-RB and p-PDGF-RB in KKLS and TMK-1 gastric
carcinoma cells (a—h). Tumor cells stained positively for PDGF-B (a and e), whereas stromal cells stained positively for PDGF-RB (b and ).
PDGF-R was phosphorylated in TMK-1 tumors, but not in KKLS tumors (c and g) (red fluorescence). T, tumor nest; S, stroma. Double
immunofluorescence staining for PDGF-RB and a-SMA (), CD31 (), desmin (k) and Lyve-1 (/). PDGF-RB-positive cells displayed red
fluorescence, and o-SMA-, CD31-, desmin- and Lyve-1-positive cells displayed green fluorescence. Co-localization cells yielded yellow images.
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Figure 3. Effects of imatinib on carcinoma-associated fibroblasts (CAFs) and pericytes. Expression of PDGF-RB in CAFs did not change
with treatment (a). Phosphorylation of PDGF-RB in CAFs was inhibited by treatment with imatinib. With low-dose (50 mg/kg/day) imatinib
treatment, p-PDGF-RB expression was not completely inhibited (yellow arrowhead), but the inhibition was marked with high-dose

(200 mg/kg/day) imatinib treatment (b). Endothelial cells were identified by green fluorescence, whereas pericytes were identified by red
fluorescence (c). Morphological findings and the distribution of pericytes differed between control and imatinib treatment groups.

combination did not significantly affect body weights (Table 1).
Tumor growth and metastasis were not inhibited in mice
treated with imatinib alone (vs. control mice); however, tumor
growth was significantly inhibited in mice treated with irinote-
can alone or irinotecan combined with imatinib. Mice treated
with high-dose imatinib and irinotecan in combination also
had significantly smaller tumors than those in mice treated
with irinotecan alone (Fig. 5a) or with low-dose imatinib in
combination with irinotecan. Lymph node and peritoneal
metastasis were inhibited only in the mice treated with high-
dose imatinib and irinotecan in combination (Table 1).

For comparison, we evaluated the effects of imatinib on
the growth of KKLS orthotopic tumors, for which the stromal

reaction is minimal, with its effects on stromal compartment-
rich TMK-1 tumors. Tumor growth was not inhibited in mice
treated with imatinib alone. Although tumor growth was sig-
nificantly inhibited in mice treated with irinotecan alone,
high-dose imatinib used in combination with irinotecan did
not enhance the antitumor effects of irinotecan (Fig. 5b).

Histopathologic analysis of TMK-1 tumors

In control and irinotecan-treated mice, TMK-1 gastric tumors
showed abundant CAFs and ECM containing Type-1 colla-
gen. In contrast, gastric tumors in mice treated with imatinib
alone or with imatinib and irinotecan in combination were

Int. ). Cancer: 128, 2050-2062 (2011) © 2010 UICC
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Figure 4. Dose-effects of imatinib on CAFs, extracellular matrix (ECM), vascular microvessels and lymphatic vessels were evaluated
immunohistochemically according to the area of «-SMA (a), Type-1 collagen (b), CD31-positive (¢} and Lyve-1-positive (d) cells, respectively.
The areas of CAFs, ECM and vascular microvessels were reduced by treatment with imatinib. A reduction in the lymphatic area was
observed only with high-dose imatinib treatment. *, p < 0.05, **, p < 0.01; bars, SE. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

surrounded by scanty stroma (area of a-SMA-positive or
Type-1 collagen-positive staining) (Fig. 6).

In addition, treatment with imatinib alone or with imati-
nib and irinotecan in combination significantly reduced the
areas of vascular microvessels and lymphatic vessels as well
as the number of pericytes (Table 2).

Proliferation of tumor cells was evaluated by staining for
Ki-67. The control group Ki-67 LI was 57.3 * 15.0. As
shown in Table 2, the Ki-67 LI was significantly decreased
after treatment with high-dose imatinib alone (41.7 * 6.74,
P < 0.05) or with irinotecan alone (37.7 * 21.1, p < 0.05)
and also after treatment with the two drugs in combination
(39.7 = 7.85; p < 0.01, 28.1 * 14.3; p < 0.01, respectively).

According to TUNEL assay, the median number of
apoptotic tumor cells in control mice was 5.54 * 1.64. The
number of apoptotic cells in tumors of mice from each of the

Int. ). Cancer: 128, 2050~2062 (2011) © 2010 UICC

treatment groups did not differ significantly from the number
in control mice (Table 2).

Discussion

In our orthotopic nude mouse model of human gastric carci-
noma, we found that blockade of PDGF-Rp signaling by oral
administration of PDGF-R tyrosine kinase inhibitor imatinib
combined with intraperitoneal injection of irinotecan signifi-
cantly inhibited not only the growth of tumors but also the
incidences of lymph node and peritoneal metastasis. PDGF
production and autocrine stimulation of cancer growth are
described for only a subset of cancer types, eg., glioblastomas
and sarcomas.’*** Most cancer cells, as secreting PDGF ligands,
do not express PDGF-Rs, suggesting that PDGF may act as a
paracrine growth factor.>>* In our experiments, PDGF-B was
expressed by TMK-1 gastric carcinoma cells, whereas PDGF-
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Table 1. Antltumor effects of imatinib and mnotecan in TMK-1 gastnc carcinoma cells

6/10 1/10

TMK-1 cells (1 x 10%) were injected into the gastric wall of nude mice. Two weeks later, the mice were randomly assigned to receive water daily by
oral gavage and intraperitoneal injection of PBS once per week (control); oral gavage of imatinib (50 mg/kg or 200 mg/kg) daily and weekly
intraperitoneal injection of PBS; irinotecan intraperitoneally once per week and daily administration of water by oral gavage; or oral gavage of
imatinib (50 mg/kg or 200 mg/kg) daily and weekly intraperitoneal injection of irinotecan. Treatments continued for 28 days. Number of individual
mice is shown unless otherwise indicated. Ranges are shown in parentheses.

*p < 0.05 vs. control group, values. **p < 0.01 vs. control group, values.
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Figure 5. Antitumor effects of imatinib and irinotecan on the growth of TMK-1 and KKLS orthotopic tumors. In TMK-1 tumors, tumor growth
was significantly inhibited in mice treated with irinotecan alone and imatinib in combination with irinotecan enhanced the antitumor effects
of irinotecan (a). In contrast, imatinib did not enhance the antitumor effects of irinotecan in KKLS tumors (b). ¥, p < 0.01, **, p < 0.001;

bars, SE.

RP was expressed mainly by stromal cells, including CAFs,
pericytes and lymphatic endothelial cells. Blockade of PDGF-R
signaling decreased stromal reaction, areas of vascular and lym-
phatic vessels and number of pericytes.

Kim et al. reported that inhibition of PDGF-R by imatinib
enhanced the effect of chemotherapeutic reagents; however,
they used an ectopic (subcutaneous) model of gastric carci-
noma.” The organ microenvironment is known to influence
the growth, vascularization, invasion and, hence, metastasis
of human neoplasms.*® Because ectopic tumors generally do
not metastasize, the metastatic ability of tumor cells cannot
be evaluated in an ectopic transplantation model. In addition,
we reported previously that the expression of PDGF-RB by
stromal cells in a colon cancer model was higher in tumors
growing at the orthotopic site than in those growing at the
ectopic site.’® In the orthotopic site (cecal wall), the tumors
induced a strong stromal reaction, whereas in the subcutis,
the stromal reaction was minimal.*® Treatment with imatinib

— 71

and irinotecan significantly inhibited tumor growth in the
cecum but not in the subcutis.>® Thus, orthotopic transplanta-
tion models should be used in experimental studies to evalu-
ate the inhibitory effect of therapeutic agents on metastasis.*®
Recent studies have shown that tumor growth is deter-
mined not only by malignant cancer cells themselves but also
by the tumor stroma.** Tumor stroma consists of CAFs,
smooth muscle cells, inflammatory cells, microvessels and
abundant ECM.*' CAFs synthesize many of the constituents
of fibrillar ECM, such as Type-I, Type-IIl and Type-V colla-
gen and fibronectin**® CAFs are known to modulate
tumorigenic properties of neoplastic cells, including prolifera-
tion, apoptosis and angiogenesis,** and they are thought to
play a central role in the complex process of tumor-stroma
interaction and consequent-tumorigenesis.** Experiments
involving coinjection of CAFs and tumor cells have shown
that, in contrast to normal fibroblasts, CAFs promote tumor
growth.*> Moreover, recent studies have revealed extensive

Int. J. Cancer: 128, 2050-2062 (2011) © 2010 UICC
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Table 2. Immunohistochemical analysis of TMK-1 human gastric carcinoma cells

2
4*

s

INumber (mean + SE) of Ki-67-positive tumor cells/field determined by measuring 10 random 0.81-mm? fields at 100x magnification. 2Percentage
of TUNEL-positive tumor cells (out of total number of cells) per 0.81-mm? fields at 100x magnification. >MVA was determined by measuring 10
random fields at 100x magnification. “LVA was determined by measuring 10 random fields at 100x magnification. 5CD31-positive cells in direct
contact with desmin-positive cells were counted in five random fields at 100x magnification. *p < 0.05 vs. control group, values. **p < 0.01 vs.
control group, values.

Abbreviations: Ki-67 Li: Ki-67 labeling index; MVA: microvessel area; LVA: lymphatic vessel area.

Figure 6. CAFs and ECM were quantified according to the a-SMA-positive (a-d) and Type-1 collagen-positive (e-h) areas. The areas of CAFs
and ECM were reduced with treatment with imatinib alone and imatinib in combination with irinotecan. (a and é): control; (b and f:
imatinib (200 mg/kg); (c and g): irinotecan (5 mg/kg); (d and h): imatinib (200 mg/kg) plus irinotecan (5 mg/kg). *, p < 0.05,

**, p < 0.01; bars, SE. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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changes in the phenotype, and even the genotype, of CAFs
compared with their normal counterparts.* Lieubeau et al.
reported that progressive tumor growth correlates with prolif-
eration of myofibroblasts, whereas regression of tumors is
linked to the fibrous capsule, suggesting that the presence of
reactive stromal cells (myofibroblasts) may contribute to the
growth of tumor cells.”” Other studies have shown that a
poor prognosis in cases of colorectal carcinoma is associated
with abundance of CAFs or increased expression of fibro-
blast-activated protein.*®*° It has also been shown that CAFs
can affect sensitivity of pancreatic carcinoma cells to chemo-
or radio-therapy; such tumor cells become less sensitive to
chemotherapy when co-cultured with CAFs or grown in
fibroblast-conditioned medium.® Therefore, CAFs are con-
sidered novel targets for anti-tumor therapies.

Increased IFP in solid tumors, which is mediated by an
increase in stromal compartment pressure, acts as a barrier
between tumor cells and normal tissues against effective dis-
tribution of anti-tumor drugs. It has also been reported that
increased IFP prevents tumor transvascular transport of effec-
tor cells.> The PDGF/PDGEF-R signaling pathway plays a crit-
ical role in the control of IFP.24*! A number of studies have
shown that inhibition of PDGF-R signaling can decrease this
pressure and, hence, enhance the effects chemotherapeutic
reagents.'* In our TMK-1 model, we observed that inhibition
of tumor growth and metastasis by combination imatinib and
irinotecan treatment was associated with the reduction in
CAFs and ECM, suggesting that similar mechanisms may be
involved in gastric carcinoma.

Treatment with imatinib influences microvessel structure
in tumor tissues. Pericytes in tumor-associated vessels, but
not those in vessels of normal mucosa, are enlarged and they
overexpress PDGF-RB and p-PDGF-RB.* In agreement with
earlier reports,'>! treatment with imatinib decreased pericyte
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coverage on tumor-associated endothelial cells in our experi-
mental model. The inhibition of PDGF-R signaling may
decrease pericyte recruitment and attachment to endothelial
cells and destabilize the tumor vasculature.

VEGF-C and -D are well-known lymphangiogenic factors
in human gastric carcinoma. Other growth factors recently
reported to be lymphangiogenic are FGF-2,"> PDGF-BB*
and angiopoietin-2.> In this study, we showed that lymphatic
endothelial cells express PDGF-R and that inhibition of
PDGEFR results in a reduction of the lymphatic vessel area.
We recently found correlation between the level of PDGF-B
mRNA expression in gastric carcinoma tissue and lymphatic
metastasis.® These findings suggest that PDGF-B acts as a
lymphangiogenic factor. However, it is a possible that treat-
ment with imatinib exerts indirect anti-lymphangiogenic
effects via inhibition of VEGF-C and -D production by tu-
mor cells and/or stromal cells. In addition, imatinib at a high
concentration can block various tyrosine kinases to different
extents. Molecules other than PDGF-Rs may be involved in
the regulation of lymphangiogenesis. Further studies are
needed to confirm whether the PDGF/PDGF-R axis is
directly involved in lymphangiogenesis in gastric carcinoma.

In summary, targeting stromal cells by PDGF-R inhibitor
appears promising as a therapeutic strategy against carci-
noma. Stromal compartment-rich tumors, such as diffuse-
type gastric carcinomas, may be tumors in which targeting
the PDGF/PDGF-R signaling pathway for enhancement of
the chemotherapeutic effect is most applicable.
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A Functional Single Nucleotide Polymorphism in Mucin 1, at Chromosome
1922, Determines Susceptibility to Diffuse-Type Gastric Cancer
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BACKGROUND & AIMS: Two major types of gastric
cancer, intestinal and diffuse, develop through distinct
mechanisms; the diffuse type is considered to be more
influenced by genetic factors, although the mechanism is
unknown. Our previous genome-wide association study
associated 3 single nucleotide polymorphisms (SNPs)
with diffuse-type gastric cancer (DGC); 1 was a func-
tional SNP (rs2294008) in prostate stem cell antigen (PSCA),
but the loci of the other 2 were not investigated. METH-
ODS: We performed high-density mapping to explore a
linkage disequilibrium status of the 2 SNPs at chromo-
some 1q22. A DGC case-control study was conducted
using DNA from 606 cases and 1264 controls (all Japa-
nese individuals) and validated using DNA from Japanese
(304 cases, 1465 controls) and Korean (452 cases, 372
controls) individuals. The effects of SNPs on function
were analyzed by reporter assays and analyses of splice
variants. RESULTS: A region of a strong linkage disequi-
librium with the 2 SNPs contained mucin 1 (MUCI) and
other 4 genes and SNPs significantly associated with
DGC (rs2070803: P = 4.33 X 107!3; odds ratio [OR], 1.71
by meta-analysis of the studies on the 3 panels) but not
with intestinal-type gastric cancer. Functional studies
demonstrated that rs4072037 (P = 143 X 1071 OR,
1.66 by meta-analysis) in MUCI affects promoter activity
and determines the major splicing variants of MUCI in
the gastric epithelium. Individuals that carry both SNPs
152294008 in PSCA and rs4072037 in MUCI have a high
risk for developing DGC (OR, 8.38). CONCLUSIONS:
MUCI is the second major DGC susceptibility gene
identified. The SNPs rs2070803 and rs4072037 in
MUCI might be used to identify individuals at risk
for this type of gastric cancer.

Keywords: Stomach Cancer; Risk Genotype; Cancer Pre-
venton; Genome-Wide Association Study.

astric cancer (GC) is the fourth most common can-

cer and the second most common cause of cancer
death in the world.! More than 90% of GC are adenocatr-
cinomas, which are classified into diffuse-type GC (DGC)
and intestinal-type GC (IGC).2 Typically, IGC arises
through a sequence of pathologic changes of the gastric
epithelium: chronic gastritis mainly because of Helicobac-
ter pylori infection, atrophic gastritis, intestinal metapla-
sia, dysplasia, and adenocarcinoma.? On the other hand,
the origin of DGC has been considered to be gastric
epithelial stem cells and/or precursors present in the
isthmus region of the middle portion of the epithelium
(Supplementary Figure 1). Genetic and epigenetic events
acting on the stem/precursor cells may cause a deviation
from their normal differentiation program and lead to a
DGC development,* although details are yet to be re-
vealed. In contrast to the steady decline of the incidence
of IGC, mainly because of the decreasing prevalence of H
pylori infection, DGC appears to be increasing.5 More-
over, some DGC develops to a highly malignant form,

Abbreviations used in this paper: DGC, diffuse-type gastric cancer;
GC, gastric cancer; GWAS, genome-wide association study; IGC, intes-
tinal-type gastric cancer; kb, kilobase; LD, linkage disequilibrium;
MUC1, mucin 1; OR, odds ratio; por, poorly differentiated adenocarci-
noma; PSCA, prostate stem cell antigen; sig, signet-ring cell carci-
noma; TR, tandem repeats.
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linitis plastica.6 Identification of genetic predisposing
factors and molecular pathways for the DGC develop-
ment is one of the fundamentals for conceiving effective
prevention, early diagnosis and therapeutic strategies.
Previously, we conducted a gene-centric genome-wide
association study (GWAS) on DGC and identified 3 sta-
tistically significant single nucleotide polymorphisms
(SNPs) at 2 loci after Bonferroni correction (P < 1.8 X
1075) in the second stage of the screening” Of the 3
SNPs, 152976392 showed the lowest P value and tagged a
linkage disequilibrium (LD) block at chromosome
8q24.3, in which we identified prostate stem cell antigen
(PSCA) encoding prostate stem cell antigen as the novel
DGC susceptibility gene. In the present study, we inves-
tigated the second genomic region of interest at chromo-
some 1q22, which harbors the remaining 2 SNPs,
rs2075570 and rs2070803,” and identified mucin 1
(MUCI) as the possible causal gene of the association of
the region to DGC. The association between the gene and
GC had been suggested also in previous reports.8-11 How-
ever, unlike the previous candidate gene approach, we
have reached the gene by performing a hypothesis-free
GWAS followed by biologic studies in which a rationale
of the association was obtained through the analyses of
the function of a SNP rs4072037. Moreover, this study
has a sufficient power as a systematic survey of genetic
factors with the expected range of effect size and allele
frequencies, generating a convincing level of statistical
association (P < 107'° as compared with P ~ 1072 by
the previous candidate gene approach!l). The SNP
rs4072037 is known to determine a splicing acceptor site
in the second exon of MUCI1.12 In this study, we showed
that the SNP is also related to major splicing variant
selection in the stomach and has effect on the MUCI
promoter activity, both of which may result in MUC1
functional difference between the individuals.

Materials and Methods

Samples

In Japan, the common type of GC is classified into
7 categories: papillary adenocarcinoma (pap), tubular ad-
enocarcinoma (tubl and tub2), poorly differentiated ad-
enocarcinoma (porl and por2), signet-ring cell carcinoma
(sig), and mucinous adenocarcinoma (muc). However, a
classification into 2 major categoties by Lauren,? intesti-
nal and diffuse types, is used worldwide especially for
clinicoepidemiologic studies. A review of the classifica-
tion systems is described elsewhere.” Basically, the DGC
under the Lauren classification corresponds to por2
(nonsolid type) of poorly differentiated adenocarcinoma
and sig by Japanese classificarion, although some inves-
tigators consider that porl (solid type) is also included in
DGC.13

Details of DNA samples used in the SNP typing and

the association study of the chromosome 1q22 locus are

MUC1 IS A GASTRIC CANCER SUSCEPTIBILITY GENE 893

as follows: In the Tokyo data set study, 610 DNA samples
from patients with DGC (320 males; mean age, 55.4; 290
females; mean age, 54.0) were prepared either from meth-
anol-fixed, paraffin-embedded tissues of noncancerous
gastric mucosa or lymph nodes, or from peripheral
blood, of patients with either the linitis plastica type of
GC or early-stage cancer diagnosed as macroscopic type 0
Ilc with histologic type of por2 and/or sig. The DGC
samples in the Tokyo data set were collected at 4 insti-
tutions: the National Cancer Center Hospital in Tokyo:
360 paraffin-embedded tissues and 164 blood samples;
Nippon Medical School Hospital in Tokyo: 76 blood
samples; Aichi Cancer Center in Aichi: 1 blood sample;
and Shikoku Cancer Center in Ehime: 9 blood samples.
The control DNA samples were from peripheral blood
leukocytes of 1266 volunteer individuals (male, 849;
mean age, 67.2; female, 417; mean age, 59.8) with no
known malignancies, who offered blood at a health check
examination at Iwata City Hospital in Shizuoka and at
Keio University campuses in Tokyo.

In the Aichi data set study, the DGC case samples were
obtained from peripheral blood of 304 patients with
histologic diagnosis of porl, por2, or sig (199 males;
mean age, 57.3; 105 females; mean age, 56.4). Control
blood samples were from 1467 volunteer individuals
(1098 males; mean age, 59.8; 369 females; mean age, 57.3)
with no known malignancies. Power calculations for the
DGC analysis showed that the sample size of 304 cases
and 1467 controls would provide the study with a power
of over 98% for detecting an association of a SNP with a
minor allele frequency of 0.2 or higher and per-allele
odds ratio (OR) for risk allele of 1.63 or higher (estimates
on rs2070803 obtained from Tokyo data set) in a 2-sided
test at a significance level of .05.

In the Korea data set study, peripheral blood samples
were donated from 455 patients with DGC who were
diagnosed or treared at the National Cancer Center in
Seoul, Korea (260 males; mean age, 52.4; 195 females;
mean age, 48.5). The control subjects were 372 volunteers
who participated in the National Cancer Screening Pro-
gram at the National Cancer Center, Korea, and were
confirmed by endoscopy not to have GC (191 males;
mean age, 54.2; 181 females; mean age, 52.5). Power
calculations showed that the sample size of the Korea
data set would provide the study with a power of over
95% for detecting an association of rs2070803 at a sig-
nificance level of .05 for the DGC study.

In the association studies (results shown in Figure 1,
Table 1, and Supplementary Tables 1-4), 11 subjects (4
DGC and 2 controls from Tokyo data set, 2 controls
from Aichi data set, 3 DGC cases from Korea data set)
were excluded because of at least 1 missing covariate.
Distributions of the covariates from subjects included in
the studies are shown in Supplementary Figures 9-11.

Haplotype-based association study was performed on
DNA samples from 380 DGC cases (200 males; mean age,
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