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Recent study of murine fibrosarcoma has revealed that platelet-
derived growth factor (PDGF) plays a direct role in promoting lym-
phangiogenesis and metastatic spread to lymph nodes. Thus, we
investigated the relation between PDGF and PDGF receptor (PDGF-
R) expression and lymphatic metastasis in human gastric carci-
noma. We examined PDGF-B and PDGF-Rp expression in four
human gastric carcinoma cell lines (TMK-1, MKN-1, MKN-45, and
KKLS) and in 38 surgical specimens of gastric carcinoma. PDGF-B
and PDGF-Rp expression was examined by immunofluorescence in
surgical specimens and in human gastric carcinoma cells (TMK-1)
implanted orthotopically in nude mice. Groups of mice (n = 10,
each) received saline (control) or PDGF-R tyrosine kinase inhibitor
imatinib. PDGF-B and PDGF-Rp mRNA expression was significantly
higher in patients with lymph node metastasis than in those with-
out and was also significantly higher in diffuse-type carcinoma
than in intestinal-type carcinoma. In surgical specimens, tumor
cells expressed PDGF-B, but PDGF-Rp was expressed predominantly
by stromal cells. Under culture conditions, expression of PDGF-B
mRNA was found in all of the gastric cell lines, albeit at different
levels. In orthotopic TMK-1 tumors, cancer cells expressed PDGF-B
but not PDGF-Rp. PDGF-R was expressed by stromal cells, inclu-
ding lymphatic endothelial cells. Four weeks of treatment with
imatinib significantly decreased the area of lymphatic vessels.
Our data indicate that secretion of PDGF-B by gastric carcinoma
cells and expression of PDGF-Rp by tumor-associated stromal cells
are associated with lymphatic metastasis. Blockade of PDGF-R
signaling pathways may inhibit lymph node metastasis of gastric
carcinoma. (Cancer Sci 2010; 101: 1984-1989)

G astric cancer is one of the most frequent malignancies in
the world. The major cause of mortality is metastasis,
which relies on de novo formation of blood and lymphatic ves-
sels." Although induction of tumor angiogenesis is known to be
a complex process that involves the interplay of a dozen or more
tumor-derived growth factors,” how tumors induce lymphan-
giogenesis is poorly understood.

Among known lymphangiogenic factors, the best-character-
ized growth factors are vascular endothelial growth factor C
(VEGF-C) and VEGF-D.®® Fibroblast growth factor-2 pro-
motes lymphatic vessel growth in the mouse cornea, but this
effect is believed to occur indirectly, via induction of VEGF-
C expression and activation of VEGF receptor 3 (VEGFR-3)
signaling.®” It is unlikely that VEGF-C and -D and VEGFR-3
are the sole factors regulating such processes. A range of
lymphangiogenic factors produced by tumor cells, endothelial
cells, and stromal cells has recently been identified. These
include VEGF-A, and members of the hepatocgte growth fac-
tor (HGF) and angiopoietin (Ang) families."'®~"> Additionally,
interesting preclinical studies have indicated that platelet-

Cancer Sci | September 2010 | vol. 101 | no.9 | 1984-1989

derived growth factors (PDGFs) and PDGF receptors (PDGF-Rs)
not only promote hemangiogenesis and direct tumor cell
growth but are important players in lymphangiogenesis.”'>

Members of the PDGF famila/ are often expressed at high lev-
els in many malignant tissues.”* The PDGF family consists of
five isoforms, -AA, -AB, -BB, -CC, and -DD, usually referred to
as PDGF-A (AA), PDGF-B (AB and BB), PDGF-C (CC), and
PDGE-D (DD).""” Their biological activities are mediated by
three forms of the tyrosine kinase receptor encoded by two gene
products, PDGF-Ra and -RB. PDGF-Ra binds all possible forms
of PDGF except PDGF-DD, whereas PDGF-Rf} preferentially
binds PDGF-BB."'® PDGFs have been found to induce tumor
growth by directly stimulating growth of certain types of tumor
cells,"” to stimulate angiogenesis,"'® to recruit pericytes''” and
to control the interstitial fluid pressure in stroma, influencing
transvascular transport of chemotherapeutic agents in a para-
crine manner.?” Recently, Cao et al."® showed that expression
of PDGF-B in murine fibrosarcoma cells induced tumor lym-
phangiogenesis, leading to enhanced lymph node metastasis.
However, there is no report concerning the relation between
PDGF-B and PDGF-Rp expression and lymphatic metastasis
in human gastric carcinoma. Thus, we examined the expression
profile of PDGF-B and PDGF-Rf} in human gastric carcinoma,
and we examined whether blocking PDGF-R can inhibit lym-
phangiogenesis of gastric cancer in vivo.

Materials and Methods

Patients and tumor specimens. Endoscopic biopsy specimens
(tumor and corresponding normal mucosa) of gastric tissue from
38 patients with gastric carcinoma who later underwent surgical
resection at Hiroshima University Hospital were snap-frozen in
liquid nitrogen and stored at —80°C until RNA extraction for
quantitative RT-PCR. Informed consent was obtained from all
patients for participation in the study according to the Declara-
tion of Helsinki. Pathology reports and clinical histories were
reviewed for accurate staging at the time of surgery. Criteria for
staging and histologic classification were those Eroposed by the
Japanese Research Society for Gastric Cancer.*" Lymph node
status was determined by routine pathological examination with
the surgical specimens. Two groups of patients, those with
lymph node metastasis (node-positive group, n = 21) and those
without (node-negative group, n = 17), were closely matched
for histologic type and depth of invasion. The patient group
comprised 34 men and four women with a median age of
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66.5 years. All patients had invasive gastric carcinoma in which
the tumor invasion was beyond the submucosa.

Cell cultures. Four cell lines established from human gastric
carcinomas and human osteosarcoma cell line MG63 were
maintained in RPMI-1640 (Nissui, Tokyo, Japan) with 10% fetal
bovine serum (FBS; MA BioProducts, Baltimore, MD, USA).
TMK-1 cell line (a poorly differentiated adenocarcinoma)
was ‘provided by Dr E. Tahara of Hiroshima University. KKLS
cell line (an undifferentiated carcinoma) was provided by
Dr Y. Takahashi of Chiba University, Chiba, Japan. Two other
cell lines (MKN-1, from an adenosquamous carcinoma, and
MKN-45, from a poorly differentiated adenocarcinoma) as well
as MG63 were obtained from the Health Science Research
Resources Bank, Osaka, Japan.

Quantitative real-time RT-PCR analysis. Total RNA was
extracted from gastric carcinoma cell lines and biopsy speci-
mens with an RNeasy Kit (Qiagen, Valencia, CA, USA) accord-
ing to the manufacturer’s instructions. cDNA was synthesized
from 1 pg total RNA with a first-strand ¢cDNA synthesis kit
(Amersham Biosciences, Piscataway, NJ, USA). After reverse
transcription of RNA into cDNA, quantitative RT-PCR was per-
formed with a LightCycler-FastStart DNA Master SYBR-Green
I Kit (Roche Diagnostics, Basel, Switzerland) according to the
manufacturer’s recommended protocol. Polymerase chain reac-
tion (PCR) reactions were carried out in triplicate. To correct for
differences in both RNA quality and quantity between samples,
values were normalized to those of P-actin. The mRNA ratio
between gastric carcinoma tissues (T) and corresponding normal
mucosa (N) was calculated and expressed as the T/N ratio.
Primers for PCR were designed with specific primer analysis
software (Primer Designer; Scientific and Educational Software,
Durham, NC, USA), and specificity of the sequences was con-
firmed by FASTA (EMBL Database). Respective primer
sequences, annealing temperatures, and PCR cycles were as fol-
lows: PDGF-B forward, CGAGTTGGACCTGAACATGA and
PDGF-B reverse, GTCACCGTGGCCTTCTTAAA (PDGF-B
PCR product, 339 bp; 58°C; 35 cycles); PDGF-Rp forward, AG-
CTACCCCTCAAGGAATCATAG and PDGF-RP reverse,
CTCTGGTGGATGGATTAAGACTG (PDGF-Rf PCR product,
376 bp; 58°C; 35 cycles); and GAPDH forward, ATCAT-
CCCTGCCTCTACTGG and GAPDH reverse, CCCTCCG-
ACGCCTGCTTCAC (GAPDH PCR product, 188 bp; 55°C; 28
cycles).

Reagents. Imatinib (imatinib mesylate or Gleevec; Novartis
Pharma, Basel, Switzerland) is a 2-phenylaminopyrimidine class
protein-tyrosine kinase inhibitor of PDGF-R, BCR-ABL, and
¢-Kit.?**® Imatinib was diluted in sterile water for oral admin-
istration. Primary antibodies were purchased from as follows:
polyclonal rabbit anti-PDGF-RB and polyclonal rabbit anti-
PDGEF-B subunit from Santa Cruz Biotechnology (Santa Cruz,
CA, USA); and rat antimouse Lyve-1 from R&D Systems (Min-
neapolis, MN, USA).

Western blot analysis. After three washes with cold phos-
phate-buffered saline (PBS) containing 1 mmol/L sodium
orthovanadate, cells were lysed. Proteins (total protein 20 pg)
were separated by SDS-PAGE and transferred to nitrocellulose
transfer membranes (Whatman, Dassel, Germany). The immune
complexes were visualized by enhanced chemiluminescence
with an ECL Plus Kit (GE Healthcare, Buckinghamshire, UK).

Animals and orthotopic implantation of tumor cells. Male
athymic BALB/c nude 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. This study
was carried out after permission was granted by the Committee
on Animal Experimentation of Hiroshima University.

Subconfluent gastric cancer cells (TMK-1 or KKLS cells) to
be used for implantation were harvested by brief treatment with
0.25% trypsin and 0.02% ethylenediamine tetraacetic acid, and
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then resuspended to a final concentration of 2.0 x 107 cells/mL
Hanks’ solution. With the use of a 30-gauge needle attached to a
1-mL syringe, cells (1 x 10° cells in 50 uL) were implanted into
the gastric walls in the nude mice under observation with a
zoom stereomicroscope. After 4 weeks, the mice were killed,
and the tumors were resected for study. The tumors were
embedded in OCT compound (Miles, Elkhart, IN, USA), rapidly
frozen in liquid nitrogen, and stored at —80°C.

Immunofluorescence staining for PDGF-B and PDGF-Rf, and
double staining for PDGF-Rp and Lyve-1. Fresh frozen specimens
of human gastric carcinomas as well as human gastric carcino-
mas growing in nude mice were cut into 8-um sections, mounted
on positively charged slides, and stored at —80°C. Tissue sec-
tions were fixed in cold acetone for 10 min and then washed
three times with PBS for 3 min each. Slides were placed in a
humidified chamber and incubated with protein blocking solu-
tion (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 PDGF-B or
PDGF-R, then rinsed three times with PBS, incubated for
10 min in protein blocking solution, and incubated for 1 h at
room temperature with Cy3-conjugated goat antirabbit second-
ary antibody. From this point onwards, the slides were protected
from light. The samples were then rinsed three times in PBS. To
identify lymph endothelial cells, slides were incubated overnight
at 4°C with antibody against Lyve-1. The sections were rinsed
three times with PBS and incubated for 10 min in protein block-
ing solution. Slides were then incubated for 1 h at room temper-
ature with corresponding Cy5-conjugated secondary antibody,
and the samples were rinsed three times in PBS. 4’,6-diamidino-2-
phenylindole (DAPI) nuclear counterstain was applied for
10 min. Samples were then rinsed three times with PBS, and
mounting medium was placed on each sample, which was then
covered with a glass coverslip. We used Fluoromount/Plus
(Diagnostic Bio Systems, Pleasanton, CA, USA) as the mount-
ing medium.

Confocal microscopy. Confocal fluorescence images were
obtained at X203 or x403 magnification on a Zeiss LSM 510
laser scanning microscopy system (Carl Zeiss, Thornwood, NY,
USA) equipped with a motorized Axioplan microscope, argon
laser (458/477/488/514 nm, 30 mW), HeNe lasers (543 nm,
1 mW; 633 nm, 5 mW), LSM 510 control and image acquisition
software, and appropriate filters (Chroma Technology, Brattle-
boro, VT, USA). Confocal images were exported to Adobe
Photoshop (Adobe Systems, San Jose, CA, USA), and photo
montages were prepared for publication. Lymphatic endothelial
cells were identified by green fluorescence, whereas PDGF and
PDGF-R were identified by red fluorescence.

Treatment of established human gastric cancer tumors
growing in murine gastric walls. Fourteen days after orthotopic

Table 1. Results of quantitative real-time PCR for mRNA expression
of PDGF-B and PDGF-RB of human gastric carcinoma specimens

PDGF-Rf PDGF-B
Lymph node status
Node-positive 6.46 + 1.45 P=0.0001 5.06+1.88 P =0.027
(n=21)
Node-negative  0.97 + 0.29 0.95+0.18
(n=17)
Histologic type
Intestinal 1.32+0.42 P =0.0041 1.54+0.71 P=0.028
(n=22)
Diffuse 5.45 + 1.33 5.02 + 2.16

(n =16)

PDGF-B, platelet-derived growth factor B; PDGF-RpB, PDGF receptor p.
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implantation of TMK-1 cells, mice (n = 10 each group) were
randomly assigned to receive one of the following two treat-
ments: daily oral gavage of water (control group) or daily oral
gavage of imatinib (50 mg/kg, optimal biological dose as deter-
mined previously'”**). The treatments continued for 28 days.
All therapy experiments were performed twice. The mice bear-
ing orthotopic tumors were euthanized by methophane on day
29. For immunohistochemistry, the tumor tissues were fixed in
formalin and embedded in paraffin.

Immunohistochemical determination of the area of lymphatic
vessels. Paraffin-embedded tissues were used for immunohis-
tochemical identification of Lyve-1. Sections were deparaffi-
nized and rehydrated in PBS, microwaved in water for
5 min for antigen retrieval, incubated overnight at 4°C with
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Fig. 1. Expression of platelet-derived growth
factor B (PDGF-B) and PDGF receptor B (PDGF-RB) in
gastric carcinoma cell lines. (a) Gastric cancer cell
lines constitutively expressed mRNA for PDGF-B
subunit at various levels. (b) PDGF-Rp was not
expressed by the cultured gastric carcinoma cell
lines.

mouse anti-Lyve-1 antibody, and incubated for 1 h at room
temperature with a peroxidase-conjugated rat antimouse anti-
body. A positive reaction was detected by exposure to stable
3,3’-diaminobenzidine for 5-10 min. Slides were counter-
stained with Gill’s hematoxylin. On slides immunolabeled
for Lyve-1, only vessels with typical morphology (including
a lumen) were counted as lymphatic vessels because of
occasional weak antibody cross-reactivity with fibroblasts.*>
For quantification of the lymphatic vessel areas, 10 random
fields at X100 magnification were captured for each tumor,
and the outline of each lymphatic vessel including a lumen
was manually traced. The areas were then calculated with
the use of NIH Imagel] software (http://rsbweb.nih.gov/ij/
download.html).

Fig. 2. Immunohistochemical detection of platelet-
derived growth factor B (PDGF-B) and PDGF
receptor B (PDGF-RpB) in gastric carcinoma. (a,b)
Immunolocalization of PDGF-B and PDGF-RB in
human gastric carcinoma tissues. (c,d)
Immunolocalization of PDGF-B and PDGF-RB in an
orthotopic xenograft model (TMK-1 cell line).
Expression of PDGF-B (a,c) and PDGF-RB (b,d) in
tumor tissue appears red.
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Fig. 3. Fluorescence double-labeled immunohisto-
chemistry (IHC) of TMK-1 human gastric cancer cells
growing in nude mice. Representative images show
IHC for PDGF-RB in red and Lyve-1 (lymphatic
endothelial marker) in green. (a-g) PDGF-Rp was
detected in lymphatic endothelial cells on enlarged
and tortuous lymphatic vessels located immediately
adjacent to tumor nests. Small lymphatic vessels
(arrow) did not express PDGF-Rf. (h) Intratumoral
lymphatic vessels did not express PDGF-Rp.
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Statistical analysis. Results are expressed as mean = SE. Wil-
coxon/Kruskal-Wallis analysis was used to analyze between-
group differences in continuous variables. A P-value of <0.05
was considered statistically significant.
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Results

Expression levels of PDGF-B and PDGF-Rp mRNAs in human
gastric carcinoma. We initially examined mRNA expression of
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PDGF-B and PDGF-Rp by quantitative real-time PCR. The rel-
ative expression levels (T/N ratio) of PDGF-B and PDGF-Rf3
are shown according to node status in Table 1. Patients with
positive lymph nodes showed significantly greater expression
of PDGF-B and PDGF-Rf than node-negative patients
(P =0.03 and P < 0.001, respectively). We also examined the
relation between PDGF-B and PDGF-R3 mRNA expression
and histologic type of human gastric carcinoma because dif-
fuse-type gastric carcinoma is known to have abundant stroma
and a high probability of lymph node metastasis. Expression of
PDGF-B and PDGF-RP was significantly greater in patients
with diffuse-type gastric carcinoma than in those with intesti-
nal-type gastric carcinoma (P = 0.03 and P = 0.004, respec-
tively) (Table 1).

Expression of PDGF-B and PDGF-Rp in human gastric carcinoma
cell lines growing in culture. We examined expression of
PDGF-B and PDGF-Rf in four human gastric carcinoma cell
lines derived from different histological types. MG63 cells
were used as a positive control for PDGF-R expression. The
results of real-time PCR and western blot analysis are shown in
Figure 1. Under culture conditions, expression of PDGF-B
mRNA was found in all of the gastric cell lines, albeit at
different levels. PDGF-Rf} was not expressed by the cultured
gastric carcinoma cell lines.

Immunolocalization of PDGF-B and PDGF-Rp in human gastric
carcinoma tissues and in human gastric carcinoma cells growing
in the mouse stomachs. We next confirmed PDGF-B and
PDGF-Rp expression in vivo. We used TMK-1 and KKLS cells
for animal models because the other cell lines (MKN-1 and
MKN-45) were difficult to grow in the mouse gastric walls. Rep-
resentative photomicrographs are shown in Figure 2. Because
TMK-1 tumors had more abundant stroma than KKLS tumors, it
was convenient to use TMK-1 tumors to evaluate PDGF-B and
PDGF-Rp expression in stroma. In the surgical specimens and
the orthotopic xenograft models, tumor cells expressed PDGF-
B, but PDGF-R was expressed predominantly by stromal cells
(Fig. 2a—d).

Immunohistochemical analysis of PDGF-Rp and Lyve-1
expression in TMK-1 tumors. To identify whether tumor-associ-
ated lymphatic vessels express PDGF-Rf}, we analysed co-local-
ization of PDGF-RP and Lyve-1 (lymphatic endothelial cells).
Co-localization of green (Lyve-1) and red (PDGF-Rp)
fluorescence appeared as yellow fluorescence, indicating
that tumor-associated lymphatic vessels expressed PDGF-Rf.
PDGF-Rf} was expressed occasionally on lymphatic endothelial
cells, especially on enlarged and tortuous lymphatic vessels
located immediately adjacent to tumor nests (Fig. 3a—g). Lym-
phatic vessels in normal tissue or intratumoral lymphatic vessels
did not express PDGF-Rp (Fig. 3h).

Treatment of human gastric carcinoma growing in mouse
stomachs. We determined the effects of imatinib, PDGF-Rf
thyrosine kinase inhibitor, on lymphatic vessels in tumors grow-
ing up from implantation of TMK-1 human gastric carcinoma
cells into the stomachs of nude mice. The tumors treated with
imatinib had reduced areas of lymphatic vessels in comparison
to areas of lymphatic vessels in control tumors (P < 0.05)
(Fig. 4).

Discussion

Lymph node metastasis is a common clinical finding in many
human cancers and is associated with both aggressive disease
and poor prognosis. Genetic and epigenetic alterations of tumor
cells often lead to amplified expression of multiple growth fac-
tors that contribute to tumor growth, angiogenesis and lymphan-
giogenesis.®®

VEGF-C and VEGF-D through interaction with VEGFR-3
expressed on lymphatic endothelial cells were once thought to
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Fig. 4. Immunohistochemistry for Lyve-1 in TMK-1 orthotopic gastric
tumors with and without imatinib treatment. Treatment with imatinib
significantly reduced the area of lymphatic vessels. *P < 0.05; bars, SE.

be the only direct lymphangiogenic factors.*”” However, tumors
with high lymphatic metastatic ability express additional growth
factors at high levels, suggesting that these factors may contrib-
ute to tumor lymphangiogenesis.*” In an extensive study in
which Cao er al''® implanted PDGF-A and PDGF-B in mouse
corneas, both factors were shown to induce growth of lymphatic
vessels, although PDGF-B was more potent than PDGF-A.
Additionally, its main receptor, PDGF-Rf, was detected on the
induced lymphatic endothelial cells. VEGF-C/-D and VEGFR-3
antagonists did not inhibit PDGF-B-induced lymphangiogenesis.
PDGEF-B was also shown to activate intracellular signaling com-
ponents by phosphorylation of Akt, Src, and Erk. In the present
study, patients with positive lymph nodes showed significantly
greater expression of PDGF-B and PDGF-RJ than that of node-
negative patients.

Tumor blood vessels have been shown to differ morphologi-
cally from their normal counterparts. The endothelial cells
are structurally and functionally abnormal and can acquire
cytogenetic abnormalities while in the tumor microenviron-
ment.®® Tumor lymphatic vessels appear to be structurally
disorganized, tortuous, and leaky.(m These leaky tumoral lym-
phatics could provide a vulnerable structural basis for tumor cell
invasion into the lymphatic system. Like tumor blood cells,
tumor-associated lymphatic vessels have been recently shown to
have differentially expressed genes. Clasper et al."””’ compared
gene expression of purified lymphatic endothelial cells from
highly metastatic fibrosarcoma and from dermal tissue. They
found differential expression of some 792 genes that code for a
variety of proteins including components of endothelial junc-
tions, subendothelial matrix, and vessel growth/patterning. In
our orthotopic gastric cancer model, Lyve-1-positive lymphatic
vessels were shown to express PDGF-R3; not all lymphatic ves-
sels expressed PDGF-R. PDGF-Rf} was expressed occasionally
on lymphatic endothelial cells, especially on enlarged and tortu-
ous lymphatic vessels located immediately adjacent to tumor
nests, whereas lymphatic vessels in normal tissue or intratumor-
al small lymphatic vessels did not express PDGF-R. Addition-
ally, we did not find PDGF-RJ expression on lymphatic vessels
of orthotopic tumors grown up from KKLS cells, which express
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low levels of PDGF-B (data not shown). In general, tumor cells
in a neoplasm are biologically heterogeneous, and their %heno-
type can be modified by the organ microenvironment.®” Our
data indicate that tumor-associated lymphatic vessels are also
biologically heterogeneous and that interplay between lymphatic
vessels and tumor cells may have a more significant effect on
the endothelial phenotype than previously anticipated. Addition-
ally, blockade of PDGF-Rp signaling by oral administration of
the PDGF-R tyrosine kinase inhibitor imatinib significantly
reduced the area of lymphatic vessels in our orthotopic mouse
model of gastric cancer. In our experiment, lymph node metasta-
sis was not inhibited by treatment with imatinib alone (control,
8/10 vs imatinib treatment, 7/10). To inhibit lymph node metas-
tasis, reduction of the lymphatic vessel area seems to be
insufficient. Combination therapy of imatinib with cytotoxic
chemotherapeutic drugs may be needed to inhibit lymph node
metastasis. Together, these findings indicate that PDGF-Rp is
preferentially expressed by activated, proliferating lymphatic
endothelium but not by quiescent lymphatic vessels in normal
tissue, a finding with important implications for the potential
therapeutic use of targeted PDGF-R 3-blocking strategies.
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