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Adrenomedullin antagonist suppresses tumor formation
in renal cell carcinoma through inhibitory effects on tumor
endothelial cells and endothelial progenitor mobilization
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Abstract. Adrenomedullin (AM) is a multifunctional 52-amino
acid peptide. AM has several effects and acts as a growth
factor in several types of cancer cells. Our previous study
revealed that an AM antagonist (AMA) suppressed the
growth of pancreatic tumors in mice, although its mechanism
was not elucidated. In this study, we constructed an AMA
expression vector and used it to treat renal cell carcinoma
(RCC) in mice. This AMA expression vector significantly
reduced tumor growth in mice. In addition, microvessel den-
sity was decreased in AMA-treated tumors. To analyze the
effect of AMA on tumor angiogenesis in this model, tumor
endothelial cells (TECs) were isolated from RCC xenografts.
TEC proliferation was stimulated by AM and it was inhibited
by AMA significantly. AM induced migration of TECs and it
was also blocked by AMA. However, normal ECs (NECs)
were not affected by either AM or AMA. These results demon-
strate that AMA has inhibitory effects on TECs specifically,
not on NEC, thereby inhibiting tumor angiogenesis.
Furthermore, we showed that vascular endothelial growth
factor-induced mobilization of endothelial progenitor cell
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(EPC) into circulation was inhibited by AMA. These results
suggest that AMA can be considered a good anti-angiogenic
reagent that selectively targets TECs and EPC in renal
cancer.

Introduction

Renal cell carcinoma (RCC) is a refractory cancer, and cyto-
toxic chemotherapy and radiation therapy lack effectiveness
in its treatment. Until recently, the only effective treatment
was cytokine therapy with interferon-a (IFN-a) or interleukin-2
(IL-2). However, only a limited subset of patients with meta-
static RCC would gain clinical benefit from standard IFN-a
or IL-2 therapy. Advances in understanding the underlying
molecular biology of RCC have established tumor angio-
genesis as a relevant therapeutic target in clear cell RCC (1,2).
Approximately 60% of clear cell RCC tumors have an inacti-
vated von Hippel-Lindau (VHL) tumor suppressor gene (3).
Under normal conditions, VHL encodes a protein (referred to
as pVHL) that targets hypoxia-inducible factor-1a (HIF-1a)
for proteolysis. As a result of VHL gene inactivation, HIF-1a
is not subject to proteolysis and inactivation. Activated HIF
then translocates into the nucleus and this leads to the
transcription of a variety of genes that play a central role in
tumor progression. HIF-1-inducible genes include angiogenic
factors such as vascular endothelial growth factor (VEGF),
platelet-derived growth factor, basic fibroblast growth factor,
and adrenomedullin (AM) (4.5). Among these angiogenic
factors, we have been examining the role of AM in tumor
formation by pancreatic cancer cells, and found that the
increase in the AM mRNA level under hypoxia was markedly
greater than that in the VEGF mRNA level in accordance
with a previous report (6). We demonstrated that the intra-
tumoral injection of an adrenomedullin antagonist (AMA)
inhibited tumor growth in a pancreatic cancer cell line in a
xenograft mouse model (7). In addition, we recently demon-
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strated that naked DNA-encoding AMA suppressed the
growth of pancreatic cancer and breast cancer cell lines
through the inhibition of AM (8), a multifunctional polypeptide
that was originally isolated from human pheochromocytoma
and is a member of the family of peptides that includes
calcitonin (CT), a- and B-calcitonin gene-related peptide (9).
AM gene knockout mice have shown embryonic lethality
with severe abnormalities of the vasculature (10) and subcuta-
neous hemorrhage indicating the significance of AM signaling
in vascular development. AM is expressed in a variety of
malignant tumor tissues (11,12) and was shown to be mito-
genic for human cancer cell lines, including lung, breast,
colon, prostate and pancreatic lineages in vitro (12,13). In
addition, AM is considered to be angiogenic in tumors. In
xenografted tumor models using human endometrial or breast
tumor cell lines, vascular density or directed growth of blood
vessels was increased in AM-overexpressing transfectants
(14,15). Iimuro et al recently showed that continuous infusion
of AMA peptides suppressed the growth of sarcoma and
reduced the number of capillaries in mice (16). These findings
suggest that AM plays an important role in tumor formation
in a variety of cancers through the direct suppression of
tumor cells and suppression of angiogenesis. However, there
are few reports demonstrating the involvement of AM in
tumor formation in RCC.

In this study, we examined the potential effects of gene
therapy with naked DNA-expressing AMA on the growth of
an RCC xenografted into nude mice in order to explore the
role of AM in tumor formation in RCC. In order to address
the mechanism of how AMA modulates angiogenesis in
RCC, we isolated tumor endothelial cells (TECs) from tumor
tissues and normal endothelial cells (NECs) from the dermis
for comparative analysis. Furthermore, we analyzed the
effects of AMA on EPC mobilization into circulation.

Materials and methods

Reagents and antibodies. The following reagents and anti-
bodies were purchased: AM and AMA (AM22-52) (Peptide
Institute Inc., Osaka, Japan); rat anti-mouse CD31 antibody
(eBioscience, San Diego, CA); rat anti-mouse CD105 anti-
body (BD Biosciences, San Jose, CA), rat anti-mouse CD144
antibody (BD Biosciences), rat anti-mouse PE-CD54 antibody
(Biolegend, San Diego, CA) Alexa Fluor 488 goat anti-rat
antibody (Molecular Probes, Eugene, OR); FITC-Bandeirea
Simplicifolia Lectin 1-B4 (BS1-B4; Vector Laboratories,
Burlingame, CA); and 4',6-diamidino-2-phenylindole (DAPI;
Roche, Indianapolis, IN).

Cells and cell culture. The OS-RC-2 human RCC cell line
was purchased from Riken Cell Bank (Tsukuba, Japan).
These cells were cultured in a humidified atmosphere of 5%
CO, and 95% air at 37°C in RPMI-1640 medium (Sigma, St.
Louis, MO) supplemented with 10% heat-inactivated fetal
bovine serum (FBS).

The A375SM super-metastatic human malignant mela-
noma cell line was kindly gifted by Dr I.J. Fidler (M.D.
Anderson Cancer Center, Houston, TX). The cells were
cultured under the same conditions in minimum essential
medium (MEM; Gibco, Grand Island, NY) supplemented
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with 10% heat-inactivated FBS. The medium was changed
every 3 days.

Animals and treatments. Pathogen-free, 6-week-old female
nude mice (nu/nu) weighing ~20 g, were obtained from
Sankyo Labo Service Corporation (Tokyo, Japan) and were
randomly divided into two groups (n=6 in each group).
Tumor cells (OS-RC-2; 5x10° cells/mouse) were inoculated
subcutaneously into the right flank of the mice. After tumor
induction (day 0), naked DNA-encoding AMA was injected
intramuscularly using the ultrasound-microbubble method as
described previously (8) when the tumor size reached an
average diameter of 4 mm (on day 13). The shortest and
longest diameters of the tumor were measured on the treat-
ment day, and tumor volume (mm?®) was calculated using the
following standard formula: (shortest diameter)> x (longest
diameter) x 0.5. There were no differences in body weight
among the groups throughout the experiment. Mice were
sacrificed under anesthesia on day 21. All procedures for
animal experimentation were approved by the local animal
research authority and animal care was in accordance with
institutional guidelines.

Immunohistochemical analysis and determination of
microvessel density (MVD). Tumors were dissected from
mice after the mice were sacrificed and divided along the
longest diameter using a surgical knife. The specimens were
embedded in cryocompound (Tissue-Tek; Miles, Elkhart, IN)
and immediately immersed in liquid nitrogen. The frozen
specimens were sectioned to obtain 10-um thick sections
using a cryotome. Frozen sections were fixed in 100% ice-
cold acetone for 10 min and blocked with 2% goat and 5%
sheep serum in PBS for 30 min. Sections were incubated
with rat anti-mouse CD31 antibody for 16 h followed by
Alexa Fluor 488 goat anti-rat antibody for 2 h. Sections were
counterstained with DAPI. Images were obtained randomly
using an Olympus IX-71 microscope (Olympus, Tokyo, Japan).
To analyze MVD, the number of vessels per unit area in CD31-
stained sections was determined using the MetaMorph
software (Molecular Devices, Tokyo, Japan).

Isolation of TECs. ECs were isolated with modifications as
described previously (17). Briefly, TECs were isolated from
RCC (OS-RC-2) and melanoma (A375SM) xenografts in
nude mice. NECs were isolated from dermis as control. ECs
were isolated using a magnetic cell-sorting system (Miltenyi
Biotec, Bergisch Gladbach, Germany) according to the manu-
facturer's instructions using FITC-anti-CD31 antibody. CD31-
positive cells were sorted and plated onto 1.5% gelatin-
coated culture plates and grown in EGM-2 MV (Clonetics,
Walkersville, MD) and 15% FBS. Diphtheria toxin (500 ng/
ml; Calbiochem, San Diego, CA) was added to the TEC
cultures to kill any remaining human tumor cells (18) and
also to TECs, so that all ECs were treated in the same manner.
The isolated ECs were subjected to a second round of puri-
fication using FITC-BS1-B4 and their purity was determined
as described previously (17).

Cell proliferation. Cell proliferation was measured with the
MTS assay. Cultured cells were seeded at 2x103 cells per well
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Figure 1. Effects of gene therapy with AM antagonist; AM (22-52), AMA.
(A) An AMA expression vector (p3"'FLAG-CMV14) was constructed. (B)
OS-RC-2 cells (renal cancer cell line) were inoculated subcutaneously into
nude mice. Tumors were treated on day 13 by intramuscular injection of the
AMA expression vector. The AMA expression vector significantly reduces
tumor growth in mice compared with the control vector. “P<0.01, versus
control. Points represent the mean (n=6) and bars show the SD.

in 96-well flat-bottomed plates in a suitable medium (RPMI-
1640 or MEM for tumor cells and EGM-2 MV for ECs) and
allowed to adhere for 12 h. After 24 h of starvation (serum-
and growth factor-free medium; EBM-2), AM (10-° mol/l) or
AM (10 mol/l) + AMA (10~ mol/l) was added. After 72 h,
the proliferative activity was determined by the MTS assay
(CellTiter-96 non-radioactive cell proliferation assay; Promega,
Madison, WI), which monitors the number of viable cells,
according to the manufacturer's instructions. The results
represent the average of 6 wells per cell line. The experiment
was carried out three times with similar results.

Cell migration. Cell migration was measured in a Boyden
chamber as described previously with modifications (19).
Cells were starved in EBM-2 medium for 24 h and then
pretreated with AM (107 mol/l) or AM (107 mol/l) + AMA
(1077 mol/1) for 24 h. Pretreated ECs (1x10%) in EBM-2/0.5%
FBS were seeded in the upper chambers and EBM-2 contain-
ing 10 ng/ml VEGF was added in the lower chambers as a
chemoattractant. After 4 h at 37°C, cells that migrated through
a fibronectin (5 pg/ml)-coated polycarbonate membrane
(8-pm pores; Corning Costar, Nagog Park, MA) were fixed
in 2% paraformaldehyde and stained with DAPI. The number
of cells that migrated to the lower side of the filter was
counted after the cells on the upper side were wiped off the
membrane. The data are presented as the average of three
counts + SD. The experiment was carried out three times
with similar results.

Reverse transcription-PCR (RT-PCR) and quantitative real-
time RT-PCR. RT-PCR: RNA was isolated using the RNeasy
micro kit (Qiagen, Valencia, CA) using RNase-free DNAse
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set (Qiagen) according to the manufacturer's instructions.
Total RNA was then reverse-transcribed using M-MLV
reverse transcriptase (Invitrogen, Carlsbad, CA). The cDNA
product was amplified with specific primers. The primers
were as follows: CRLR forward, 5'-GCAGGGACGGAAT
CAATGCAGT-3"; reverse, 5'-GGTAGAACAGATTCAGGG
CTG-3'. RAMP2 forward, 5'-CTGAGGACAGCCTTGTG
TCA-3"; reverse, 5'-"TTCTGCAGGTCGCTGTAATG-3'".
RAMP3 forward, 5'-GAAGACCCCAGCACAGCGGCT-3"
reverse, 5'-GCCACCTTCTGCATCATGTCA-3'. GAPDH
forward, 5'-TCTGACGTGCCGCCTGGAG-3'; reverse, 5'-
TCGCAGGAGACAACCTGGTC-3'.

The thermal cycle profile consisted of an initial denatura-
tion step at 95°C for 3 min followed by 35 cycles consisting
of denaturation for 20 sec at 95°C, annealing of primers for
20 sec at 57°C, followed by a final 15 sec extension at 72°C.
Amplified PCR products were separated on 2% agarose gels
and visualized with ethidium bromide. GAPDH was used as
a loading control.

Quantitative real-time PCR: RNA (5 pg) was used in a
15-p1 reaction volume and PCR was conducted using the
DyNAmo SYBR-Green qPCR Kit (Finnzymes, Espoo,
Finland) according to the manufacturer's instructions. Cycling
conditions were according to the manufacturer's instructions
based on the use of Opticon Monitor version 3.0 (Bio-Rad,
Hercules, CA). Briefly, cycling comprised polymerase acti-
vation for 15 min at 95°C followed by PCR; then, 40 cycles
of 15 sec at 95°C, 15 sec at 57°C, and 20 sec at 72°C. Expres-
sion levels were normalized to those of GAPDH.

Counting the number of CD133*/VEGFR2* cells to estimate
the number of EPCs. PBS or VEGF (300 ng) was injected
intraperitoneally into 10 nude mice in each group to mobi-
lize EPCs from the bone marrow as described previously
(20). In each group, AM (0.5 mg/kg), AM (0.5 mg/kg) +
AMA (0.5 mg/kg), or vehicle was injected once a day for
2 days. Injection of AM or AMA into nude mice had no toxic
effects. Forty-eight hours after the first injection, peripheral
blood (700-1000 ul) was collected under anesthesia from
each mouse in each group (n=5 for each group) before they
were sacrificed. Mononuclear cells were isolated by sucrose
gradient centrifugation from peripheral blood with modifica-
tions as described previously (21), and the number of cells
was counted. Next, the cells were incubated with FITC-
conjugated anti-mouse CD133 and PE-conjugated anti-mouse
VEGFR?2 in order to count the number of CD133*/VEGFR2*
cells by flow cytometry. Flow cytometry was performed
using a FACSCalibur flow cytometer (BD Biosciences) with
analysis gates. A minimum of 10,000 events were counted
for each mouse.

Statistical analysis. Differences between the groups were
statistically evaluated using Student's t-test. Results are
presented as mean + SD. The P-values were two-tailed, and
P<0.01 was considered statistically significant.

Results

Naked DNA-encoding AMA suppresses tumor growth. The
naked DNA-encoding AMA (AMA vector) (Fig. 1A) was
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Figure 2. Microvessel density (MVD) is significantly decreased in tumors treated with the AMA expression vector. (A) Snap-frozen tumor tissue specimens
were processed for immunohistochemistry after the mice were sacrificed. Cryosections were stained with FITC-labeled anti-CD31 antibody and
counterstained with DAPI. Representative images of the control vector (A) and AMA expression vector-treated tumors (B) are shown. The CD31-positive
vessel area is decreased in AMA expression vector-treated tumor compared with control tumors. Bars in A and B, 100 ym. (C) Quantitative analysis of MVD
comparing the AMA expression vector-treated group with the control group. MVD is significantly lower in AMA expression vector-treated tumors than in

control tumors. "P<0.01 versus control (n=6).
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Figure 3. Assay for OS-RC-2 renal cancer cell proliferation in vitro. The
cells were serum-starved for 24 h and incubated with AM or AMA for 72 h.
Cell number was estimated by the MTS assay. (A) AM did not affect proli-
feration in the range 10-°-10° mol/l. (B) AMA did not affect proliferation in
the range 10-1°-10¢ mol/l.

injected intramuscularly using the ultrasound-microbubble
method when the tumor size reached an average diameter of
4 mm (on day 13), as described previously (8). The growth of
tumors treated with AMA vector was significantly suppres-
sed compared with that of tumors treated with an empty
vector (mean + SD tumor volume on day 21, 112.7+36.3 mm?

vs. 346.6+81.9 mm?; P<0.01) (Fig. 1B). Treatment with the
vectors was well-tolerated without apparent toxicity or
changes in body weight throughout the study.

AMA inhibits tumor angiogenesis. Snap-frozen tissue speci-
mens were processed for immunohistochemical study when
the mice were sacrificed. Cryosections were stained with
anti-CD31 antibody and digital images were obtained.
Morphometric analysis was performed on digital images from
each group using MetaMorph software. The CD31-stained
area (MVD) was measured in each group treated with AMA
vector or control vector. The MVD of the tumors treated with
AMA vector was only half of that of the tumors treated with
control vector (Fig. 2A and B) and the difference was
significant (P<0.01) (Fig. 2C). Tumors treated with AMA
vector contained large necrotic lesions, possibly as a result of
insufficient blood supply.

Neither AM nor AMA affects in vitro proliferation of OS-RC-2
cells. We investigated whether AM or AMA affected the pro-
liferation of OS-RC-2 renal carcinoma cells in vitro using the
MTS assay. OS-RC-2 cells did not respond to AM (10°'° mol/l)
nor AMA (10 mol/l) (Fig. 3A and B). Therefore, it is possible
that the suppression of in vivo tumor growth was not due to
the inhibitory effect of AMA on cell proliferation of OSRC-2
cells.

Proliferation of TECs is stimulated by AM. AM promoted
tumor growth through the stimulation of angiogenesis in
tumor tissues and AMA significantly reduced tumor vascu-
lature in our previous studies using a mouse tumor model (7).
To address the mechanism of how AMA modulates the endo-
thelium in tumors, we next isolated TECs (renal carcinoma
ECs) from RCC xenografts in nude mice and NECs (skin ECs)
from mouse dermis for comparative analysis. In addition, we
used the TEC (melanoma EC) isolated from melanoma as
well, which have been used in our previous studies. All ECs
were isolated and maintained under similar conditions as
described previously (17), and ECs were characterized by
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Figure 4. AMA-suppressed cell proliferation and migration of TECs. (A) Isol

ation and characterization of tumor and normal ECs. TECs were isolated from

human carcioma (renal cancer, melanoma) xenografts and NECs counterparts were obtained from dermis of nude mice as described previously. Flow
cytometry of TECs binding to FITC-BS1-B4, CD105, CD144, CD54 and CD31 to analyze EC marker expression. Lighter lines are EC-positive for these
marker and bold lines show control. Both TECs show the EC marker expression. (B) Proliferation of ECs in vitro. The cells were serum-starved for 24 h and
incubated with AM or AMA for 72 h. The number of cells was estimated by the MTS assay. AM (10 mol/l) promotes the proliferation of TECs but not that
of normal ECs. AMA (10~ mol/l) blocks AM-induced proliferation of tumor ECs. "P<0.01 versus control (n=5). (C) Migration of ECs in vitro. The cells were

pretreated (AM 107 mol/l, AM 107 mol/l + AMA 107 mol/l) for 24 h and

seeded into the upper chambers. VEGF (10 ng/ml) was added to the lower

chambers. AM-induced migration of TECs is inhibited by AMA. "P<0.01 versus control.

FACS analysis with FITC-BS-B4, which binds to mouse
endothelial cells, CD105, CD144, CD54, CD31 to see endo-
thelial cell marker expression (Fig. 4A). Both TECs showed
the EC marker expression and NECs expressed most of them
with downregulation of CD54 and CD31. The purity of each
EC line was greater than 96% addressed by BS1-B4 binding.
Then, we examined the effect of AM and AMA on the
growth of these EC lines. AM stimulated the proliferation of
renal ECs and melanoma ECs, but not skin ECs. Addition of

AMA abrogated the stimulatory effect of AM on the growth of
renal ECs and melanoma ECs, as measured by the MTS
assay (Fig. 4B).

AMA inhibits VEGF-induced TEC migration. AMA is
reported to inhibit migration of normal ECs such as human
umbilical vein ECs (HUVECS) in vitro (22). However, the
effects of migration on TECs remain to be elucidated. In this
study, we examined VEGF-stimulated migration of ECs after
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Figure 5. ECs were analyzed by PCR for AM receptors. (A) Total RNA from all ECs was extracted and assessed for the expression of CRLR and RAMP2
mRNAs by reverse transcription followed by PCR with oligonucleotide primers. PCR products detected on ethidium bromide-stained gels are 172- and 128-bp
fragments generated from mRNAs of CRLR, and RAMP?2 respectively. (B and C) We also analyzed the pattern of AM receptor expression by real-time PCR

using SYBR-Green. "P<0.01, versus controls.

treatment with AM (107 mol/l) or AMA (107 mol/l), which
was measured as the number of cells migrating through a
fibronectin-coated membrane within 4 h, using a Boyden
chamber. AMA significantly inhibited VEGF (10 ng/ml)-
induced TEC migration (P<0.01) (Fig. 4C). The number of
AMA-treated TECs that migrated was only half the number
of untreated TECs that migrated. On the other hand, the
migration of NECs was not affected by AMA in the same
experimental conditions as those used for TECs. These
results demonstrate that AMA has specific inhibitory effects
on TECs, but not on NECs, thereby causing the inhibition of
tumor angiogenesis.

The expression pattern of AM receptors differs between TECs
and NECs. The action of AM is specific and is mediated by
calcitonin receptor-like receptor/receptor activity-modifying
protein-2 and -3 (CRLR/RAMP2; CRLR/RAMP?3) receptors
(9). Total RNA from all ECs was extracted and analyzed for
the expression of CRLR, RAMP2 and RAMP3 mRNAs
using reverse transcription followed by PCR with specific
oligonucleotide primers. The sizes of PCR products for
CRLR, RAMP2 and RAMP3 were 172, 128 and 129 bp,

respectively. CRLR was clearly detected in both melanoma
ECs and OS-RC-2 ECs, but only very faintly in skin ECs.
RAMP2 was clearly detected in tumor ECs but only very
faintly in skin ECs (Fig. 5A). RAMP3 was detected in
melanoma ECs and skin ECs, but not in renal ECs (data not
shown). We also analyzed AM receptor expression levels by
real-time PCR. Both tumor ECs, but not skin ECs expressed
CRLR and RAMP2 mRNA. The expression levels of CRLR
mRNA in melanoma ECs and renal ECs was 30- and 100-fold
higher, respectively, than that in skin ECs (Fig. 5B). In
particular, the expression level of RAMP2 by TECs was
significantly higher than that by NECs (P<0.01) (Fig. 5C).
The expression levels of RAMP2 mRNA in melanoma ECs,
and renal ECs was 1500- and 2000-fold higher, respectively,
than that in skin ECs (Fig. 5C). These data suggest that the
higher expression levels of RAMP2 and CRLR may lead to a
higher response of TECs to AM and AMA compared with
NECs.

AMA suppresses VEGF-stimulated mobilization of CD133*/
VEGFR2* cells into circulation. To evaluate the effect of AMA
on EPC mobilization, the number of CD133*/VEGFR2* cells
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Figure 6. AMA suppresses VEGF-stimulated mobilization of CD133*/
VEGFR2* cells into circulation. Ten nude mice in each group were injected
intraperitoneally with PBS or a high dose of VEGF (300 ng) to mobilize
EPCs from the bone marrow. Next, in each group, EGCG (5 mg/kg) or
vehicle was injected once a day for 2 days. Forty-eight hours later,
peripheral blood was collected from each mouse in each group (n=10 for
each group) before they were sacrificed. PBMCs were collected and
incubated with FITC-anti-mouse CD133 and PE-anti-mouse VEGFR2, and
the number of CD133* VEGFR2* cells is counted using FACS. Although
there is no significant difference between the VEGF and VEGF + AMA
groups, the low dose of AMA (0.5 mg/kg) significantly decreased the
number of VEGF-mobilized CD133*/VEGFR2* cells that migrate into
peripheral circulation.

in circulation was analyzed in mice with or without AMA
treatment. VEGF (300 ng) was injected intraperitoneally into
mice to mobilize EPCs and then a low dose of AMA (0.5 mg/
kg) or vehicle (PBS) was injected once a day for 2 days.
Forty-eight hours after the first injection, peripheral blood
was collected from each mouse, and PBMCs were isolated
and counted. PBMCs were incubated with anti-CD133 and
anti-VEGF2 antibodies, and the CD133*/VEGFR2* cells in
circulation were counted using FACS. AMA alone did not
affect the number of CD133*/VEGFR2* cells. However,
in VEGF-treated mice, the number of circulating CD133+/
VEGFR2* cells was low after treatment with a low dose of
AMA (Fig. 6). These results suggest that AMA inhibits the
VEGF-induced mobilization of EPCs into circulation.

Discussion

In this study, we clearly demonstrated that naked DNA-
encoding AMA significantly inhibited the in vivo growth of
RCC with inhibition of tumor angiogenesis. In addition, we
showed that TECs had higher response to AM and AMA,
compared with NECs. Furthermore, AMA inhibited the
mobilization of endothelial progenitor cells stimulated by
VEGF.

There are some reports showing that AM is essential for
the growth of several cancers in vivo (12,23-25). We showed
that the intratumoral injection of AMA peptides suppressed
tumor formation by human pancreatic cancer cells in nude
mice (7) and that intramuscular injection of naked DNA-
encoding AMA almost completely suppressed tumor

1385

formation in mammary and pancreatic cancer cells in SCID
mice (8). In the present study, we showed that OS-RC-2, an
RCC cell line, expressed AM both under normoxia and
hypoxia (data not shown). This is consistent with previous
reports that AM is overexpressed in several cancer types.
Furthermore, we showed that OS-RC-2 tumor growth was
suppressed by injecting an AMA expression vector, even
when injected after the tumor grew to 4 mm in diameter. This
is very important in terms of cancer therapy, and these results
suggest that AMA could be used in the treatment of patients
at late stages of cancer.

To date, two possible mechanisms by which AM supports
tumor growth in vivo have been postulated. The first possibi-
lity is that AM directly promotes tumor proliferation and
survival. Several AM-overexpressing human carcinoma cell
lines exhibit enhanced growth in vitro and in vivo to a
varying degree (15,25). A recent report demonstrated that
AMA inhibited the proliferation and invasion of pancreatic
cancer cells expressing AM receptors in vitro (13). However,
we found that neither AM nor AMA affected the growth of
OS-RC-2 renal cancer cells in vitro, even though OS-RC2
tumor sizes in mice were clearly reduced by AMA. It was
suggested that the effect of AM on tumor growth may
depend on tumor cell type and that AM has no effect on the
growth of RCC cells.

The second possible mechanism is that AM promotes
tumor growth by stimulating angiogenesis. There have been
several reports suggesting that AM stimulates normal ECs
such as HUVECs to proliferate. However, there are also
controversial reports that the proliferation of rat ECs are not
affected by AM (24). In addition, there has been no study on
the direct effect of AM on TECs even though evidence is
accumulating that TECs differ from NECs, for example, in
terms of change in morphology, rate of cell proliferation,
gene expression and drug sensitivity (26).

We have described the isolation of TECs from human
tumor xenografts in nude mice (17) and showed that TECs
differed from NECs in many respects. Recent findings demon-
strated the enhanced responsiveness of TECs to EGF, asso-
ciated with a change in the expression of EGF receptor,
compared with that of NECs (27). Furthermore, TECs were
found to be cytogenetically abnormal (17,28). This prompted
us to hypothesize that TECs may differ from NECs in their
response to AM.

To address this question, we isolated TECs from a renal
tumor xenograft model in nude mice, in which we observed
an antitumor effect of AMA vector, and isolated NECs from
normal skin tissue as a counterpart for comparative analysis.
Interestingly, TECs differed from NECs in their response to
AM and AMA. Cell proliferation was more enhanced in
TECs than in NECs by AM. The proliferation of TECs
stimulated by AM was reduced by AMA to baseline, whereas
NECs were affected neither by AM nor AMA. Furthermore,
AMA inhibited VEGF-induced cell migration in TECs but
not NECs. To address the mechanism of the differential
response to AM between TECs and NECs, we analyzed the
expression levels of AM receptors in both TECs and NECs.
Comparative analysis of the expression profiles of the four
AM receptor family members showed that TECs expressed
CRLR and RAMP2, whereas NECs expressed neither of
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these. It may be that the differential response between TECs
and NECs to AM might result from the different expression
levels of AM receptors.

EPCs are currently considered a novel target for anti-
angiogenic therapy, as are TECs, since they play important
roles in tumor metastasis (29). It has been shown that tumors
mobilize bone marrow-derived EPCs, besides recruiting
neighboring blood vessels or ECs, and that EPCs migrate to
tumors and become incorporated into their developing vascu-
lature (30). Several anti-angiogenic drugs have been reported
to produce inhibitory effects on EPCs. EPCs are considered
to express CD133 and VEGFR2 (20). In the present study,
AMA inhibited the mobilization of VEGFR2*/CD133* cells
into circulation induced by VEGF. AMA may target EPCs
that are incorporated into tumor vessels and hence inhibit
tumor angiogenesis. These results indicate that AMA may be
effective in anti-angiogenesis therapy by specifically targeting
the tumor, but not normal vasculature.
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