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[CANCER RESEARCH 61, 2145-2153, March 1, 2001]

Angiopoietin-2 Is Related to Tumor Angiogenesis in Gastric Carcinoma:
Possiblein Vivo Regulation via Induction of Proteases

Tsuyoshi Etoh, Hiroshi Inoue, Shinji Tanaka, Graham F. Barnard, Seigo Kitano, and Masaki Mor?

Department of Surgery, Medical Institute of Bioregulation, Kyushu University, Beppu 874-0838, Japan [T.E., H.l., M. M.]; Department of Surgery I, Kyushu University,
Fukuoka, Japan [S. T.]; Division of Digestive Disease and Nutrition, University of Massachusetts Medical School, Worcester, MA [G. F. B.]; and Department of Surgery I,
Faculty of Medicine, Oita Medical University, Oita, Japan [T. E., S. K]

ABSTRACT (4, 5). Indeed, recent studies have shown that the incidence of me-
tastasis can be correlated with the number and density of blood vessels

Tumor angiogenesis progresses by a dynamic balance between umorj, preast Jung, prostate, esophageal, colon, and gastric carcinoma and

vascular regression and growth. Angiopoietin (Ang)-2 (the natural antag-

) . 2 ) melanomas (3-6).
onist for the angiogenic Tie-2 receptor) and vascular endothelial growth Th h b tudi tt tind to isolate th | |
factor (VEGF) are thought to be critical regulators in this process; there- eére have been many studies atiempting 1o 1solate the molecuiar

fore, these may play a critical role in cancer aggressiveness. The aim of Mediators of tumor angiogenesis. Until recently, most of the work in
this study was to clarify the clinical and biological significance of the the field has focused on polypeptide growth factors such as fibroblast
expression of Ang-2 in human gastric cancers and to investigate the growth factor and VEGF, which are mitogenic for E@svitro, and
relationship between Ang-2 together with VEGF and the induction of which produce an angiogenic respomse/ivo (7—10). Ang-1 and its
proteases such as matrix metalloproteinases (MMPs) in the process of naturally occurring antagonist, Ang-2, are novel ligands that regulate
tumor development. Eighty-five individuals with gastric cancer, who had  tyrosine phosphorylation of the Tie2/Tek receptor on ECs (11, 12).
undergone surgery without preoperative treatment, were studied. Astable proper regulation of Tie2/Tek is absolutely required for normal vas-
transfec_tant of the human MKN-7 gastrlc‘cancer cell Ilne_s with an Ang—2 cular development, seemingly by regulating vascular remodeling and
expression vector was used for the experimental study. First, we examined EC interactions with supporting pericytes/smooth muscle cells (12—

the relationship between the mRNA expression of Angs by Northern blot . .
analysis and clinicopathological features. High Ang-2-expression casesls)' Recently, it has been reported that the expression pattern of

showed more frequent vascular involvement and more advanced stages ofANg-2 is strongly as§0C|ateq with the expreSS|0n.0f VEGF in th?
disease compared with low Ang-2-expression cases (@ 0.05). With ~Process of tumor angiogenesis and, subsequently, in tumor expansion
regard to prognosis, the survival time for patients in the high-Ang-2 (16-19).

mRNA group was significantly shorter (P < 0.05). When we examined the ~ Angs are mainly produced by ECs and pericytes, and their receptor
localization of Ang-2 in human gastric cancers, immunohistochemical Tie2/Tek is also expressed in ECs and partly in hematopoietic cells
analysis revealed that this protein was expressed predominantly in cancer (13). In particular, Ang-2 is expressed in ECs of tumor-associated
tissues when compared with normal tissues. Interestingly it was expressed yassels (18, 20). Therefore, Angs, especially in the Ang-2 and Tie
not only in endothelia cells (ECs) but also in cancer cells. Second, Ang-2- system, may act via an autocrine manner in ECs in tumor angiogen-
transfected cells were implantedn vivo into the gastric walls of nude mice. esis. However, we have recently found that hypervascular hepatomas
Ang-2-transfectant mice developed highly metastatic tumors with hyper- = ™ ’ . . .
vascularity as compared with MKN-7 or control vector-transfectant tu- W'th ab_errar_]t vasculature show high levels of Ang-2 expression 'r_]
mors. There was a significant correlation between Ang-2 mRNA expres- their epithelium, and Ang-2-transfected human hepatocellular carci-
sion and lower grade of vessel maturation. Third, on the basis of thin ~Noma cells may contribute to tumor development and extensive hem-
vivo data, we focused on production of proteases such as MMPs to orrhage in nude mice (21). With respect to gastrointestinal tumors,
investigate possible mechanisms in these processes. MMP-1, MMP-9, andthere have not been any studies that establish a causal role for Angs.
urokinase-type plasminogen activator in ECs were strongly up-regulated In this study, to define a putative role for the Ang/Tie2 system in
by Ang-2 in the presence of VEGFin vitro. These data suggest that gastric cancer angiogenesis, we investigated the expression pattern of
production of Ang-2 is implicated in tumor development in human gastric  Angs and its clinical significance. On the basis of the clinical results,
cancers. Its production may contribute to tumor gngiogenesis by induction we examined further the biological behavior of Ang-2 stably trans-
of proteases in ECs, which may be enhanced in the presence of VEGF. fected human gastric cancer cells in culture and after orthotopic
implantation into nude mice. We focused especially on the role of
proteases such as MMPs with regard to the possible mechanism

Several studies suggest that solid tumor growth to a clinicall@sulting in hypervascular conditions induced by Angs in tumor
relevant size depends on an adequate blood supply (1-3). Solid tun®StgI0genesis.
recruit blood vessels from neighboring tissue by angiogenesis with the
sprouting of capillaries from preexisting vessels_ that mlgrat_e into ”ﬂﬁATERIALS AND METHODS
tumor and form a new vascular network. To stimulate angiogenesis,
tumors secrete growth factors that act on BQt.is thought that  Animals and Cell Cultures. These experiments used male athymic
the resulting neovasculature supports tumor expansion and metastaais/c nude mice (4 weeks of age). The human gastric cancer cell lines
AZ521, NUGC3, SOH, NS, MKN-1, and MKN-7 were obtained from Tohoku
Received 6/12/00; accepted 1/2/01. Institute and maintained in RPMI 1640 supplemented with 10% FBS at 37°C

The costs of publication of this article were defrayed in part by the payment of pagea 5% humidified CQ atmosphere. HUVECs were obtained from Dainippon
charges. This article must therefore be hereby maddartisemenin accordance with  Pharmaceutical Co., Ltd. (Osaka, Japan) and maintained in gelatin-coated

INTRODUCTION

18 U.S.C. Section 1734 solely to indicate this fact. . _dishes (Falcon Laboratories, McLean, VA) in MCDB 131 medium (Life
This study was supported in part by the Ministry of Education, Culture, and Smen(fe hnolodi | Rockville. MD taining 10% EBS
of Japan (Grants 11139252, 10470260, and 10671198). echnologies, Inc., Rockville, MD) containing 10% :

2To whom requests for reprints should be addressed, at Department of SurgeryClinical Samples. Fresh surgical specimens were obtained from 85 pa-
Medical Institute of Bioregulation, Kyushu University, 4546 Tsurumihara, Beppu 874ients with primary gastric cancer and their paired adjacent normal gastric
0838, Japan. Phone: 81-977-27-1650; Fax: 81-977-27-1651; E-mail: mmori@tsurumi.
beppu.kyushu-u.ac.jp.
SEC, endothelial cell; VEGF, vascular endothelial growth factor; Ang, angiopoietimgverse transcription-PCR; VWF, von Willebrand factor; uPA, urokinase-type plasmino-
MMP, matrix metalloproteinase; FBS, fetal bovine serum; GAPDH, glyceraldehyde-8en activator; SMA, smooth muscle actin; PAI, plasminogen activator inhibitor; CM,
phosphate dehydrogenase; HUVEC, human umbilical venous endothelial cell; RT-P@Bnditioned medium.
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mucosa. They had undergone surgery at the Department of Surgery, Medibed on the anterior wall of the stomach by a superficial serosal suture with
Institute of Bioregulation, Kyushu University (Beppu, Japan) from 1988 t6-0 propylene (Ethicon, Somerville, NJ). Parent MKN-7 tumors and control
1997. None of these patients received preoperative treatment such as radiatemtor-transfected MKN-1 tumors were used as controls. Nude miee12)
and chemotherapy, although, 28 patients received postoperative adjuvaete analyzed for histological examination or detection of mMRNA of tumor at
chemotherapy. Data concerning patient outcome, including overall survivalveeks after implantation. The macroscopic number and size of metastases to
and development of metastases, were available for all 85 patients, and Ithwg, liver, mesentery, other abdominal organs, and lymph nodes were eval-
observation periods ranged from 6 months to 105 months (the median foated.
low-up period was 42.1 months). Of 85 patients, 15 had died as a result ofin Situ Hybridization. Paraffin sections from 30 samples of human gastric
recurrence. cancer were studied. Antisense RNA probes were generated using SP6 RNA
RT-PCR and Northern Blot Analysis. Total RNA was extracted using the polymerase and labeled with immunofluorescence using an RNA color kit
acid guanidine phenol chloroform method, then DNase treatment and {#enersham International) as described (25). Sense probes were used as the
reverse transcriptase reaction was as described previously (21). Each rieljative control.
coding sequence @tng-1or Ang-2was obtained by RT-PCR and confirmed, Immunoblot Analysis and Immunohistochemistry. To evaluate the pro-
with no mutation documented using sequence analysis. As shown in Tableeln, Western blot analysis was performed using a polyclonal antibody against
all primers for PCR amplification, including Ang-1, Ang-2, VEGF, and Tie-2Ang-1 or Ang-2 (Santa Cruz Biochemicals) as described previously (24). Next,
proteases and their inhibitors, are listed. PCR amplification was performed fordetermine the localization of Ang-1, Ang-2, Tie-2, and proteases including
25 cycles under the following conditions: (a) denaturing at 95°C for 1 min; alfdMP-1, MMP-9, and uPA in cancer tissue specimens, an immunohistochem-
(b) polymerization at 72°C for 1 min. Each annealing condition for amplifiical analysis was performed as described previously (24). ECs were detected
cation of these cDNAs is included. by VWF antibody (DAKO, Kyoto, Japan), and vascular smooth muscle cells or
RNA extraction and Northern blot analysis were performed as describpdricytes were detected by-SMA antibody (Sigma). Antibodies against
(22). In brief, total cellular RNA was isolated from cell lines and surgicaMMP-1, MMP-9, and uPA were purchased from Fuji Chemical Industries
specimens, electrophoresed in formaldehyde-agarose gels, transferred to(fgkaoka, Japan). These proteins were detected using the avidin-biotin-perox-
bond N nylon filters (Amersham International), and then hybridized witidase method (LSAB Kit; DAKO, Kyoto, Japan). Furthermore, these enzymes
a->%P labeled by random priming cDNA probes féng-1, Ang-2, VEGF, were also detected using immunofluorescence microscopy.
Tie-2, proteases and their inhibitors, aodtsl, which were generated by Microvessel Count and Vessel Maturation Index. The microvessel count
RT-PCR. Filters were exposed to autoradiography for 2 h, and the mRN#as quantitatively examined as described previously (26). The fraction of
levels were quantitated using a Bio-Image analyzer BAS 1000 and correct#dod vessels found to be associated with hetBMA-positive periendothelial
by the levels of GAPDH as a control. cells and vWF-positive ECs was defined as the vessel maturation. This
Transfection Assays and Production of Stable Cell LinesEndogeneous measure was determined by scoring blood vessels larger than capillaries (i.e.,
mRNA expression of both Ang-1 and Ang-2 were not detected in the humaassels containing a lumen large enough for several erythrocytes), because
MKN-7 gastric cancer cell line. Each Ang-1 and Ang-2 cDNA were subclonethpillaries are sparsely coated by pericytes and, therefore, may falsely appear
into a pcDNA3 vector (Invitrogen) and transfected into the cell line by thas uncovered in these sections. Quantification of the type of vessel in several
lipofection method (Life Technologies, Inc.) as described (21). Subsequenthjgh-power fields of each tumor specimen allowed the assignment of a vessel
stable transfectants were selected with 8aml of G418 treatment. Two maturation index to each tumor.
clones of MKN-7 cells, expressing abundant Ang-2 mRNA, and 2 clones of Coculture Assay of HUVECs and Ang-1- or Ang-2-Transfectant
MKN-7 cells, expressing abundant Ang-1 mRNA, were used for the subsdKN-7 Cells with or without Exogenous VEGF. In this study, 1x 10 or
guent experiments. A mock-transfected clone of each cell line was used for thex 10° HUVECs were cultured in two-chamber, six-well plates (Falcon
subsequent experiments. Laboratories, McLean, VA). After HUVECSs attached to the lower chamber,
Invasion and Proliferation Assays. The invasive potential of the Ang- the medium was changed to RPMI 1640 without FBS used as a CM. Ang-1-
transfected MKN-7 cells was determined using a modified two-chamber ior Ang-2-transfectant MKN-7 cells (X 10°) were incubated in the upper
vasion assay as described (23). Briefly, six-well transwell plates withjam8- chamber with an §:m pore size for 12, 24, and 48 h. Furthermore, these
pore size were coated with gelatin. Cells on the lower side of the membrasenditions were divided into two subgroups: with or without recombinant
were stained and counted. Furthermore, we performed proliferation asshyman VEGF 165 (R&D). Concentrations of recombinant VEGF added into
using tritiated-thymidine (.Ci; NEN, Boston, MA) as described previously the supernatant of cocultured medium ranged from 10 to 100 ng/ml. After
(24). Cells (3x 10°) were seeded on 24-well plates and cultured in RPMI 1646oculture with Ang-1- or Ang-2-transfectant, HUVECs were harvested and
in the absence or presence of FBS. The medium was changed every 48 hua#d for additional examination.
experiments were performed in triplicate. Statistical Analysis. The BMDP Statistical Package program (BMDP, Los
Implantation of Tumor Tissues into Subcutis and Gastric Wall of Mice.  Angeles, CA) for the main frame computer (4381; IBM, Armonk, NY) was
To investigate the tumorigenicity and biological effect of Ang-2 expression imsed for all analyses. Associations between the variables were tested by
MKN-7 cells, we injected Ang-2 transfectant cells110% in 50 ul of PBS  Student'st test or by Fisher’s exact probability test. The BMDP PIL program
into the subcutis of nude mice. Tumors in the exponential phase were reseeted used for survival analysis (Kaplan-Meier method) and for testing the
and necrotic tissue was removed. The viable tumor tissue was cut into pieegsality of the survival curves (Mantel-Cox method). The BMDP P2L program
2 mm in diameter. Under anesthesia with diethylether, the tumor piece waas used for multivariate adjustments for some covariates, simultaneously,

Table 1 Primers and PCR products of genes

Gene Upper primer (5'to 3’) Lower primer (5'to 3') Product size (bp) AT? (°C)
Ang-1 ATGACAGTTTTCCTTTCCTTTGC CAGCTTCTCCGGATTTCTTTGT 550 55
Ang-2 GGAAGAGCATGGACAGCATAGGA GCCATTTGTGGTGTGTCCTGATT 821 56
Tie-2 CCACCATCGAGCGGCATCTACA TTGATCCGGGGCATCGTCTCTAA 554 62
VEGF ATGACAGTTTTCCTTTCCTTTG CAGCTTCTCCCGGATTTCTTTGT 520 60
MMP-1 GGACTCTCCCATTCTACTGAT CCTTCTTTGGACTCACACCAT 561 56
MMP-2 CGGAAAAGATTGATGCGGTAT CAGTGAAAAGCCAGGGGTCTG 325 56
MMP-7 CGACTCACCGTGCTGTGTGCT TCAGAGGAATGTCCCATACCC 455 56
MMP-9 CCCTTCACTTTCCTGGGTAAG CATCTTCCCCCTGCCACTCC 620 56
MT1-MMP GGGTCATCTGCTCCTTTTCCA TCCTTTCTCTGGCTGCCCTAC 350 56
uPA TTCTCTGCGTCCTGGTCGTGA CTCCGGTTGTCTGGGTTCCTG 361 58
PAI-1 TTGGTGAAGGGTCTGCTGTGC GCTGCCGTCTGATTTGTGGAA 602 60
TIMP-1 GGCTGGGATAGACACCAATG CCCTGGAAGGAACCTCACAA 360 56
TIMP-2 CTGAAGAGCATTTGGGGTCC ATGGCCTTAGCCTTAGACTGAA 480 56

2 AT, annealing temperature.
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Table 2 Expression of Ang-1, Ang-2, and Tie-2 mRNA in 85 paired cases of gastrimo significant correlation between the levels of Ang-1 mRNA or Tie-2
cancer and adjacent noncancerous tissues by Northern blot analysis compared wi ; ; : Ao
GAPDH mRNA tPQRNA expression and sur.wval time (data.not shown). In a multlva

riate analysis for prognosis, parameters included vascular involve-

ment, lymph node metastasis, clinical stage, postoperative adjuvant

Average mRNA expression

Ang-1 Ang-2 Tie-2 chemotherapy, and Ang-2 mRNA expression. This analysis demon-
Tumor tissue 2.5:1.2 5.6+ 1.8 41+ 1.2 strated that high Ang-2 mRNA expression was not an independent
Normal tissue 1#09 14x 05 15x11 prognostic factor (Hazard ratio, 1.54; 95%Cl, 1.01-2.15).

*P < 0.05versusnormal tissue. Meart: SD. On the basis of the above results, it was noted that Ang-2 might be

an important factor in tumor aggressiveness in gastric cancer. Thus we
focused on the possible role of Ang-2 in tumor tissue. First, we

Ciise 1 2 3 4 performed immunohistochemistry to evaluate the localization of

T N T N T N T N Ang-2 in 65 gastric cancer tissues. We used a cultured EC line
(HUVECS) as a positive control and the cultured gastric cancer cell

Ang-1 h A el o b b o line MKN-7 as a negative control for the use of Ang-2 antibodies. As

a result, Ang-2 was found to be expressed not only in ECs but also in
cancer cells (Fig. 3A—E). Ang-2 was detected in cancer cells of both
o intestinal and diffuse types of gastric cancer not forming a solid mass.
Ang:2 . — . - . - ' - Usingin situ hybridization, transcripts of Ang-2 were found in cancer
epithelial cells (Fig. 3F andG). In addition, there was a significant
. i association between Ang-2 mRNA and VEGF mRNA expressions in
Tie-2 . - . - - - cancer tissues by Northern blot analysis using Studéte'st (data not

shown).

Fig. 1. Four representative cases of Northern blot analysis for Angs and Tie-2. Thable 3 Association between clinicopathological features and Ang-2 mRNA expression
expression of Ang-2 and Tie-2 in tumor tissue (T) was greater than in normal tissue (N). of tumor tissues in human gastric carcinoma
GAPDH mRNA levels served as the internal control.

Variables n Ang-2 mRNA expressich P
Sex NSP
+
with Cox’s proportional hazards model. Model selection was performed using '\FA:rlﬁale gg ?g; gg
the forward stepwise method. All statistical differences were deemed signifi- Histology NS
cant at the level oP < 0.05. Intestinal type 40 42+53
The histopathological type and staging of gastric carcinomas were classified_ Piffuse type 45 51x12
on the basis of the criteria set up by the Japanese Society for Cancer of thgerosal nvasion NS
p by p ty Present 37 52+3.1
Stomach (27). Absent 48 6.2+ 25
Vascular involvement P < 0.05
Present 32 7.8+32
RESULTS Absent 53 35+13
o o ) ) ) Lymphatic involvement NS
Clinical Significance of Expression of Ang-2 in Human Gastric Present 45 6.1+ 26
Cancer. To assess a critical role of Angs as modulators of tumor Ly’r*n?hezto de metastasis 40 85%22 NS
angiogenesis in human gastric cancer, the mRNA expression of AnNgs present 51 75+1.2
and their receptor, Tie-2, in tumor tissues and adjacent normal mucosa Absent 34 55%32

: ; i atrib HAn Stage P < 0.05
was examined by Northern blot analysis. In addition, the distribution =755 a2 45+292

and cellular localization of these proteins were examined by immu- 3, 4 43 7.1+ 3.4
nohistochemistry. mRNA expression levels of Ang-1, Ang-2, and @Mean=+ SD.

Tie-2 were increased in human gastric cancers. Of these, the mRNANS, not significant.

expression level of each the Ang-2 and Tie-2 in tumor tissues was
significantly higher compared with that in normal tissues (Table 2).
Fig. 1 shows representative cases. In particular, the expression of
Ang-2 mRNA in 75% of the 85 cases was greater in tumor tissue (T)
than normal tissue (N). The average levels of Ang-2 mRNA expres-
sion in groups showing increased vascular involvement and advanced &
stage were significantly higher than those of the other groups (Table 2

3). However, there was no significant correlation between each level E 50
of Ang-1 mRNA, Tie-2 mRNA, and clinicopathological features (data g

(%)

100 — Ang-2 low expression group

75
Ang-2 high expression group

not shown). 2
In practical evaluations, we set several cutoff values for these Cox-Mantel test
- ; . P=0.039
MRNA expression levels in tumor tissues. We selected the average as
the most appropriate cutoff value, as shown in Table 2. Using these 0 1 L L L 1
1 2 3 4 5 (Years)

averages, we classified expression into two groups: a high group

(n = 43) and a low group (n= 42). With regard to prognosis, a Survival Time

difference in survival time was significant between the high Ang-2 Fig. 2. Overall survival of patients with human gastric carcinoma with regard to Ang-2
. s mRNA expression in tumor tissues. A difference in survival time was significant between

mRNA-expressmn group and the low Ang-2 mRNA-expressmn groyy high-Ang-2 mRNA expression group 143) and the low-Ang-2 mRNA expression

(P < 0.05; Mantel-Cox method; Fig. 2). On the other hand, there wasup (n= 42; P < 0.05; Mantel-Cox method).
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Fig. 3. Immunohistochemical staining amdsitu hybrid-
ization for Ang-2 in human gastric cance/sandB, Ang-2
was expressed not only in ECs but also in cancer cells in the
diffuse type of gastric canceC and D, in another case,
Ang-2 was expressed mainly in the cancer cells in the intes-
tinal type of gastric cancer, especially at invasive areas, and
it was also detected in the stromal cels. Ang-2 was not
detected in normal gastric mucosk, similarly, Ang-2 E F
mRNA expression was detected in gastric cancer cell®by ¢
situ hybridization. G, Ang-2 was not detected in gastric T Y
cancer cells using a sense probe. Original magnificati®0
(C andE); x40 (A,D, andE); andx80 (B,F, andG).

& i ,' “ 3 /
k. F . f ; i
£ /51 7
{ ‘( 4 e
.
? 4* 3 ' 5
5 - - o
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i ¥ ¥ 3 pe A
$ S ¥4
} ' : "'

Biological Significance of Ang-2 Expression in Gastric Cancer and the evaluation of Ang-1 protein were performed similarly (Fig.
Cells. We then investigated whether transfection with Ang-2 intdA, left).
gastric cancer cells affects their biological behavior. In brief, we Using proliferation assays, we next analyzed whether Ang-2 trans-
examined the expression of Ang-1, Ang-2, and their receptor, Tief2ction stimulates thén vitro growth of gastric cancer cells. Under
in several gastric cancer cell lines and HUVECs. Among these celtgth serum-free and serum-containing conditions, growth of the cells
MKN-1 and MKN-7 gastric cancer cells expressed neither Ang-iias not affected by transfection with Ang-2 (Fid3)4 These findings
MRNA nor Ang-2 mRNA. Tie-2 mRNA was only expressed inthus demonstrated that the addition of exogenous Ang-2 did not alter
HUVECSs. Shown in Table 4, the mRNA levels of six gastric cancezell proliferation of the gastric cancer cell lines. Furthermore, invasion
cell lines and the EC line used in this study are listed. We used thssays revealed that addition of exogenous Ang-2 did not alter cell
MKN-7 cell line for additional experiments. First, we transfecteéhvasiveness of the gastric cancer cell lines (data not shown). After
Ang-2 expression vectors into MKN-7 gastric cancer cells and seansfected cells were injected into the subcutis of nude mice, tumors
lected stable clones. Ang-2 mRNA expression and protein express@ising from Ang-2-transfected MKN-7 cells developed large and
were confirmed by Northern and Western blot analyses, respectivetyarked hemorrhages compared with tumors from mock-transfected
Western blot analysis showed that Ang-2 protein was found in celones (Fig. 4Ca andc). There was a significant association between
lysates of transfected MKN-7 cells and in the supernatant of cultur@ag-2 expression and macroscopic tumor groimtiivo (Table 5). To
medium (Fig. 4Aright). With regard to Ang-1, transfection assaysnvestigate the organ-microenvironment influence on tumor growth
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Table 4 mRNA expression of Angs and Tie-2 in gastric cancer cell lines and HUVEGsansfectant tumors (Fig. 40d). Its receptor, Tie-2, was only ex-
The levels of mMRNA were examined by Northern blot analysis and standardized pyessed in ECs at sites surrounding the cancer cells (Bige}

GAPDH mRNA. . . ) } . .
Finally, we investigated whether the increased tumorigenesis and
Average MRNA expressiéh metastasis of the tumors were associated with increased angiogenesis
Cell line Ang-1 Ang-2 Tie-2 and vessel maturation. For examination for microvessel counts, tumor
MKN-1 NDP ND ND vessel density in the tumors derived from Ang-2 transfectants was
MKN-7 ND ND ND significantly higher than that of the mock-transfected tumors (Table
AZ521 0.8+ 0.4 ND ND | he relationship b . ¢ 2 and
NUGC3 ND 13+ 08 ND 5). Next, to eva.uat.et e relationship between expression o Ang-2 an
SOH 15+ 1.1 ND ND vessel maturation in these tumors, we determined the vessel matura-
NS ND 0.9+05 ND PSR ) : ; :
HUVECS 12405 21510 28t 11 tion index, c_igfmed as the fraction of_vessels that are assouat.ed with
=Mean= SD a-SMA-positive cells around ECs (Fig. B andB). The maturation

b ND, not detected. index in the primary and metastatic liver tumors resulting from the
Ang-2 transfectants was significantly lower than that of parent and/or
control vector-transfected cell tumors (FigCh

and metastasis, tumors were then transplanted into an orthotopic sitdng-2 Together with VEGF Induces Expression of MMPs and
(gastric wall) of nude mice. Ang-2-transfected cells formed tumors HPA in ECs. To characterize the morphological and biological dif-
10 of 12 nude mice, whereas mock-transfected clones formed tumf@#ences between the tumors arising from Ang-2-transfected cells and
in 2 of 12 nude mice. We also found peritoneal dissemination afi@ock-transfected cells or parent cells, we focused on the role of
liver metastasis of tumors only in the Ang-2-transfectant group (Figroteases, such as MMPs, uPA, and tPA and their inhibitors, such as
4C, d and e). Immunohistochemical examination of the tumors ddissue inhibitor of metalloproteinase-1 and -2 and PAI-1 and PAI-2, in
rived from Ang-2 transfectants revealed that a huge mass was fornteeise tumors. The principal role of MMP activity is thought to be to
in the subserosal space of the gastric wall (FiB, 4 andb). In remove the extracellular matrix constituents of mature vessel walls
addition, Ang-2 was strongly expressed in cancer cells and also pariyd to allow EC migration. Furthermore, because it is considered that
expressed in ECs at sites surrounding the cancer cells (Big)40n VEGF acts as a key mediator for proliferation, migration, and survival
the other hand, Ang-2 was not detected in cancer cells of the modk-ECs, we investigated how collaboration with Angs (in particular,

A B

3

% B

s b
,g'T'T
E T
£ %%

Ang-2 MKN-7 tr CM

£
3
gﬁ
te
5 %
g 5

Cells (10%)

Fig. 4. Biological characteristics of Ang-2-transfected tuméssAng-1 or Ang-2 protein expression in cell lysates or CM with Ang-transfected MKN-7 cells using Western blot
analysis;tr, transfectantB, in vitro growth of MKN-7 cells, transfected with th&ng-2gene, in the presence of FBS. Cell number was counted in triplicate cultures. This is one
representative experiment of thre@, implantation of Ang-2-transfected MKN-7 cells or mock-transfected MKN-7 cells into s.c. tissues of BALB/c nude mice. A representative
example of tumor development derived from Ang-2-transfected MKN-7 cells (a); mock-transfectant (b); and transitional slices of resected specimens (c, Ang-2 leéthsfiectant,
right). Ang-2-expressing MKN-7 cells developed markedly hypervascular tumors (d); Ang-2-expressing MKN-7 cells developed tumors of metastatic potential. Liver metastasis and
peritoneal dissemination in nude mice inoculated into the gastric wall with Ang-2-transfected MKN-7 cells, liver metastasis (1); implanted primary gastric cancer (2); and peritoneal
dissemination (3). Severe hemorrhage was found in these liver metastatic tumarsifenunohistochemical staining for Ang-2 and Tie-2 in Ang-2-transfected tumors. Sections of
implanted primary tumor of the stomach by H&E staining show a huge mass formation in the subserosal space of the gastaodill fang-2 was strongly detected in cancer
cells and also detected in stromal cells (c); Ang-2 was not detected in cancer tissues of the mock-transfectant tumors (d); Tie-2 was detected only in ECs of Ang-2-transfected tumor
(e). Insetshows a higher magnification of Tie-2-positive cells. Original magnificatiod0 (D, a); x40 (D, b, c, d, ande); andx80 (D, c; inset).
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Table 5 Analysis of Ang-2 transfected tumors in MKN-7 cells co-opted vessels adjacent to the tumor cells (16, 18). It is considered
The Zﬂ\}ency of tumor appear%nce isb4 wk Iafter implami'ﬂion- Tum?r size (me#d)  that the intense autocrine expression of Ang-2 by ECs in tumor-
resected from mice is expressed in cubic volume. Vascularization of tumors is expres, . . . .
as the number of capillaries/field as described in “Materials and Methods.” 3%%00|ated vessels contributes to tumor expansion. In this StUdyv we

investigated the patterns of Ang-2 expression in clinical samples of

Cell line n Tumor size (mri Vessel count . . . . . .
5 | s o5 8( ) 621 gastric carcinoma by immunohistochemistry. We determined that
arental * 6* 2. . - .
Mock 12 166+ 7 73425 Ang-_2 was expressgd not only_ln EC_s in tumor-as_souated_ vessels, but
Ang-2 transfectant 12 546+ 107 20.1+ 7.9 also in cancer cells in both the intestinal type forming a solid mass and
2P < 0.05versusparental or mock. in the diffuse type of gastric cancer not forming a solid mass. This

result suggests that Ang-2 derived from cancer cells may undergo the
regression of tumor-associated vessels and robust angiogenesis.
Ang-2 and VEGF) during tumor angiogenesis affects the induction of To assess the biological role of Ang-2 in the tumor angiogenesis of
MMPs and their inhibitors in the tumors. In coculture assays, Angdastric cancer, we performed transfection experiments and analyzed
and Ang-2 proteins were detected in culture medium from Ang-1 8te tumorigenicity and metastatic potential of Ang-2 transfected into
Ang-2 transfectants, respectively (FigA¥ VEGF protein was also MKN-7 cells in nude mice. As a result, Ang-2-expressing MKN-7
detected in culture medium and subsequently in CM with addeells developed tumors with a highly metastatic potential with hyper-
recombinant VEGF (10, 50, and 100 ng/ml) from parental MKN-vascularity. The initiation of new-vessel formation needs destabiliza-
cells (Fig. 6A). Fifty ng/ml of recombinant VEGF was added into th#ton of the mature structure of vessels and, subsequently, degradation
coculture medium. of the extracellular matrix surrounding ECs. Vessels that are formed
First, we examined the induction of mRNA expression of MMP# the marked hypervascular tumors producing Ang-2 tend to be
and their inhibitors in ECs in the presence or absence of eachimimature. In fact, the immaturity of the vessels and the microvascular
Ang-1, Ang-2, or VEGF and in various combinations in CM bycounts in these tumors were significantly associated with Ang-2
Northern blot analysis. Among these MMPs and their inhibitorgroduction. However, it has not been clarified how the process from
MMP-1, MMP-9, and uPA were significantly up-regulated by Ang-Zlestabilization of vessels to degradation of the extracellular matrix is
in the presence of VEGF compared with other conditions, but theggulated. In this study, we focused on proteinases that are required to
were not significantly up-regulated by Ang-1 or Ang-2 alone condegrade the extracellular matrix (32-36). We investigated whether the
pared with control (Fig. 6B andC). Next, we examined the cellular expression of proteases of ECs in tumor angiogenesis was regulated
expression and distribution of MMP-1, MMP-9, and uPA in ECs by Ang-2. We also evaluated the influence of VEGF on the role of
immunofluorescence microscopy. Similar to the mRNA expression 8nhg-2, because there was a significant correlation between mRNA
these enzymes, they were strongly induced only by Ang-2 in tiexpression levels of Ang-2 and VEGF in tumor tissues of human
presence of VEGF (Fig. 6D). Finally, mRNA expression of c-Etsgastric cancer. In ECs constitutively expressing the Tie-2 receptor,
which is a promoter of MMP-1, MMP-9, or uPA, was examined bynRNA and the protein expression of MMP-1, MMP-9, and uPA were
Northern blot analysis (Fig.A). The mRNA expression of c-Etsl in
ECs was up-regulated by Ang-2 in the presence of VEGF (F&j. 7
In addition, different cell numbers of HUVECs did not influence the C
fold induction of the proteases and c-Ets1 mRNA expression.
§n
volvement and advanced stage, but neither Ang-1 or Tie-2 we g‘ a
significantly associated with clinicopathological features. With regard _. ) . .
: . . R Fig. 5. Most blood vessels in the Ang-2-transfected tumors are immature. Serial
to prognosis, the high Ang-2-expression group showed a significantlitions of Ang-2-transfected tumors stained with anti-vWF (A) andcastdA (B)
worse prognosis. showed only fewr-SMA-positive vessels. Original magnification40.C, comparison of
Recently, it has been reported that many tumors rapidly co-dJf/2Lon o beeen A  ienstciant ane ontol vessei e Do el
existing host vessels to form an initially well-vascularized tumaiositive vessels is presented. For comparison, the maturation index of Ang-2-expressing
mass, and Ang-2 plays an important role in the process (17, 31)_pmnary_and metastatic liver tumors was significantly lower than that of non-Ang-2-
tumors forming a solid mass, such as glioblastoma or astrocytorﬁéotressmg tumors_. Averages of five high -power fields in Ang-2-transfected (primary angi
astatic), mock-transfected, and MKN-7 (parent) tumors were 35, 45, 78, and 85%
Ang-1 is expressed in tumor cells and Ang-2 is strikingly induced ispectively: and+*, P < 0.05.
2150

DISCUSSION
75 —

The role of Angs in tumor angiogenesis has not been clarifie g
although many critical roles for VEGF in gastric carcinoma have be!
reported (8, 28, 29). Similar to VEGF, the specificity of the Angs fo **
the vascular endothelium is ascribed to the distribution of its recept
Tie-2, which is present on these cells. It has been reported that Ti
expression is associated with advanced grade in breast carcinC gy i
(30). However, the relationship between the levels of expression ‘+
Angs and tumor aggressiveness in clinical samples has not be
studied, although its expression pattern in tumor tissueinksitu .
hybridization was examined (18). In this study, mRNA expressio - "
levels of both Ang-2 and Tie-2 in tumor tissues were significantl =~
higher compared with normal tissues. These results suggest that :
Ang/Tie-2 system may play an important role in gastric carcinom:

Our study of the relationship between clinicopathological features a
the expression of Angs and Tie-2 disclosed that high Ang-2 mRN
expression was significantly associated with increased vascular &

50 | T

% SMA positive
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Fig. 6. Enhancement of expression of MMPs, MMP-inhibitors, uPA, and PAI-1 in ECs by Angs derived from transfectants and exogenois &gp@#ssion of VEGF protein
in CM with MKN-7 cells with or without exogenous VEGF. VEGF protein was weakly detected in the supernatant of MKN-7 cells alone, whereas, it was strongly detected in CM
from MKN-7 cells in the presence of exogenous VEGF (10—100 ng/ml). In particular, VEGF was markedly detected using concentrations of VEGF abovB 80d@/mkpression
of mMRNAs for MMPs, MMP-inhibitors, uPA, and PAI-1 in ECs by Ang-1, Ang-2, and VEGF (50 ng/ml) alone or in combination, by Northern blot analysis. Among these MMPs and
their inhibitors, MMP-1, MMP-9, and uPA were significantly up-regulated by Ang-2 in the presence of VEGF compared with the other conditions. They were not significantly
up-regulated by Ang-1 or Ang-2 alone compared with control. In addition, up-regulation of MMP-1, MMP-9, and uPA mRNA expression was inhibited by the presence of both Ang-1
and Ang-2. The mean of three experiments is shonimmunohistochemical staining for MMP-1 @ndb), MMP-9 (candd), or uPA (eandf) in ECs. Similar to the mRNA
expression, these enzyme proteins were enhanced by Ang-2 in the presence of VEGF. VEGF alone was added in cultured medium of MKN-7 cells uskthas,andajfo/EGF
was added in cocultured medium containing Ang-2dbandf). *, P < 0.05 compared with medium alone; andR#< 0.05 compared with other conditions.

significantly up-regulated by Ang-2 in the presence of VEGF; isommon promoter regions such as c-Ets1 (37, 38). It has recently been
contrast, these were not significantly up-regulated by Ang-1 or Angr2ported that Tie promoter activity is also controlled by EC Ets factors
alone. On the other hand, the expression of these enzymes was(86). We therefore consider that Ets-1 may play a key role in tumor
significantly altered in cell lines lacking Tie-2 expression, such as tlamgiogenesis via the Ang/Tie system. We hypothesized that the sig-
Ang-1 or Ang-2 transfectants. The different protease expression pa#&ling by Ang-1 via the Tie-2 receptor may act as a negative regulator
tern between ECs and Tie-2-nonexpressing cells is ascribed to tiiec-Ets1 activity and result in the suppression of the production of
Ang/Tie-2 pathway. These properties suggest that induction of pritrese proteases; once Ang-2 blocks the activation of Tie-2 by Ang-1,
teases in ECs by Ang-2 together with VEGF during tumor angiogesubsequent c-Etsl activity may be increased. In fact, c-Ets1 mRNA
esis could be partly regulated not only in an autocrine manner but akesqression in ECs was significantly up-regulated by Ang-2 in the
in a paracrine manner via the Ang/Tie-2 pathway. presence of VEGF by Northern blot analysis. Interestingly, up-regu-
Why does Ang-2 require the presence of VEGF to induce thekgion of MMP-1 and MMP-9, uPA, or c-Ets1 mRNA expression by
proteases compared with Ang-2 or VEGF or Ang-1 alone? BecauArg-2 was inhibited by Ang-1. This result suggests that Ang-1 com-
Ang-2, unlike Ang-1, cannot induce autophosphorylation of the Tief2tes with Ang-2 for up-regulation of these enzymes via c-Ets1. The
receptor in human ECs, Ang-2 is considered to inhibit Ang-1/Tieidle of VEGF in tumor angiogenesis is to activate c-Etsl and, in
activity. Induction of MMP-1, MMP-9, and uPA is regulated byaddition, to promote the proliferation and cell growth of ECs (37, 40,
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41). On the other hand, Ang-2 could induce metalloproteinases & Saito, H., Tsujitani, S., Kondo, A., Ikeguchi, M., Maeta, M., and Kaibara, N.

degrade vessel basement membranes via activation of c-Ets1. Furthe'l_zxpression of vascular endothelial growth factor correlates with hematogenous re-
. . . . currence in gastric carcinoma. Surgetg5: 195-201, 1999.

more, this induction might be enhanced in the presence of VEGF. TR weidner, N.. Folkman, J., Pozza, F.. Bevilacqua, P., Allred, E. N., Moore, D. H.,

implication is that VEGF acts as a powerful promoter of tumor Meli, S., and Gasparini, G. Tumor angiogenesis: a new significant and independent

angiogenesis and results in tumor progression, and Ang-2 acts as afrognostic indicator in early-stage breast carcinoma. J. Natl. Cancer84s1875—
S . . . . 1887, 1992.
initiator to begin neovascular formation. In malignant diseases such,gs\yeidner. N.. Carroll, P. R., Flax, J., Blumenfeld, W., and Folkman, J. Tumor

gastric carcinoma, the dynamic balance between Ang-2 and VEGF angiogenesis correlates with metastasis in invasive prostate carcinoma. Am. J.
might be impaired. Thus, overexpressed Ang-2 together with VEGF Pathol.,143: 401-409, 1993.

f : : : 1. Davis, S., Aldrich, T. H., Jones, P. F., Acheson, A., Compton, D. L., Jain, V., Ryan,
derived mainly from cancer cells might promote tumor angloqene&% T. E., Bruno, J., Radziejewski, C., Maisonpierre, P. C., and Yancopoulos, G. D.

in gastric cancer development. Recent studies have demonstrated thakolation of angiopoietin-1, a ligand for the TIE2 receptor, by secretion-trap expres-
Ang-2 mRNA levels were increased by VEGF or hypoxia in bovine sion cloning. Cell87: 1161-1169, 1996. .
microvascular ECs (42), although the detailed regulation of Angig- Maisonpierre, P. C., Suri, C. Jones, P. F. Bartunkova, S., Wiegand, S. J,
. . . . . Radziejewski, C., Compton, D., McClain, J., Aldrich, T. H., Papadopoulos, N., Daly,
MRNA levels in gastric cancer cells remains unclear and will require 1" ; "payis, s, sato, T. N., and Yancopoulos, G. D. Angiopoietin-2, a natural

additional investigation for clarification. antagonist for Tie2 that disrupits vivo angiogenesis. Science (Washington DE)7:

In conclusion, our findings demonstrate that Ang-2 is produced not 55-60, 1997. o o )
lv in ECs. but also in cancer cells in human gastric carcinoma C’B?h Dauvis, S., and Yancopoulos, G. D. The angiopoietins: Yin and Yang in angiogenesis.
only ) g : Curr. Top. Microbiol. Immunol.237: 173-185, 1999.
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