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Mouse macrophage metalloelastase generates
angiostatin from plasminogen and suppresses
tumor angiogenesis in murine colon cancer
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Abstract. Previous studies showed that the mouse macrophage
metalloelastase (MME) generates the angiogenesis inhibitor
angiostatin from plasminogen in vitro. This study aimed to
determine whether tumor cells engineered with MME could
generate angiostatin and suppress tumor angiogenesis in vivo.
Murine CT-26 colon cancer cells stably transfected with
MME were inoculated subcutaneously. A radioisotope tracer,
immunoblotting, immunofluorescence and immunohisto-
chemistry were used to explore the pathway of the angiostatin
generation. The results showed that tumors derived from
MME-transfected cells demonstrated a less microvessel
density compared with control tumors derived from vector-
transfected and non-transfected cells (P<0.001). The
expression of vascular endothelial growth factor (VEGF) was
significantly lower in the MME-transfected group compared
with that of the controls. The growth of MME-transfected
tumors was significantly retarded compared with the control
tumors (P<0.001). Western blot analysis, using a specific anti-
mouse plasminogen (1-4 Kringle) antibody, demonstrated
two strong immunoreactive bands (38- and 35-kDa) in MME-
transfected tumors. y-ray counting data demonstrated that
plasminogen cleavage occurred mostly in tumors formed by
cells forced to express. We concluded that MME was demon-
strated to be an efficient angiostatin-producing MMP and its
presence was negatively correlated with the growth of colon
cancer in tumor-bearing mice. These findings provide direct
evidence that MME generates angiostatin in tumor-bearing
mice and the therapeutic application of MME against tumors.
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Introduction

Tumor-associated proteases are suggested to a play crucial
role in tumor invasion and angiogenesis in a variety of malig-
nancies (1,2). Colorectal carcinoma is one of the important
malignant tumors of the digestive system, but there has been
very limited research on the proteolytic activity of matrix
metalloproteinase (MMP) in the growth and metastasis of
colon cancer.

MME, a member of the MMP family, was first detected in
mouse peritoneal macrophage-conditioned media in 1975 (3).
This enzyme has a broad substrate specificity for matrix
macromolecules (4). It was found that the forced expression
of MME is capable of suppressing the growth and angio-
genesis of murine melanoma (5). Additionally, Dong et al (6)
demonstrated the role of MME in converting plasminogen
into angiostatin in vitro. In hepatocellular carcinoma, the
expression of MME has been associated with angiostatin
production and a favorable outcome (7), but the reverse has
been reported in dermal squamous cell and non-small cell
lung carcinomas (8,9). The exact role of MME in the
generation of angiostatin during the macrophage infiltration
of a tumor and its influence on colon cancer growth remain
unclear.

To better understand the role of MME in the generation
of angiostatin and the inhibition of colon tumor angiogenesis,
we transfected the MME gene into murine colon cancer cells
and studied its anti-tumor and anti-angiogenic activities in a
subcutaneously implanted tumor model. Moreover, we show
the generation of angiostatin from plasminogen in mice-
bearing MME-tranfected tumors using isotope tracers and
Western blot analysis.

Materials and methods

Construction of the GFP-tagged recombinant plasmid. The
construction of recombinant MME in pcDNA3.1 has been
reported by our research group (10). To generate a GFP-tagged
MME, pcDNA3.1-MME and pEGFP-C1 (Clontech, USA)
were cut with Xbal and BamHI (Takara, Dalian, P.R. China),
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and MME was inserted into the green fluorescent fusion
expression vector pEGFP-C1 between the Xbal and BamHI
sites. The expression unit was confirmed by sequencing
(Songon Co., Shanghai, P.R. China).

Cell line culture and transfection. The murine colon carcinoma
cell line CT-26 was obtained from Dr Huoye Gan (the Mole-
cular Center, Second Affiliated Hospital, Guangzhou Medical
College, P.R. China). The cells were cultured in Dulbecco's
modified Eagle's medium (DMEM, Gibco BRL, USA)
supplemented with 10% heat-inactivated fetal calf serum
(FCS) and maintained in humidified 95% air and 5% CO, at
37°C. The cells were split into 6-well dishes 24 h before
transfection and transfected at 70-80% confluence using
Lipofectamine 2000 (Invitrogen, USA) according to the
manufacturer's instructions. Cells transfecting with the
empty vector (pEGFP-C1) were used as controls. The cells
were selected for 3 weeks in a medium containing G418
(800 pg/ml, Sangon Biotechnology, Inc., P.R. China) to derive
cell lines stably expressing MME (CT-26-MME-GFP) and
CT-26-GFP (control). Individual colonies were chosen after
3 weeks of culture and used for further investigation. The
transfected cells were maintained in a medium containing
200 pg/ml G418.

In vitro assay of MME on CT-26 cell growth. Stable MME-,
vector- and non-transfected CT-26 cells were plated in 96-well
plates at a density of 5x103 cells per well 24-72 h after trans-
fection. Cell viability was measured by a 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma,
USA) reduction as described (11). MTT was dissolved at a
concentration of 5 mg/ml in sterile PBS. Following a total of
72 h of treatment, 25 ul of the 5 mg/ml solution of MTT
were added to each well, and the incubation continued for 3 h.
Then 100 pl of the cell lysis buffer (20% SDS/50% N,N-
dimethylformamide, pH 4.7) were added. The absorbance was
read at 570 nm on a microplate reader (Camberra Packard, MI,
IT). To assess cell viability, cell counts using trypan blue
exclusion were also performed.

Western blot analysis. Plasmids were transiently transfected
into CT-26 cells. The cells were harvested 24-30 h after
transfection and lysed in 2% SDS sample buffer, followed by
SDS-PAGE analysis. The proteins were then transferred to
PVDF membranes and blocked with 5% non-fat dried milk in
PBS with 0.1% Tween-20 for 30 min at room temperature.
Primary antibodies (dilution 1:250, goat anti-mouse MME,
Santa Cruz Biotechnology, Santa Cruz, USA) were diluted in
5% milk and incubations were carried out at 4°C overnight.
HRP-conjugated anti-goat [gG were used as secondary
antibodies. Blots were developed using the enhanced chemi-
luminescence (ECL) detection system (Amersham Biosciences,
UK). The level of protein expression by Western blot analysis
was quantified by image analysis using the Bio-Rad Quantity
One system. All the results are derived from three to four
separate experiments.

Gelatin zymography analysis. CT-26 cells transfected with
MME-, vector- and non-transfected cells, were cultured in
DMEM without FCS for 24 h and collected at 80% confluence.

The cells were then lysed by sonication. After centrifugation
at 15,000 rpm for 20 min, the supernatants were collected and
mixed with non-reducing sample buffer without boiling. They
were subjected to electrophoresis in 10% SDS-PAGE gel
impregnated with 2 mg/Fml gelatin (Sigma, St. Louis, MO,
USA) under non-denaturing conditions. The amount of protein
applied to the gel was 40 ug. After electrophoresis, SDS was
eluted from the gel by washing in 2.5% Triton X-100 for
30 min to allow the proteins to re-nature. The gel was then
incubated at 37°C for 18 h in substrate buffer (0.05 M Tris-
HCI, pH 8.0, 5 mM CacCl,, 0.15 M NaCl) and stained with
0.1% Coomassie brilliant blue R-250. Gelatin-degrading
activity was indicated by the appearance of clear bands
against a blue background.

Preparation of radioiodine-labeled plasminogen. Mouse
plasminogen (Pharmacia, Uppsala, Sweden) was dissolved in
distilled water, aliquoted and stored at -70°C until use. The
plasminogen was radioiodine-labeled using the chloramine-T
method described previously (12). Briefly, 30 ug of plasmi-
nogen was labeled with ~1.5 mCi of Na'*I (Amersham
Pharmacia, Buckinghamshire, UK) and 50 ug of chloramine-T
(Sigma, USA) in 20 mM phosphate buffer (pH 7.2) in a final
volume of 110 pl. Todination was allowed to proceed at 4°C
for 1 min. The reaction was terminated upon the addition of
5 1 of sodium metabisulfite (5 mg/ml). The !>’I-plasminogen
was purified on a gel filtration (Sephadex G-25) column
(Amersham Biosciences, Uppsala, Sweden) with 0.01 N PBS
passed at 1 ml/Smin through the column. The radioactivity of
samples from each fraction was measured with a y counter,
and the fraction from the first activity peak was diluted in PBS
(pH 7.4) and used for experiments. The '*’I-plasminogen
displayed specific activities that ranged from 24 to 34 uCi/mg
of plasminogen.

Subcutaneously implanted tumor model studies. Specific
pathogen-free female Balb/c mice (6-week-old) were
purchased from Sino-British SIPPR/BK Lab Animal Ltd.
(Shanghai, P.R. China). Mice were fed on standard mouse
food. Potassium iodide (KI, 2 mg/kg body weight) was orally
administered twice daily to block the uptake of '*I-plasmi-
nogen by the thyroid. Control or MME-transfected CT-26 cells
in the exponential growth phase were harvested by a brief
exposure to 0.25% trypsin solution. The cell suspensions
were pipetted to produce a single-cell suspension. The cell
viability was determined by trypan blue, and only single-cell
suspensions of >90% viability were used. Solid tumors (n=30
mice for each group) were produced by the intradermal
injection of 5x10° viable cells (in 50 pl of DMEM) into the
alar skin. The tumor volume of each mouse, calculated using
the formula (13): smallest diameter x widest diameter/2, was
measured daily using calipers after the mice had been
anesthetized with ether. Mice were euthanized after 4 weeks or
when they became moribund. Tumors were excised, fixed in
4% paraformaldehyde 0.1 M PBS containing 0.1% diethyl
pyrocarbonate (DEPC), and embedded in paraffin according to
standard histological procedures. For in vivo biodistribution
studies, tumor-bearing mice were injected via the tail vein
with 1-5 pCi of »I-plasminogen and sacrificed at 72 h after
injection (14,15). Blood, major organs and tumor tissue were
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Figure 1. Identification and transfection of the recombinant plasmid. (A)
Identification of the expression vector pEGFP-C1-MME. Lane 1: DL 2000
marker. Lane 2: products of the expression vector pPEGFP-C1-MME digested
by BamHI and Xbal (~5.4 kb and 832 bp, respectively) with 1% agarose gel
electrophoresis. (B) Observed under the fluorescent microscopy after stable
transfection. It shows CT-26 cell division and proliferation after stable
transfection and GFP location of the cytoplasm or distribution of the whole
cell. Bar inset, 20 gzm; original magnification, x400.

promptly excised, weighed and measured (5). All of the
animal experiments were performed in compliance with the
Guide for the Care and Use of Laboratory Animals of Anhui
Medical University.

SDS-PAGE electrophoresis and y-ray counting analysis (16).
The SDS-PAGE electrophoresis was carried out as described
above. After electrophoresis, the gels were stained in at least
five volumes of staining solution containing 0.25% Coomassie
brilliant blue in methanol, H,O and glacial acetic acid (45/45/
10 v/v/v) and placed on a slowly rotating platform for 4 h at
room temperature. The staining solution was then removed
and the gel was destained by soaking it in a solution of
methanol, H,O and acetic acid (45:45:10 v/v/v) without the
dye on a slowly rocking platform for 6 h. The destaining
solution was changed every 2 h. The gels were photographed

and the stained protein bands were cut out for subsequent
analysis.

The 35 and 38 kDa from each lane were excised and
placed in a measuring buret, which contained the weakly
stained band plus the stacking gel. These fragments were cut
into small pieces with scissors and placed in vials containing
H,0, (2 ml/cm of gel). The vials were capped firmly and
incubated overnight at 70°C. Following this, 2 ml aliquots
were transferred to fresh scintillation vials (Wheaton, USA),
8 ml scintillation fluid was added and the samples were
subjected to liquid scintillation counting in a Beckman LS 6500
liquid scintillation counter (Beckman, USA). The expression
of MME and angiostatin (dilution 1:250, rabbit anti-mouse
plasminogen, 1-4 Kringle, Abcam, Cambridge, UK and
dilution 1:500, mouse monoclonal anti-tubulin, Santa Cruz,
USA) in tumor tissue was detected by Western blot analysis
as above. The bands observed were compared with the
results of the y-ray analysis.

Immunohistochemistry and immunofluorescence analysis. The
antibodies used included a goat polyclonal antibody specific
for mouse MME (dilution 1:100, Santa Cruz, CA, USA), a goat
polyclonal antibody directed against mouse CD34 (dilution
1:150, Santa Cruz), a rabbit polyclonal antibody for mouse
vascular endothelial growth factor (VEGF, dilution 1:200,
Santa Cruz), a biotinylated rabbit anti-goat IgG (Boster
Biotech, P.R. China) and an Alexa Fluor 568 anti-rabbit IgG
(H+L, Invitrogen). The degree of immunostaining for MME
was considered positive when unequivocal brown staining
of the cytoplasm was observed in CT-26 tumor cells. The
microvessel density (MVD) was counted as previously
described (17). Several field images of immunofluorescent
staining VEGF in the tumor tissue section were captured under
a fluorescence inverted microscope (Olympus, Japan). The
fluorescence intensity of each section in the images was
measured using the Image-Pro Express image analysis
software (Media Cybernetic, USA). The mean fluorescence
intensity in each section was then calculated.

Statistical analysis. All data were analyzed using the SPSS
statistical package (version 12.0 for Windows, SPSS, USA).
The data were represented as mean + SEM, and the differences
among the groups were analyzed using Student's unpaired two-
tailed t-test. Categorical variable data were analyzed using the
Chi-square test. P<0.05 was considered statistically significant.

Results

Identification and transfection of the recombinant plasmid. As
illustrated in Fig. 1A, the MME cDNA fragment was inserted
into the expression vector pEGFP-C1, and pEGFP-C1-MME
was identified by BamHI and Xbal digestion. Direct DNA
sequencing showed three base changes in the MME cDNA
fragment. Two of these three mutations were in domain I and
the other was in domain II.

The recombinant plasmid pEGFP-C1-MME and vector
alone (pEGFP-C1) were transfected into CT-26 colon cancer
cells. Stable transfectants were selected by G418. After trans-
fection with the pEGFP-C1 vector and pEGFP-C1-MME, GFP
expression was observed under fluorescent microscopy. The
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Figure 2. Expression and activity identification of MME in murine CT-26
colon cancer cells and its effect on cell viability. (A) Western blot analysis
of the expression of pEGFP-C1-MME (40 pg of total protein/lane). Lane 1:
pEGFP-C1-MME-transfected, lane 2: vector-transfected and lane 3: non-
transfected cells. A 57-kDa band was detected in pEGFP-C1-MME
transfected cells, but not in vector- and non-transfected cells. The protein
with a 57 kDa molecular mass corresponded to domains I and IT of MME and
GFP. (B) Gelatin zymography analysis. Lane 1: the supernatant of lysed
pEGFP-C1-MME-transfected, lane 2: the supernatants of lysed vector-
transfected and lane 3: the supernatants of lysed non-transfected cells. A
22-kDa lytic band was identified in pEGFP-C1-MME-transfected cells,
whereas no zones of lysis were indicated in the controls. (C) Effects of MME
transfection on CT-26 cell growth. MTT analysis shows no obvious growth
inhibitory effects in MME-transfected cells compared with the control
groups in 72 h (n>0.05).

pattern of intracellular GFP distribution appeared differently:
GFP in control vector-transfected cells spread throughout the
cells (Fig. 1B), whereas GFP in pEGFP-C1-MME-transfected
cells was mainly localized in the cytosol (Fig. 1B).

Expression and elastase activity of MME in stably transfected
murine CT-26 colon cancer cells. To validate the presence of
the MME protein in pEGFP-C1-MME-transfected cells, the
conditioned medium from cells growing in serum-free medium
was analyzed by Western blot analysis. As shown in Fig. 2A, a
57-kDa band, corresponding to domains I and II plus GFP,
was detected in MME-transfected cells, but not in vector- or
non-transfected cells.

To determine whether the three base mutations in the
recombinant MME altered their proteolytic activity, gelatin
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Figure 3. Expression of MME protein in murine colon cancer tissue. (A)
Western blot analysis of MME expression. Lane 1: MME-transfected, lane 2:
vector-transfected and lane 3: non-transfected groups. A 57-kDa band
corresponding to mouse MME was detected in lane 1. (B) Immunohisto-
chemical analysis of MME expression. I: MME-transfected, II: vector-
transfected and III: non-transfected tumors. Positive cells were detected in
the MME-transfected tumor. No positive cells were detected in the control
tumors. Original magnification, x100; bar inset, 200 gm. IV: recombinant
MME protein displayed a secretory expression in cytoplasm; original
magnification, x400.

zymography was performed. As shown in Fig. 2B, a 22-kDa
lytic band was detected only in MME-transfected cells but
not in the controls (vector- and non-transfected cells). The
22-kDa band corresponded to the final active form of MME
after the cleavage of domain I (8 kDa) and GFP (27 kDa). As
shown in Fig. 2C, the expression of recombinant MME did not
cause growth inhibitory effects on CT-26 cells.

Expression of MME in a subcutaneously implanted tumor
model. Western blot analysis and immunohistochemistry were
performed to evaluate MME expression in colon tumor
tissues. On Western blot analysis, a 57-kDa MME protein
band was present in the MME-transfected tumor tissue,
whereas no band was observed in the vector- and non-
transfected tumor tissues (Fig. 3A). A high level of MME
expression in the MME-transfected tumors was demonstrated
by immunohistochemistry. The non- and vector-transfected
groups showed no significant expression of MME (Fig. 3B).

Overexpression of MME inhibits subcutaneous tumor growth
in mice. To determine whether the forced expression of
recombinant MME altered the tumorigenicity of CT-26 in
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Figure 4. Suppression of murine colon cancer growth. (A) Macroscopic
characteristics of the tumors are shown 4 weeks after implantation. Tumors
derived from the MME- and vector-transfected clones, and the non-
transfected CT-26 parental cells were measured. I: MME-transfected, II:
vector-transfected and III: non-transfected groups. The tumor location is
shown by the black arrows; bar inset, 1.5 cm. (B) In vivo growth rate of
subcutaneous tumors derived from the MME-transfected and vector-
transfected clones, and the non-transfected parental cells. Tumor volumes
were determined at several time points using the formula: smallest
diameter x widest diameter/2 and all values are represented as mean + SEM
(n=30 mice/group). At 4 weeks, mice carrying non- or vector-transfected
cells formed large tumors with volumes of >2000 mm?. In contrast, mice
implanted with MME-transfected cells significantly formed smaller tumors
(616.04+121.33)."P<0.001, by Student's unpaired two-tailed t-test.

mice, the control and MME-transfected cells were inoculated
into the subcutis of syngeneic mice. Tumor volumes were
determined 4 weeks after the inoculation. Representative
results are shown in Fig. 4A. The vector- and non-transfected
cells formed large subcutaneous tumors with volumes of
2071.80.50+608.96 and 2231.90+496.91 mm? 4 weeks after
implantation, respectively. In contrast, MME-transfected cells
formed smaller tumors, with volumes of 816.56+234.02 mm?.
Therefore, the growth of MME-transfected tumors was
significantly retarded compared with the control tumors
(P<0.001). There was no significant difference between the
control groups (Fig. 4B). Forty-six out of 60 mice (76.6%) in
the control groups developed thoracic cavity metastases, but
only 11 out of 30 mice (36.6%) with thoracic cavity metastases
were found in the MME-transfected group. No liver metastasis
was found in any mouse in the three groups. There was a
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Figure 5. Detection of mouse angiostatin in tumor tissue. (A) SDS-PAGE
electrophoresis. Lane 1: prestain marker, lane 2: non-transfected, lane 3:
vector-transfected and lane 4: MME-transfected groups. The positions of
plasminogen (92 kDa) and angiostatin (38 kDa, 1-4 Kringle and 35 kDa,
1-3 Kringle) are shown (black arrows). (B) The y-ray counting analysis for
radioactivity in the gel. The values are represented as mean + SEM of
radioactivity per areas which contained the protein with a molecular weight
of 35 and 38 kDa. They were significantly higher in the amount of
radioactivity detected in the MME-transfected group than the control
groups. “"MME-transfected versus the non- or vector-transfected groups;
P<0.01, by Student's unpaired two-tailed t-test. (C) Western blot analysis of
the angiostatin generation in tumor tissues. Protein (40 ug) per lane from
tumor tissues were separated by 12% SDS-PAGE, blotted and probed using
a specific anti-mouse plasminogen (1-4 Kringle) antibody. Lane 1: non-
transfected, lane 2: vector-transfected and lane 3: MME-transfected groups.
Two bands (35 and 38 kDa, black arrows) corresponding to the mouse
angiostatin were identified. Quantification of the protein signals by image
analysis revealed that the angiostatin protein levels were significantly
increased in MME-transfected tumor tissues compared with the control
groups, P<0.01.

IB: tubulin

statistically significant difference in the survival period of the
MME-transfected group (1 out of 30 mice died within 4 weeks)
and the control groups (6 and 8 out of 30 mice died within
4 weeks in the vector- and non-transfected groups, respectively,
P<0.05).

MME is an enzyme for the angiostatin generation in vivo. To
identify the role of MME in the generation of angiostatin
in vivo, SDS-PAGE and y-ray counting analysis were used to
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Figure 6. Microvessel density of subcutaneously implanted tumors. (A) Staining with polyclonal antibody against mouse CD34. Immunohistochemistry of the
vascularization of subcutaneously implanted tumors was performed. I-III: representative sections showing neovascularization in tumor tissues, I: non-
transfected, II: vector-transfected and III: MME-transfected groups; original magnification, x200; bar inset, 200 gm. (B) MVD was counted from five
different high-power fields, and the values are represented as mean + SEM. Tumors derived from MME-transfected cells demonstrated a lower microvessel
density compared with the two control groups. There is no significant difference between the control groups. “P<0.001, by Student's unpaired two-tailed t-test.

detect the size of the radioactive band and the radioactive
intensity in the tumor tissue. Western blot analysis was used
to assay the expression of angiostatin in the samples for
comparison. Data show that the SDS-PAGE gel contained the
protein with molecular weights of 35 and 38 kDa (Fig. 5A),
and that the radioactivity of the MME-transfected group
(6891.88+768.86) was significantly higher than the control
group (Fig. 5B). The radioactivity of the non-transfected and
vector groups was 1503.9+304.42 and 1376.21+186.36,
respectively. In the Western blot analysis, we also detected
the generation of angiostatin in the MME-transfected group
(Fig. 5C). In contrast, the control group showed two very
faint bands for angiostatin (Fig. 5C). Quantification of the
protein signals revealed that the angiostatin protein levels
increased (9.32+1.52 and 5.61+2.24) in the MME-transfected
tumor tissues, compared with the vector-transfected (2.47+0.23
and 0.67+0.12) and non-transfected tumor tissues (1.21+0.69
and 0.86+0.44), P<0.01.

Microvessel density of the subcutaneously implanted tumors.
Immunohistochemistry of the vascularization of subcuta-
neously implanted tumors was performed by staining with a
polyclonal antibody against mouse CD34 (Fig. 6A). Tumors
derived from MME-transfected cells demonstrated a lower
microvessel density (9.35+2.79) compared with control tumors
derived from vector-transfected (22.85+3.80) and non-

transfected (23.45+4.49) cells (Fig. 6B, MME versus vector
and parental at P<0.001 and P<0.001, respectively). There
was no significant difference between the two control groups.

Expression of VEGF in the subcutaneously implanted tumor
model. Immunofluorescence detected the VEGF expression
mainly in colon cancer cells in the central and marginal areas
of the tumor tissue (Fig. 7A). The non-neoplastic colon cells
showed no signal or a weak fluorescence intensity. No
significant fluorescence was seen in the sections that were
used at the same time as a negative control. The fluorescence
intensity levels of VEGF in tumor cells were significantly
lower in the MME-transfected group (20.16 +7.32) than in the
control groups (P<0.01). There was no significant difference
between the vector-transfected (60.51+15.19) and non-
transfected (61.60+17.90) groups (Fig. 7B).

Discussion

Plasminogen, a single-chain glycoprotein of 92 kDa consisting
of an N-terminal peptide, five kringle domains and a serine
protease domain (18), play a crucial role in tumor metastasis
and angiogenesis where localized proteolysis is required.
Under certain conditions, plasminogen undergoes proteolysis
to form kringle-containing A-chain fragments, collectively
called angiostatins (19-21), which are novel and potent
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Figure 7. VEGF expression in subcutaneously implanted tumors. (A) Expression of VEGF was confirmed by the presence of fluorescence-stained cytoplasm
in the tumor cells. I: non-transfected, II: vector-transfected and III: MME-transfected groups; original magnification, x400; bar inset, 40 ym. The weaker
fluorescence intensity expression was observed in the tumor of the MME-transfected group. (B) Fluorescence intensity was measured from the tumor tissue
section, and the values are represented as mean = SEM. The fluorescence intensity levels of VEGF in tumor cells were significantly lower in the MME-
transfected groups than in the control group. "P<0.01, by Student's unpaired two-tailed t-test.

inhibitors of endothelial cell proliferation and tumor angio-
genesis (22). Typically, angiostatin consists of the first four
kringle domains (K1-4). The cleavage of plasminogen is
performed by proteinases, such as matrix metalloproteinases
that are derived from tumor cells or infiltrating macrophages
(23,24). These kringle domains and their relatives inhibit the
proliferation of vascular endothelial cells, a fundamental
process in angiogenesis (20). O'Reilly et al (19) first reported
that primary tumors may limit metastatic growth by the
generation of anti-angiogenic agents. Dong et al (25) further
demonstrated that macrophage-derived metalloelastase was
associated with the production of anti-angiogenic activity by
tumors.

MME has been associated with the generation of
angiostatin in a murine model of Lewis lung carcinoma (22).
Although an MME activity, sufficient to cleave plasminogen
to angiostatin, has been demonstrated in a serum-free
conditioned medium of carcinoma cells (26), the MME-
dependent mechanism of the angiostatin generation in vivo
remains elusive. The few published studies of human tumor
tissue or animal models (6,27) did not confirm directly that the
observed increase of angiostatin was due to the cleavage of
plasminogen by MME.

In the present study, we successfully constructed the
mammalian cell expression plasmid pEGFP-C1-MME, and
expressed the recombinant MME in CT-26 murine colon
cancer cells. Based on the location of green fluorescence
from GFP of the fusion protein, we concluded that MME was
distributed evenly in the cytoplasm (Fig. 1). This finding is in
agreement with the result of immunohistochemistry staining
in tumors formed by pEGFP-C1-MME-transfected cells
(Fig. 3). Recombinant MME protein was also detected by
Western blot analysis in the MME-transfected cells (Fig. 2),
and it showed a secretory expression in the tumor tissue on
immunohistochemistry (Fig. 3). These results suggest that
secretion of the recombinant pEGFP-C1-MME protein can
occur in vivo.

To determine whether the recombinant MME was able to
generate angiostatin in tumors, we investigated the catabolism
of radio-labeled plasminogen. The y-ray counting data demon-
strated that plasminogen cleavage occurred mostly in tumors
formed by cells forced to express (Fig. 5). Plasminogen
cleavage by MME generates 38 kDa (angiostatin K1-4) and
35 kDa (angiostatin K1-3) fragments with radioactivity. MME-
deficient groups were feeble and incapable of the degradation
of plasminogen to angiostatin (Fig. 5). Although other
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components may participate in the generation of angiostatin
in vivo, the localization of high levels of angiostatin in tumors
derived from MME-transfected clones (Fig. 5) illustrate,
without doubt, the important role of MME in anti-angio-
genesis mediated by angiostatin. These data not only support
the idea that the production of angiostatin mainly depends on
the biological activity of MME, but also agree with a previous
report that the MME released directly from the MME-
transfected tumor cells most likely cleaves the circulating
plasminogen sequestered in the tumor stroma into active
angiostatin (5).

Our results provide further experimental evidence that the
forced expression of MME significantly inhibits the growth
of CT-26 tumors in mice (Fig. 4). An analysis of the tumor
MVD by staining with CD34 antibody confirmed that MME-
transfected tumors showed a lower MVD compared with the
controls (Fig. 6). Moreover, we demonstrated that the level of
VEGF protein expression in MME-transfected tumors was
significantly lower than that in the controls (Fig. 7). These data
suggest that the suppression of tumor cells in mice by MME
was caused by the inhibition of angiogenesis in the tumor
lesions, possibly due to the generation of angiostatin by MME.

In conclusion, we successfully constructed the vector,
pEGFP-C1-MME and transfected the MME gene into murine
colon cancer cells. In addition, the biological properties of
MME, plasminogen and angiostatin appear to be tightly linked
in vivo. These data suggest that MME is responsible, at least in
part, for the inhibition of tumor angiogenesis in this tumor
model.
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