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Abstract

Matrix metalloproteinase-2 (MMP-2) is a stroma-derived MMP
belonging to the type IV collagenase family. It is believed to
mediate tumor cell behavior by degrading deposits of type IV
collagen, a major component of the basement membrane. The
membrane type 1-MMP (MT1-MMP) is a highly potent
activator of MMP-2 and is expressed in many tumor and
stromal cells. However, the roles played by stromal MMP-2 in
tumor progression in vivo remain poorly understood. We
established a colon epithelial cell line from an Mt1-mmp�/�

mouse strain and transfected these cells with an inducible
expression system for MT1-MMP (MT1rev cells). Following s.c.
implantation into Mmp-2+/+ mice and induction of MT1-MMP
expression, MT1rev cells grew rapidly, whereas they grew very
slowly in Mmp-2�/� mice, even in the presence of MT1-MMP.
This MT1-MMP–dependent tumor growth of MT1rev cells was
enhanced in Mmp-2�/� mice as long as MMP-2 was supplied
via transfection or coimplantation of MMP-2–positive fibro-
blasts. MT1rev cells cultured in vitro in a three-dimensional
collagen gel matrix also required the MT1-MMP/MMP-2 axis
for rapid proliferation. MT1rev cells deposit type IV collagen
primarily at the cell-collagen interface, and these deposits
seem scarce at sites of invasion and proliferation. These data
suggest that cooperation between stroma-derived MMP-2 and
tumor-derived MT1-MMP may play a role in tumor invasion
and proliferation via remodeling of the tumor-associated
basement membrane. To our knowledge, this is the first study
demonstrating that MT1-MMP–dependent tumor growth
in vivo requires stromal-derived MMP-2. It also suggests that
MMP-2 represents a potential target for tumor therapeutics.
[Cancer Res 2007;67(9):4311–9]

Introduction

In tumor cells, phenotypic expression of genetic and epigenetic
alterations largely depends on the microenvironment in the tissue
(1). These microenvironments include not only tumor cells, but also
stroma cells such as fibroblasts and cells in the immune system.
Within these tumor environments, complex tumor-stroma inter-
actions are mediated by the extracellular matrix (ECM), proteases,
cytokines, growth factors, and various receptors for signaling
molecules (2, 3). In addition to tumors, other tissues such as the

mammary glands, alveolar-bronchioles and prostate require epithe-
lial and stromal involvement to regulate their own microenviron-
ments during development, tissue recycling, and involution (4, 5).
Malignant tumors express multiple matrix metalloproteinases

(MMP), most of which are produced by stroma cells such as
fibroblasts and infiltrating macrophages (6). MMPs are thought to
play roles in tumor growth through ECM remodeling via the
degradation of ECM components and proteolytic conversion of
bioactivemolecules in tumor tissue (3, 6, 7). As a result of these ideas,
many MMP inhibitors (MMPI) have been developed for therapeutic
use, although most clinical trials have ended in failure (3, 7).
However, it should be noted that broad-spectrum MMPIs were used
in these clinical studies, without any clear knowledge of the MMPs
that should have been targeted. Thus, we believe that it is important
to examine the functions of individual MMPs in tumor progression.
MMP-2 (also known as gelatinase A and the 72-kDa type IV

collagenase) has the ability to degrade type IV collagen in the base-
ment membrane (BM); it is one of the major stroma-derived MMPs
(8–11). In spite of the many in vitro studies that have indicated that
MMP-2 plays an important role in tumor invasion of the BM (6, 7, 12),
little is known about the specific functions of MMP-2 in vivo . MMP-2
is produced as an inactive zymogen (proMMP-2), which is then
activated in a tumor-dependent manner (12).
The membrane type 1-MMP (MT1-MMP; also known as MMP-

14) is an activator of proMMP-2, which is expressed in many tumor
tissues (13). In these tissues, MT1-MMP expression levels correlate
well with MMP-2 activation, as well as a poor prognosis for the
patient (9, 10, 14, 15). Thus, MT1-MMP is believed to be a major
activator of stroma-derived MMP-2 in tumors.
MT1-MMP is an integral membrane metalloproteinase that is

expressed frequently both in tumor and stroma cells (16). It cleaves
a variety of ECM proteins (collagen I, II, and III; fibronectin;
laminin-5), cell adhesion molecules (CD44, integrin av, and tissue
transglutaminase), cytokines, and proMMPs (proMMP-2 and
proMMP-13; refs. 3, 6, 15, 16). Among these substrates, type I
collagen is a particularly important physiologic target for MT1-
MMP. Specifically, MT1-MMP–null mice are defective in type I
collagen turnover and display severe fibrosis in their joints, delayed
bone formation, multiple tissue defects, and early death (17–19).
MT1-MMP is required in vitro for the invasion of type I collagen
matrix by tumor and endothelial cells (20, 21). In addition, Hotary
et al. (22) reported that MT1-MMP is a critical requirement for
tumor formation in vivo , and that in vitro , its activity is sufficient
for growth promotion of some tumor cell lines in type I collagen
matrix. Thus, it seems clear that, at least in cells surrounded by
type I collagen, MT1-MMP type I collagenase activity is essential
for tumor growth.
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However, it is possible that additional MMPs are required for
tumor growth, depending on the surrounding ECM environment.
Therefore, it is of interest to examine the in vivo functions of MMP-2
in tumor growth, relative to its potential activator MT1-MMP. The
specific aim of this study was to analyze the effects of cooperation
between stroma-derived MMP-2 and tumor-derived MT1-MMP on
tumor formation in vivo . This study is important because there is no
clear evidence to support the long-standing ideas that these MMPs
cooperate and play roles in tumor cell function in vivo . To analyze
MT1-MMP–dependent tumor growth in Mmp-2+/+ and Mmp-2�/�

mice, we established a mouse epithelial cell line derived from a
syngenic mouse strain containing the Mt1-mmp�/� genotype. We
transduced cells (MT1rev cells) with an inducible MT1-MMP
expression system and examined tumor-forming activity in syngenic
mice with either Mmp-2+/+ or Mmp-2�/� genotypes.

Materials and Methods

Reagents and antibodies. The following MMPI were obtained: the
synthetic MMPI BB-94 (batimastat) was a gift from Dr. Peter D. Brown

(British Biotech Pharmaceuticals Ltd., Oxford, United Kingdom); the tissue

Figure 1. Colonic epithelial cell lines established from MT1-MMP–deficient mice. A, schematic illustration of the procedure for the establishment of colonic epithelial
cell lines from an Mt1-mmp�/�/p53�/� mouse and for the reintroduction of an inducible MT1-MMP expression system (MT1rev.1 and MT1rev.2 cells). Mt1-mmp+/� and
p53+/� mice were mated to obtain Mt1-mmp�/�/p53�/� and Mt1-mmp+/+/p53�/� fetuses. Epithelial cells were individually isolated from each mouse colon mucosa of
16.5-d-old fetuses, cultured in dishes coated with rat-tail collagen I (42). Cells were seeded in Ham’s F12 medium (Sigma), supplemented with 10% bovine
serum (Handai Biken), 1 mg mL�1 bovine serum albumin (BSA; Sigma), 20 ng mL�1 epidermal growth factor (Upstate Biotech), 30 Ag mL�1 insulin (Sigma), 200 ng mL�1
cholera toxin (List Biological Labs), and 2 Ag mL�1 hydrocortisone (Sigma). Isolated cells were transfected with the v-src oncogene, followed by pRev-Tet-Off
(a regulator plasmid) and transduction of pRev-TRE, which harbors mouse MT1-MMP cDNA. A clone transfected with the vector alone (namely MT1mock) was
used as a negative transfection control for MT1rev cells. B, Western blot analysis of cells transfected with the v-src oncogene (Src) using antibody against the
phosphorylated form of v-Src. Epithelial cells obtained from an Mt1-mmp+/+/p53�/� mouse fetus (WT) were used as a negative control. C, transmission electron
micrographs of immortalized colon epithelial cells. a, white arrowhead, a dense cell adhesion complex. Bar, 10 Amol/L. b, microvilli are projecting from the luminal
surface. Bar, 5 Amol/L. Cells were fixed with 2.5% glutaraldehyde (Sigma) in a 0.1 mol/L� cacodylate (pH 7.4) at 4jC for 2 h, and further with 1% OsO4 at 4jC for 2 h,
then dehydrated through a graded series of ethyl alcohol and n-butyl glycidyl ether and embedded in Epon 812 resin (TAAB Laboratories Equipment). Ultrathin sections
of samples were stained with uranyl acetate and lead citrate, then viewed using an electron microscope (100CX; JEOL, Tokyo). D, Western blot analysis of cell lysates
prepared from MT1rev and control cells using anti–MT1-MMP monoclonal antibody. Arrows, the positions of proMT1-MMP and the active form MT1-MMP.
WT, epithelial cells obtained from an Mt1-mmp+/+/p53�/� mouse fetus; rev.1 , MT1rev.1 cells; rev.2, MT1rev.2 cells; mock , MT1mock cells. Cells were cultured
in the presence (+) or absence (�) of doxycycline (Dox). Actin was used as a loading control.
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inhibitors of metalloproteinases (TIMP) TIMP-1 and TIMP-2 were provided
by the Daiichi Fine Chemical Corporation. Type I collagen (Cellmatrix; type

I-A) was purchased from Nitta Gelatin. The following antibodies were used:

mouse monoclonal antibody recognizing both mouse and human MT1-

MMP (clone 222-1D8; Daiichi Fine Chemical Corporation); horseradish
peroxidase (HRP)–conjugated anti-mouse immunoglobulin G (IgG) anti-

body (GE Healthcare Bio-Sciences Corp.); anti-actin monoclonal antibody

(MAB1501; Chemicon); alkaline-phosphatase–conjugated anti-mouse IgG

polyclonal antibody (Sigma); rabbit polyclonal antibody against mouse
collagen type IV (Chemicon); rabbit anti-Src[pY418] polyclonal antibody

(Invitrogen); and Alexa-Fluor-488–conjugated anti-rabbit IgG (Sigma).
Recombinant proMMP-2 was obtained from Madin-Darby canine kidney

cells transfected with a plasmid expressing MMP-2. ProMMP-2 was purified

from the supernatant using a gelatin Sepharose 4B column (Amersham

Pharmacia Biotech), as described previously (23).
MMP-deficient mice and cell lines. MT1-MMP–deficient mice (Mt1-

mmp�/�) lack exons 1 to 5, which encode the catalytic domain; this region
has been substituted by the gene encoding h-galactosidase (LacZ), which is
fused to a nuclear localizing signal (refs. 24, 25). Initially, we used the 129J
strain to establish Mt1-mmp+/� mice, then crossed them with C57BL/6J

Figure 2. Detection of MT1-MMP on the cell surface. A, Enzymatic activity of MT1-MMP on the cell surface was evaluated by the activation of exogenous proMMP-2.
MT1rev and MT1mock cells were cultured in the presence or absence of doxycycline for 4 d. Cells were then cultured for 8 h in serum-free medium containing purified
mouse proMMP-2. The medium was collected, and the enzymatic activity of MMP-2 was examined using gelatin zymograms. In brief, 20 AL of conditioned medium was
separated by 8% PAGE containing 0.2% porcine gelatin (Sigma) under nonreducing conditions. After electrophoresis, gels were soaked in 2.5% Triton
X-100 at room temperature for 30 min, followed by incubation with 50 mmol L�1 Tris-HCl (pH 7.6) containing 150 mmol L�1 NaCl, 10 mmol L�1 CaCl2, and 0.02%
Brij-35 at 37jC for 16 h. Gels were stained with 0.5% Coomassie brilliant blue R-250, followed by destaining in methanol acetate (1:1). Arrows, ProMMP-2 and active
MMP-2. Conditioned medium from the wild type MEF stimulated with concanavalin A was used as a control (cont. ) for pro- and active MMP-2. B, localization of
MT1-MMP on the cell surface was monitored by cell-mediated gelatin degradation or by an immunocytochemical signal for MT1-MMP. Chamber slides (Nalgene Nunc
International) were coated with 0.01% poly-L-lysine and 50 Ag mL�1 gelatin for 30 min at room temperature, followed by cross-linking with 1% glutaraldehyde. After the
slides were washed with culture medium, MT1-rev. Two cells were seeded onto the gelatin-coated slides and incubated for 16 h. Cells were fixed with 4%
paraformaldehyde in PBS. Degradation of gelatin was visualized under a microscope as elimination of the gelatin background fluorescence. Subsequently, the cells
were fixed in 4% paraformaldehyde for 5 min, washed twice in PBS, and incubated with 5% goat serum for 10 min, then 3% BSA in PBS for 1 h at room
temperature. The cells were then treated with mouse monoclonal antibody against MT1-MMP (clone 222-1D8; 1:500 dilution) overnight at 4jC, followed by
Alexa-Fluor-488-conjugated goat anti-mouse IgG antibody (Invitrogen). The cells were cultured for 16 h in the presence or absence of doxycycline and the MMPI,
BB-94. a to d , gelatin degradation by MT1rev.2 cells (black area ). e to h , MT1-MMP immunostaining matching a to d . Working concentrations were as follows:
10 Amol L�1 BB-94 (b and f ); 1 Ag mL�1 TIMP-1 (c and g); and 1 Ag mL�1 TIMP-2 (d and h). a and e , controls. Bar , 0.25 mm. C, negative controls for (B); see Materials
and Methods for a full description. Bar , 0.25 mm.
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mice (CLEA) for more than eight generations. Mt1-mmp�/� mice display

systemic skeletal malformations and have short life spans (3–4 weeks),
consistent with characteristics reported for other MT1-MMP–deficient

strains (17, 18). Mmp-2�/� and p53�/� mice generated in the C57BL/6

genetic background were obtained from the original developer (26, 27).

Mt1-mmp+/� and Mmp-2�/� mice were mated to obtain Mt1-mmp�/�/
Mmp-2�/� fetuses (25). Genotypes were confirmed by PCR using specific

primers or by Southern blot analysis.

Cell lines. Epithelial and mesenchymal tissues were separated by

treating tissue fragments in Hank’s solution containing 30 mmol/L EDTA as
described previously (28). To obtain a MT1-MMP–null cell line, we selected

rapidly growing cells derived from a Mt1-mmp�/�/p53�/� mouse fetus

(Fig. 1A). An MT1-MMP–null cell line that grew well on collagen and
maintained epithelial cell morphology (Fig. 1B) was used to establish the

cell lines described below.

A v-src expression plasmid was transduced into the cell line described

above. As described previously (29), the RevTet-Off gene expression system

(Clontech Laboratories) was used to establish stable cell lines that
expressed mouse MT1-MMP under control of a Tet-regulated promoter

(Fig. 1A). To suppress MT1-MMP expression, MT1rev cells were maintained

in medium containing doxycycline (Dox; 1 Ag mL�1; Sigma), and cells were
cultured in doxycycline-free conditions to induce MT1-MMP expression.
The enzymatic activities of MT1-MMP and MMP-2 are unaffected by the

concentration of doxycycline (1 Ag mL�1) used in these experiments.
Mmp-2�/� mice were mated with Mt1-mmp+/� and Mt1-mmp+/+ [wild-

type (WT)] mice to obtain Mt1-mmp+/+/Mmp-2�/�, Mt1-mmp+/�/Mmp-2�/�

and Mt1-mmp�/�/Mmp-2�/� fetuses. Mouse embryonic fibroblast (MEF)

cells were obtained from 15.5-day-old fetuses as described previously (30).

MEF cells were cultured in MEM (Invitrogen) supplemented with 10% fetal

bovine serum and incubated in a humidified atmosphere containing 5%
CO2. The MEF cells were immortalized using the SV40 T-antigen

(pSvtsA58ori; Dr. Masuo Obinata, Tohoku University, Sendai, Japan). Both

MEF and MT1rev cells maintained their intrinsic morphology and growth
rates for at least 10 passages (data not shown). Even after immortalization,

MEF cells did not display tumorigenic activity in mice (data not shown).

Western blotting. Cultured cells were harvested and then lysed in

0.125 mol/L Tris-HCl (pH 6.8) containing 4% SDS, 20% glycerol, 10%
2-mercaptoethanol, and 0.002% bromophenol blue. Lysates were cleared

by centrifugation, and protein concentrations were measured using the

BCR plus kit (Pierce). Equivalent amounts of protein were separated by

SDS-PAGE (8.5% acrylamide gel) and then transferred to a nitrocellulose
membrane (Immobilon-P; Millipore). Membranes were blocked with 5% fat-

free dry milk in PBS containing 0.05% Tween 20. To detect MT1-MMP or

v-src, blots were incubated overnight at 4jC with 222-1D8 or rabbit anti-
Src[pY418] polyclonal antibody, respectively. The blot was then washed

thrice with PBS, treated with HRP-conjugated anti-mouse IgG polyclonal

antibody, then developed for 5 min using the enhanced chemiluminescence

system (ECL-Plus Western, GE Healthcare Bio-Sciences Corp.). To detect
actin, blots were incubated with anti-actin monoclonal antibody (MAB1501;

1:1,000 dilution), followed by the development with an alkaline phosphatase

system (Sigma).

Gelatin zymograms and degradation assay. Gelatin zymography was
done as described previously (31). The method is also described briefly in

the legend to Fig. 2. Gelatin degradation assays were done using the gelatin

labeled with the fluorescent dye Texas Red (Invitrogen), according to the
manufacturer’s instruction. The assay procedure is described in the legend

to Fig. 2B .

Immunostaining. The immunocytostaining procedure is summarized in
the legend to Fig. 3B . To immunostain cells cultured in collagen matrix,
collagen gels were embedded in Tissue-Tek OCT compound (Sakura), frozen

with liquid N2, and sectioned (8 Am). The sections were treated with rabbit
polyclonal antibody against mouse collagen type IV (1:300 dilution).

Hoechst dye 33258 (Invitrogen) was used to stain nuclei. Cell fluorescence
was observed using a charge-coupled device fluorescent microscope (IX-70;

Olympus).

In vivo tumor growth assay.Cells (1� 106) suspended in culturemedium
(200 AL) were injected s.c. into the dorsal side of the mice. For

coimplantations, MT1rev (1 � 106) and MEF (2 � 106) cells were injected

in the same volume of medium (200 AL). Tumor size was measured twice a
week using calipers. Tumor volume was estimated using the following

formula: V = (LW2)k/6, where V, volume (mm3); L , largest diameter (mm); and

W, smallest diameter (mm). For the +Dox control, cells were treated with

doxycycline (1 AgmL�1) for 48 h in vitro before implantation, and doxycycline
was given to the recipient mice via their drinking water (2 mg doxycycline

mL�1). For doxycycline-free (i.e.,�Dox) experiments, the recipient mice were
provided with doxycycline-free water before and after implantation. A

subgroup of mice in the +Dox group were transferred from the +Dox to

doxycycline-free water regime 21 days after implantation with doxycycline-

treated cells. This change was aimed at examining whether or not

tumorigenesis was affected by transfer from MT1-MMP–suppressive to

MT1-MMP–inducible conditions.

Statistical analysis. All variables were presented as means F SD. These

were compared using the nonparametric Mann-Whitney U test; P < 0.05
was considered to be statistically significant.

Figure 3. Temporal response of tumor growth to MT1-MMP expression in vivo.
A, MT1rev and MT1mock cells were cultured in vitro in the presence or absence
of doxycycline, and then 1 � 106 cells were implanted into Mmp-2+/+ mice
(WT mice). Starting 2 d before implantation of cells, doxycycline was given to
the mice via the drinking water (2 mg doxycycline mL�1; +Dox ). Points,
mean volume tumor sizes monitored over 21 d; bars, SE (n = 20 for mock or
rev.1 FDox, n = 12 for rev.2 FDox). Mann-Whitney U tests were done for
rev.1 �Dox versus rev.2 �Dox and rev.1 �Dox versus rev.1 +Dox. *, P at day
14 = 0.479 and <0.0001; **, P at day 21 =0.029 and <0.0001, respectively.
B, MT1rev.2 cells were cultured in the presence or absence of doxycycline
in vitro , then implanted into Mmp-2+/+ mice. The drinking water given to the mice
either contained doxycycline (+Dox ) or was doxycycline-free (�Dox ), with
matching in vivo and in vitro treatments. Some of the mice were switched to
doxycycline-free water 21 d after implantation of the doxycycline-treated cells
(+Dox21day ; �Dox). Tumor sizes were monitored over 42 d. Mann-Whitney
U tests were done for rev.2 �Dox versus rev.2 +Dox21day and �Dox versus
rev.2 �Dox. *, P at day 14 =0.0079 and <0.0044; **, P at day 21 <0.001 and
0.0005, respectively.
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Results

Establishment of an epithelial cell line derived from an Mt1-
mmp�/� mouse strain. An immortalized cell line was obtained
using epithelial cells isolated from the large intestine of an Mt1-
mmp�/�/p53�/� mouse fetus and cultured in vitro (Fig. 1A). The
cells were observed using transmission electron microscopy and
seemed to retain intestinal epithelial characteristics such as
junctional complexes at cell-cell junctions (Fig. 1B-a) and microvilli
that projected from the luminal cell surface (Fig. 1B-b). Because it
has been reported that c-Src activity is up-regulated in human
colon cancer (32), the cells were induced further with the v-src
oncoprotein (Fig. 1C) to increase their tumorigenic potential
in vivo . These v-src–transfected cells continued to retain an
intestinal epithelial-like morphology similar to the cells shown in
Fig. 1B (data not shown).
A doxycycline-regulated system for MT1-MMP expression was

introduced into the cell line, and two MT1-MMP revertants
(MT1rev.1 and MT1rev.2) were obtained. Control cells were
transfected with the vector alone (MT1mock). Epithelial cells
isolated from the large intestine of Mt1-mmp+/+/p53�/� mouse
fetuses expressed the active form of MT1-MMP; this was absent in
MT1mock cells (Fig. 1D, WT and mock , respectively). In MT1rev
cells (rev.1 and rev.2), MT1-MMP expression levels were low in the
presence of doxycycline (+Dox), whereas expression increased 5- to
10-fold when these cells were grown in the doxycycline-free (�Dox)
culture medium (Fig. 1D). The major form of MT1-MMP induced
by these conditions exhibited a slightly slower band mobility than
that of WT cells. This higher molecular weight protein corresponds
to the latent form (proMT1-MMP), which contains a propeptide
sequence. In addition to proMT1-MMP, the active form was
detected in MT1rev cells cultured under doxycycline-free con-
ditions. Note that the levels of the active form are similar between
MT1rev and WT cells, despite the higher levels of proMT1-MMP
observed in the former. As with most tumor cell lines of epithelial
origin (8), MMP-2 was not expressed by MT1rev cells (data not
shown). Furthermore, the growth rate of MT1rev cells was
unaffected by doxycycline under the culture conditions used in
these studies (data not shown).
Following the induction of MT1-MMP expression in doxycycline-

free medium, both MT1rev.1 and MT1rev.2 cells acquired the ability
to activate exogenously added proMMP-2 to MMP-2 (Fig. 2A). MEF
obtained from WTmice were stimulated by concanavalin A (Con A;
ref. 33) and used as a positive control for MT1-MMP–mediated
activation of MMP-2 (Fig. 2A , MEF). MT1mock cells were used as a
negative control (Fig. 2A, mock).
To detect the matrix-degrading activity of MT1-MMP at the cell

surface, MT1rev cells were seeded and cultured on glass slides that
had been coated with fluorescently labeled gelatin. Areas of
degraded gelatin were visualized as dark marks against a
background of red fluorescence (Fig. 2B-a–d). In addition, the
presence of MT1-MMP on the cell surface was visualized by
immunostaining MT1-MMP under nonpermeable conditions
(Fig. 2B-e–h). Degradation of gelatin and cell-surface expression
of MT1-MMP were observed for MT1rev.2 cells cultured in the
absence of doxycycline (Fig. 2B-a and B-e). The gelatinolytic
activity of MT1rev.2 cells (�Dox) was inhibited almost completely
by the synthetic MMPI BB-94 (Fig. 2B-b) and TIMP-2 (Fig. 2B-d),
but not by TIMP-1 (Fig. 2B-c). The TIMP-2–sensitive and TIMP-1–
insensitive gelatinolytic activity observed for MT1rev.2 cells is
consistent with the enzymatic characteristics of MT1-MMP (15, 16).

Expression of MT1-MMP and degradation of gelatin were not
observed in either MT1rev.2 cells cultured in the presence of
doxycycline or in MT1mock cells (Fig. 2C). The results obtained for
MT1rev.1 cells (data not shown) were very similar to those
observed for MT1rev.2 cells (Fig. 2B and C).

MT1rev cells exhibit MT1-MMP–dependent tumor forma-
tion. To evaluate tumor-forming activity, MT1rev and MT1mock
cells were implanted s.c. into syngenic Mmp-2+/+ mice, and tumor
size was monitored thereafter (Fig. 3A ). The control cells
(MT1mock) formed very small tumors that were barely detectable
from the surface, regardless of the doxycycline treatment (mock;
�Dox and +Dox). Although MT1rev.1 and MT1rev.2 cells formed

Figure 4. Tumor formation in MMP-2–deficient mice. A, tumor growth from
MT1rev.2 cells was evaluated in Mmp-2�/� mice. MT1rev.2 and MT1mock cells
were implanted into Mmp-2�/� mice. Tumor sizes were monitored over 21 d.
Cells and mice were treated with or without doxycycline as indicated. Points,
mean volume tumor sizes; bars, SE (n = 6 for each group). Mann-Whitney U
tests were done for rev.2 �Dox versus rev.2 +Dox, rev.2 +Dox versus mock
�Dox, and rev.2 �Dox versus mock �Dox. *, P at day 14 =0.0148, 0.035,
0.00369; **, P at day 21 =0.0892, 0.0725, and 0.0037, respectively. B, MT1rev.2
cells were transfected with a plasmid-expressing mouse MMP-2. Production of
MMP-2 by MT1erv.2/MMP-2 cells was examined using gelatin zymograms.
Expression of MT1-MMP was controlled by doxycycline as indicated. Arrows,
latent and active forms of MMP-2. C, MT1rev.2 cells and MMP-2–transfected
MT1rev.2 cells (rev.2/MMP-2 ) were implanted into Mmp-2�/� mice, and tumor
sizes were monitored as described above. Expression of MT1-MMP was
controlled by doxycycline as indicated. Points, mean volume tumor sizes; bars,
SE. n = 6 for rev.2 FDox, and n = 16 for rev2/MMP-2 FDox. Mann-Whitney
U tests were done for rev.2/MMP-2 �Dox versus rev.2/MMP-2 +Dox. * and
**, P < 0.0001 for both days 14 and 21.
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tumors, they also remained small in size in the absence of MT1-
MMP induction. However, these cells formed markedly larger
tumors under MT1-MMP–inducing conditions (�Dox). During 21
days of observation, the tumor volume of MT1rev cells expressing
MT1-MMP was 7- to 10-fold greater than those implanted under
MT1-MMP suppressive conditions. Thus, expression of MT1-MMP
promotes tumor growth of MT1rev cells in mice. This result is
consistent with previous studies done using different types of
tumor cells (22, 34–37). In the following experiments, we used
MT1rev.2 to represent all MT1rev cells.
To evaluate the temporal effect of MT1-MMP on tumor growth,

MT1rev.2 cells were implanted into mice without MT1-MMP
induction (Fig. 3B , rev.2 +Dox). After 21 days, in which the slow
growth rate of uninduced MT1rev.2 cells was confirmed, some of
the mice were given doxycycline-free water to induce expression of
MT1-MMP in vivo (Fig. 3B , rev.2 +Dox 21day; �Dox). Tumor
growth was enhanced soon after the elimination of doxycycline
exposure; the rate of tumor growth reached that of MT1rev.2 cells
expressing MT1-MMP continuously (rev.2 �Dox). This finding
indicates that in the presence of doxycycline, the tumor growth of
MT1rev.2 cells is restricted by the absence of MT1-MMP. It also
suggests that in mice, these cells can survive for at least 21 days
under conditions that suppress MT1-MMP expression.

Effect of stroma-derived MMP-2 on MT1-MMP–dependent
tumor growth. The next step was to examine whether or not MT1-
MMP–dependent tumor growth requires MMP-2 from the host
stroma. MT1rev.2 and MT1mock cells were implanted into Mmp-
2�/� mice, and tumor growth was monitored in the presence or
absence of MT1-MMP expression (Fig. 4A). Regardless of the

presence (+) or absence (�) of doxycycline, MT1mock cells (mock)
formed very small tumors (Fig. 4A), similar to those formed in
Mmp-2+/+ mice (Fig. 3A). In the absence of MT1-MMP expression
(+Dox), MT1rev.2 cells also formed small tumors. However, MT1-
MMP (�Dox) expression in MT1rev.2 cells resulted in only a 2-fold
enhancement of tumor growth in Mmp-2�/� mice (Fig. 4A),
suggesting that MMP-2 plays a role in tumor promotion.
To confirm that MMP-2 is responsible for these differences,

MT1rev.2 cells were transfected with an expression plasmid that
affected the stable expression of MMP-2. These transfected cells
(MT1rev.2/MMP-2) produced proMMP-2 during growth in the
presence (+) and absence (�) of doxycycline, which generated
active MMP-2 following the induction of MT1-MMP expression
(Fig. 4B). Although proMMP-2 was expressed in the presence (+) of
doxycycline, it did little to promote MT1rev.2 cell-derived tumor
development in vivo (Fig. 4C , rev.2/MMP-2 +Dox). In the absence
(�) of doxycycline, MT1rev.2/MMP-2 cells expressed MT1-MMP,
and tumor growth was enhanced 4- to 5-fold (Fig. 4C). Expression
of MT1-MMP did not enhance tumor growth in MT1rev.2/mock
cells. Thus, MMP-2 is required for the MT1-MMP–dependent
tumor growth of MT1rev.2 cells in mice.

Reconstitution of MMP-2–mediated tumor-stroma interac-
tion in MMP-2–deficient mice. MMP-2 is produced primarily by
fibroblasts in the stroma of tumors (8, 11). Thus, the epithelial
expression of MMP-2 by cells such as MT1rev.2/MMP-2 might
represent completely artificial conditions. Therefore, we investi-
gated whether or not stroma-derived MMP-2 is sufficient for MT1-
MMP–dependent tumor growth. An MMP-2–positive stromal
environment was reconstructed in Mmp-2�/� mice, after which
MEFs obtained from Mt1-mmp+/+/Mmp-2+/+ (WT), Mt1-mmp�/�/
Mmp-2+/+ (MT1KO), or Mt1-mmp�/�/Mmp-2�/� (DKO) mice were
introduced. WT MEFs produced proMMP-2; following treatment
with concanavalin A (+Con A), activated MMP-2 was detected
(Fig. 5A, WT). Similar to WT MEFs, MT1KO-MEFs produced
proMMP-2. However, no active MMP-2 was observed following
treatment with Con A (Fig. 5A, MT1KO). Neither proMMP-2 nor
MMP-2 were detected in DKO MEFs (Fig. 5A , DKO).
We coimplanted Mmp-2�/� mice with MT1rev2 cells and each of

the MEFs and then monitored tumor size (Fig. 5B). Implantation of
MEF cells alone did not result in tumor formation in mice (data not
shown). DKO MEF cells were unable to support growth of MT1rev.2
tumors, regardless of MT1-MMP expression (Fig. 5B , rev.2/DKO). In
contrast, the proMMP-2–producing MT1KO MEF cells were able to
enhance MT1-MMP–dependent (�Dox) tumor growth by 3- to 4-
fold (Fig. 5B , rev.2/MT1KO). Thus, the expression of MMP-2 by
fibroblasts promoted MT1rev.2 tumor formation in mice in a MT1-
MMP–dependent manner.

Proliferation of MT1rev.2 cells in type I collagen matrix
in vitro. In vivo , type I collagen is reported to form the major ECM
environment for tumors (20). MT1-MMP is a cell-associated form
of collagenase; it is required and sufficient for the in vitro growth of
some tumor cell lines in collagen matrix (22). Because in vivo
tumor formation requires MMP-2 in addition to MT1-MMP, we
investigated whether or not MMP-2 was necessary for the in vitro
proliferation of MT1rev.2 cells in a type I collagen matrix. In the
absence of MT1-MMP expression, the number of MT1rev.2 cells in
the collagen matrix increased 4-fold within 10 days (Fig. 6A , +Dox).
However, when these cells expressed MT1-MMP, their numbers
increased 10-fold (Fig. 6A , �Dox). These findings suggest that
MT1-MMP is required for the rapid growth of MT1rev.2 cells in
a collagen matrix in vitro (Fig. 6A), similar to tumor formation

Figure 5. Reconstitution of an MMP-2–positive stromal environment in
MMP-2–deficient mice. A, MMP-2 production by MEF cells isolated from WTand
mutant (knock-out) mouse fetuses was analyzed using gelatin zymograms.
MEFs were isolated from Mt1-mmp+/+/Mmp-2+/+ (WT ), Mt1-mmp�/�/Mmp-2+/+

(MT1KO ), and Mt1-mmp�/�/Mmp-2�/� (DKO ) mouse fetuses as described in
Materials and Methods. Cells were cultured in the presence or absence of 50 Ag
mL�1 concanavalin A (Con. A ), after which serum-free culture supernatants were
collected and analyzed using gelatin zymograms. Arrows, ProMMP-2 and
active MMP-2. B, MT1rev.2 cells were coimplanted into Mmp-2�/� mice with the
MEFs indicated. Expression of MT1-MMP was controlled by doxycycline as
described above, and tumor sizes were monitored. Points, mean volume tumor
sizes; bars, SE. n = 4 for each group. A Mann-Whitney U test was done for rev.2
�Dox/MT1KO-MEF versus rev.2 +Dox/MT1KO-MEF. *, P = 0.098 for day 14;
**, P = 0.012 for day 21.
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Figure 6. Cell proliferation assay in a type I collagen matrix and detection of type IV collagen. Cell culture in type I collagen matrix was performed as
follows: type I collagen matrix (2.4 mg mL�1) was prepared by mixing Cellmatrix (Nitta Gelatine), 10� MEM and 0.34 N NaOH in an 8:1:1 ratio, respectively.
The gel solution (200 AL) was transferred into 48-well plates and incubated at 37jC. Just before the complete polymerization, 5 AL of suspended cells
(1 � 104) were seeded into the gels. Samples were cultured separately in medium supplemented with either 10% serum from WT or MMP-2–deficient
mice. To analyze the effects of MMP-2 on cell growth, recombinant pro–MMP-2 (4.3 pg) was added to the culture medium. After 10 d in culture,
each collagen sample was digested with bacterial collagenase, and the cells were harvested and counted. A, MT1rev.2 or MT1mock cells (1 � 104)
were inoculated into a collagen matrix and cultured for 10 d under the doxycycline and inhibitor conditions indicated, after which the cells were counted.
MMP-2 was supplied by serum prepared from MMP-2–positive mice (Mmp-2+/+). Expression of MT1-MMP was regulated by doxycycline; proteolytic
activity was inhibited by TIMP-1 (1 Amol/L) or TIMP-2 (1 Amol/L). Columns, mean cell numbers; bars, SE (n = 3). B, MT1rev.2 cells were cultured in a
collagen matrix with medium supplemented with serum obtained from MMP-2–deficient mice (Mmp-2�/�). Recombinant pro–MMP-2 (5 pg) was added to the
culture medium as indicated. Columns, mean cell numbers; bars, SE (n = 3). C, expression of ECM-related genes in MT1rev.2 cells was analyzed using an
oligonucleotide microarray assay (Oligo GEArray; SuperArray Bioscience Corp.) according to the supplier’s protocols. Results of the hybridization are
presented. Intensity of the signal was measured by densitometry; intensity relative to type IV collagen a1 is indicated. GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; Col1a1, type I collagen a1; Col3a1, type III collagen a1; Col4a1, type IV collagen a1; Col5a1, type V collagen a1; Col6a1, type VI
collagen a1; FN, fibronectin; and Lamb1, laminin h1. D, MT1mock (a ) and MT1rev.2 (b and c ) cells were cultured in a collagen matrix. After 3 d in
culture, bright-field photos were taken of the cells using a phase-contrast microscope. Red arrows, cell protrusions invading the collagen matrix in the
absence of doxycycline (�Dox; c ). Bars (a-c ), 0.25 mm. Following 5 d in the absence of doxycycline, cells were sliced into 8-Am sections and
immunostained for collagen IV. d, a bright-field image showing cells extending into the collagen matrix. Cells at the invasive end exhibit filopodia (arrows ).
e, immunostaining of the same section using an anti-type IV collagen antibody. The signal was developed using Alexa-Fluor-488-conjugated secondary
antibody. f, merge of images in (d ) and (e ). Type IV collagen was deposited throughout the cell layer, yet there is little deposition on invasive filopodia
(arrows ). Bar, 0.25 mm.
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in vivo (Fig. 3A). Although MT1-MMP expression (�Dox) enhanced
cell growth, this promotion was suppressed by both TIMP-1 and
TIMP-2, which are noninhibitory and inhibitory to MT1-MMP
enzymatic activity, respectively (Fig. 6A). Thus, it would seem that a
TIMP-1–sensitive MMP-2 is contained in the mouse serum that
was added to the culture. Furthermore, this MMP-2 seems to be
involved in MT1-MMP–dependent cell growth in a collagen matrix.
MT1rev.2 cells were cultured with MMP-2–free serum obtained
from Mmp-2�/� mice, and no significant enhancement of growth
was observed, even when MT1-MMP was expressed (Fig. 6B ,
�Dox). In contrast, MT1-MMP–dependent growth recovered
following the addition of recombinant proMMP-2 to the MMP-2–
free culture medium (Fig. 6B). Thus, even in an in vitro type I
collagen matrix, MMP-2 is critical for MT1-MMP–dependent
proliferation of MT1rev.2 cells.

Production and deposition of type IV collagen by MT1rev.2
cells. MT1-MMP degrades type I collagen (38) and is sufficient to
support growth of some tumor cell lines in a collagen matrix (20).
Because MT1rev.2 cells require MMP-2 for growth in a type I
collagen matrix, it is possible that they produce additional ECM
components that require MMP-2 for degradation. Therefore, we
used a membrane-based ECM gene microarray assay to identify
whether or not these cells expressed other ECM components.
Indeed, we detected expression of mRNAs for type IV collagen (a1),
type V collagen (a1), fibronectin, and laminin (h1), whereas no
mRNAs were detected for interstitial collagens such as type I
collagen (a1) or type III collagen (a1; Fig. 6C). Because type IV
collagen is a well-characterized substrate of MMP-2, immunostain-
ing was used to investigate its deposition around MT1rev.2 cells in
the collagen matrix. MT1mock (Fig. 6D-a) and MT1rev.2 cells were
cultured in a three-dimensional collagen matrix in the presence
of WT serum (i.e., MMP-2–containing) and under MT1-MMP–
suppressing conditions (Fig. 6D-b , +Dox). Under phase contrast
microscopy, these cells were observed to form ball-like structures in
the collagen matrix (Fig. 6D-a and D-b , respectively). In contrast,
under MT1-MMP–inducing conditions, MT1rev.2 cells elongated
and extended protrusions into the collagen matrix (Fig. 6D-c).
Frozen sections of MT1-MMP–expressing MT1rev.2 cells (�Dox)
were prepared and subjected to type IV collagen immunostaining
(Fig. 6D-d–f ). The cells seemed to form a sheetlike structure (Fig. 6D-
d), and type IV collagen was detected along the sheet (Fig. 6D-e).
Interestingly, there seemed to be little type IV collagen at the
protruding tip area (Fig. 6D-f ). Thus, it would seem that MT1rev.2
cells express additional ECM components, which include type IV
collagen, and that these are deposited at the cell-collagen interface.
MT1-MMP and MMP-2 cooperate to eliminate these deposits,
thereby promoting invasion and proliferation of the cells.

Discussion

Consistent with previous studies (22, 34–37), we observed that
MT1-MMP is an essential component of the mechanisms that
support growth of MT1rev cells under three-dimensional conditions
such as in mouse tissue or an in vitro matrix of type I collagen.
MT1rev.2 cells started to proliferate 21 days after implantation,
following in vivo induction of MT1-MMP expression. In the presence
of doxycycline, tumor growth of MT1rev.2 cells seems to be limited
by MT1-MMP. Interestingly, similar growth rates were observed
between tumors following in vivo induction of MT1-MMP and cells
in which MT1-MMP had been induced previously in vitro (Fig. 3B).
This finding indicates that in the absence of MT1-MMP expression,

MT1rev.2 cell numbers did not decrease significantly during the 21
days following implantation. Indeed, the percentage of apoptotic
cells in the tumors seemed to be unaffected by the absence of MT1-
MMP expression (data not shown).
Expression of MT1-MMP–enhanced MT1rev cell growth in

Mmp-2+/+ mice (Fig. 3A), but this effect was diminished greatly
when the cells were implanted into Mmp-2�/� mice (Fig. 4A). In
the absence of MT1-MMP, expression of MMP-2 alone (presumably
as proMMP-2) did not promote tumor growth (Fig. 4C). However,
following transfection of MT1rev.2 cells with an MMP-2 expression
vector (MT1rev.2/MMP-2 cells), tumor growth in Mmp-2�/� mice
was enhanced greatly in response to MT1-MMP expression
(Fig. 4C). Moreover, similar effects were observed following
coimplantation of MEF cells expressing MMP-2 and MT1rev.2 cells
(Fig. 5B). Thus, stroma-derived MMP-2 is important and sufficient
to support the MT1-MMP–dependent tumor growth of MT1rev.2
cells. To our knowledge, this is the first demonstration that stroma-
derived MMP-2 can be used for tumor growth in a MT1-MMP–
dependent manner.
Presumably, the fact that MMPs are required for tumor growth

in vivo indicates the involvement of the ECM environment around
the tumors. Therefore, it is interesting that MT1rev.2 cells required
MMP-2 for cell growth in the type I collagen matrix in vitro (Fig. 6).
Because MT1-MMP is sufficient to degrade type I collagen (22, 38),
the requirement of MMP-2 for the growth of these cells suggests
that additional ECM components exist at the cell-collagen
interface. Following the analysis of the ECM surrounding the
MT1rev.2 cells in the collagen matrix, we found the deposition of
type IV collagen (Fig. 6D), a major BM component and a well-
known substrate of MMP-2 (6, 12, 39). Thus, MT1rev.2 cells may
have the ability to form BM because they expressed additional BM
components such as fibronectin and laminin (Fig. 6C). Without
MT1-MMP expression, MT1rev.2 cells formed a compact ball-like
structure in the collagen matrix. However, cells expressing MT1-
MMP seemed to grow numerous protrusions that extended into
the collagen matrix. This type of growth occurs in the presence of
MMP-2, and type IV collagen seemed to be very limited at the edge
of the protrusions into the matrix (Fig. 6D-f, white arrows). Thus, we
speculate that MMP-2 cooperates with MT1-MMP to loosen the
BM-like structure around cells before extension into the type I
collagen matrix (40, 41).
MT1-MMP is expressed in both tumor and stroma cells (6),

whereas expression of MMP-2 is mostly in the latter (11). Because
fibroblasts express both MT1-MMP and MMP-2, these cells can
activate proMMP-2 using their own MT1-MMP, as shown in Fig. 5A .
However, the MMP-2 activated by fibroblasts may be less effective
at supporting tumor growth because tumor formation of MT1rev
cells clearly required expression of MT1-MMP, even when the cells
were implanted into Mt1-mmp+/+/Mmp-2+/+ mice (Fig. 3A and B).
This result implies that MMP-2 must be activated on the tumor cell
surface to contribute to growth.
What clinical implications does the present study hold? Our

findings suggest that MMP-2 plays a particularly important role in
the early stages of tumors, when the BM remains adjacent to the
tumor cells. At the same time, tumor cells in the early stages may
retain the ability to express components of BM, including type IV
collagen and laminin, as shown here with MT1rev cells. On the
other hand, the MMP-2 requirement may not be as critical for more
advanced tumors, such as those that have completed the epithelial-
mesenchymal transition. Even for advanced tumors, MT1-MMP
may still be important because tumor cells are surrounded by type
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I collagen (22). Thus, MMP-2–targeted therapy may work effectively
only in the early stages of tumors. However, it is noteworthy that
the phenotypic characteristics of Mmp-2�/� mice are not severe
(26). Thus, specific inhibition of MMP-2 might provide the effective
prevention of the early stages of tumor progression, without
causing serious side effects. However, as described earlier, the
phenotypic characteristics of Mt1-mmp�/� mice are severe. Thus,
only MT1-MMP expressed by tumor cells or in tumor tissue should
be targeted if these severe side effects are to be avoided.
Over the last few years, the therapeutic value of many MMPIs

has been tested, but in clinical trials, most have proved less
effective than expected. Because these MMPIs can inhibit multiple
MMPs concurrently, the effect of inhibition of individual MMPs
needs to be reevaluated. Thus, we believe that an improved
understanding of MMP functions in in vivo tumor development will

contribute to the effective and safe application of anti-MMP
therapy. In particular, our findings suggest that specific inhibition
of MMP-2, rather than general inhibition of MMPs, may provide a
promising therapy for some epithelial tumor progressions.

Acknowledgments

Received 12/27/2006; revised 2/21/2007; accepted 2/27/2007.
Grant support: Grant-in-Aid for Scientific Research from the Ministry of

Education, Culture, Sports, Science, and Technology of Japan (17014019).
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.
The authors thank Naohiko Koshikawa (University of Tokyo, Japan) for helpful and

crucial discussions, Chieko Konishi (University of Tokyo, Japan) for excellent technical
assistance, and Akiko Okada (Mie University, Tsu City, Japan) for her initial work on
establishing the Mt1-mmp�/� mice.

MMP-2 Regulates Tumor Growth in Mice

www.aacrjournals.org 4319 Cancer Res 2007; 67: (9). May 1, 2007

References
1. Liotta LA, Kohn EC. The microenvironment of the
tumour-host interface. Nature 2001;411:375–9.

2. Muller AJ, Scherle PA. Targeting the mechanisms of
tumoral immune tolerance with small-molecule inhib-
itors. Nat Rev Cancer 2006;6:613–25.

3. Overall CM, Kleifeld O. Tumour microenvironment—
opinion: validating matrix metalloproteinases as drug
targets and anti-targets for cancer therapy. Nat Rev
Cancer 2006;6:227–39.

4. Cunha GR, Hayward SW, Wang YZ, Ricke WA. Role of
the stromal microenvironment in carcinogenesis of the
prostate. Int J Cancer 2003;107:1–10.

5. Gupta GP, Massague J. Cancer metastasis: building a
framework. Cell 2006;127:679–95.

6. Egeblad M, Werb Z. New functions for the matrix
metalloproteinases in cancer progression. Nat Rev
Cancer 2002;2:161–74.

7. Coussens LM, Fingleton B, Matrisian LM. Matrix
metalloproteinase inhibitors and cancer: trials and
tribulations. Science 2002;295:2387–92.

8. Sato H, Kida Y, Mai M, et al. Expression of genes
encoding type IV collagen-degrading metalloproteinases
and tissue inhibitors of metalloproteinases in various
human tumor cells. Oncogene 1992;7:77–83.

9. Yu AE, Hewitt RE, Kleiner DE, Stetler-Stevenson WG.
Molecular regulation of cellular invasion-role of
gelatinase A and TIMP-2. Biochem Cell Biol 1996;74:
823–31.

10. Cockett MI, Murphy G, Birch ML, et al. Matrix
metalloproteinases and metastatic cancer. Biochem Soc
Symp 1998;63:295–313.

11. Hofmann UB, Eggert AA, Blass K, Brocker EB, Becker
JC. Stromal cells as the major source for matrix
metalloproteinase-2 in cutaneous melanoma. Arch
Dermatol Res 2005;297:154–60.

12. Stetler-Stevenson WG. Type IV collagenases in tumor
invasion and metastasis. Cancer Metastasis Rev 1990;9:
289–303.

13. Seiki M. Membrane-type 1 matrix metalloproteinase:
a key enzyme for tumor invasion. Cancer Lett 2003;194:
1–11.

14. Nomura H, Sato H, Seiki M, Mai M, Okada Y.
Expression of membrane-type matrix metalloprotei-
nase in human gastric carcinomas. Cancer Res 1995;55:
3263–6.

15. Itoh Y, Seiki M. MT1-MMP: a potent modifier of
pericellular microenvironment. J Cell Physiol 2006;206:
1–8.

16. Seiki M, Koshikawa N, Yana I. Role of pericellular
proteolysis by membrane-type 1 matrix metalloprotei-

nase in cancer invasion and angiogenesis. Cancer
Metastasis Rev 2003;22:129–43.

17. Holmbeck K, Bianco P, Caterina J, et al. MT1-MMP–
eficient mice develop dwarfism, osteopenia, arthritis,
and connective tissue disease due to inadequate
collagen turnover. Cell 1999;99:81–92.

18. Zhou Z, Apte SS, Soininen R, et al. Impaired
endochondral ossification and angiogenesis in mice
deficient in membrane-type matrix metalloproteinase I.
Proc Natl Acad Sci U S A 2000;97:4052–7.

19. Holmbeck K, Bianco P, Yamada S, Birkedal Hansen H.
MT1 MMP: a tethered collagenase. J Cell Physiol 2004;
200:11–9.

20. Hotary K, Allen E, Punturieri A, Yana I, Weiss SJ.
Regulation of cell invasion and morphogenesis in a
three dimensional type I collagen matrix by membrane-
type matrix metalloproteinases 1, 2, and 3. J Cell Biol
2000;149:1309–23.

21. Chun TH, Sabeh F, Ota I, et al. MT1-MMP–dependent
neovessel formation within the confines of the three-
dimensional extracellular matrix. J Cell Biol 2004;167:
757–67.

22. Hotary KB, Allen ED, Brooks PC, Datta NS, Long MW,
Weiss SJ. Membrane type I matrix metalloproteinase
usurps tumor growth control imposed by the three-
dimensional extracellular matrix. Cell 2003;114:33–45.

23. Yasumitsu H, Miyazaki K, Umenishi F, Koshikawa N,
Umeda M. Comparison of extracellular matrix-degrad-
ing activities between 64-kDa and 90-kDa gelatinases
purified in inhibitor-free forms from human schwan-
noma cells. J Biochem (Tokyo) 1992;111:74–80.

24. Ohtake Y, Tojo H, Seiki M. Multifunctional roles of
MT1-MMP in myofiber formation and morphostatic
maintenance of skeletal muscle. J Cell Sci 2006;119:
3822–32.

25. Oh J, Takahashi R, Adachi E, et al. Mutations in two
matrix metalloproteinase genes, MMP-2 and MT1-MMP,
are synthetic lethal in mice. Oncogene 2004;23:5041–8.

26. Itoh T, Ikeda T, Gomi H, Nakao S, Suzuki T, Itohara S.
Unaltered secretion of h-amyloid precursor protein in
gelatinase A (matrix metalloproteinase 2)–deficient
mice. J Biol Chem 1997;272:22389–92.

27. Tsukada T, Tomooka Y, Takai S, et al. Enhanced
proliferative potential in culture of cells from p53-
deficient mice. Oncogene 1993;8:3313–22.

28. Matsubara Y, Ichinose M, Yahagi N, et al. Hepatocyte
growth factor activator: a possible regulator of mor-
phogenesis during fetal development of the rat gastro-
intestinal tract. Biochem Biophys Res Commun 1998;
253:477–84.

29. Nakamura H, Suenaga N, Taniwaki K, et al.
Constitutive and induced CD44 shedding by ADAM-like

proteases and membrane-type 1 matrix metalloprotei-
nase. Cancer Res 2004;64:876–82.

30. Freshney RI. Culture of animal cells: a manual of
basic technique. New York: Wiley-Liss; 1994.

31. Sato H, Takino T, Okada Y, et al. A matrix metal-
loproteinase expressed on the surface of invasive
tumour cells. Nature 1994;370:61–5.

32. Dehm SM, Bonham K. SRC gene expression in
human cancer: the role of transcriptional activation.
Biochem Cell Biol 2004;82:263–74.

33. Overall CM, Sodek J. Concanavalin A produces a
matrix-degradative phenotype in human fibroblasts.
Induction and endogenous activation of collagenase,
72-kDa gelatinase, and Pump-1 is accompanied by the
suppression of the tissue inhibitor of matrix metal-
loproteinases. J Biol Chem 1990;265:21141–51.

34. Tsunezuka Y, Kinoh H, Takino T, et al. Expression of
membrane-type matrix metalloproteinase 1 (MT1-
MMP) in tumor cells enhances pulmonary metastasis
in an experimental metastasis assay. Cancer Res 1996;56:
5678–83.

35. Soulie P, Carrozzino F, Pepper MS, Strongin AY,
Poupon MF, Montesano R. Membrane–type-1 matrix
metalloproteinase confers tumorigenicity on nonmalig-
nant epithelial cells. Oncogene 2005;24:1689–97.

36. Ha HY, Moon HB, Nam MS, et al. Overexpression of
membrane-type matrix metalloproteinase-1 gene indu-
ces mammary gland abnormalities and adenocarcinoma
in transgenic mice. Cancer Res 2001;61:984–90.

37. Sounni NE, Devy L, Hajitou A, et al. MT1-MMP
expression promotes tumor growth and angiogenesis
through an up-regulation of vascular endothelial growth
factor expression. FASEB J 2002;16:555–64.

38. Ohuchi E, Imai K, Fujii Y, Sato H, Seiki M, Okada Y.
Membrane type 1 matrix metalloproteinase digests
interstitial collagens and other extracellular matrix
macromolecules. J Biol Chem 1997;272:2446–51.

39. Tryggvason K, Hoyhtya M, Pyke C. Type IV
collagenases in invasive tumors. Breast Cancer Res
Treat 1993;24:209–18.

40. Pulyaeva H, Bueno J, Polette M, et al. MT1-MMP
correlates with MMP-2 activation potential seen after
epithelial to mesenchymal transition in human breast
carcinoma cells. Clin Exp Metastasis 1997;15:111–20.

41. Covington MD, Burghardt RC, Parrish AR. Ischemia-
induced cleavage of cadherins in NRK cells requires
MT1-MMP (MMP-14). Am J Physiol Renal Physiol 2006;
290:F43–51.

42. Fukamachi H, Narita T, Yahagi N, Takeda H, Ichinose
M. Endothelin-3 controls growth of colonic epithelial
cells by mediating epithelial-mesenchymal interaction.
Dev Growth Differ 2005;47:573–80.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/9/4311/2580107/4311.pdf by guest on 19 M

ay 2023


