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Abstract
The matrix metalloproteinases (MMPs) play a key role in normal and pathological angiogenesis by
mediating extracellular matrix degradation and/or controlling the biological activity of growth
factors, chemokines, and/or cytokines. Specific functions of individual MMPs as anti- or
proangiogenic mediators remain to be elucidated. In the present study, we assessed the impact of
single or combined MMP deficiencies in in vivo and in vitro models of angiogenesis (malignant
keratinocyte transplantation and the aortic ring assay, respectively). MMP-9 was predominantly
expressed by neutrophils in tumor transplants, whereas MMP-2 and MMP-3 were stromal. Neither
the single deficiency of MMP-2, MMP-3, or MMP-9, nor the combined absence of MMP-9 and
MMP-3 did impair tumor invasion and vascularization in vivo. However, there was a striking
cooperative effect in double MMP-2:MMP-9-deficient mice as demonstrated by the absence of tumor
vascularization and invasion. In contrast, the combined lack of MMP-2 and MMP-9 did not impair
the in vitro capillary outgrowth from aortic rings. These results point to the importance of a cross
talk between several host cells for the in vivo tumor promoting and angiogenic effects of MMP-2
and MMP-9. Our data demonstrate for the first time in an experimental model that MMP-2 and
MMP-9 cooperate in promoting the in vivo invasive and angiogenic phenotype of malignant
keratinocytes.
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Matrix metalloproteinases (MMPs) are a family of structurally related zinc- and calcium–
dependent endopeptidases that can degrade extracellular matrix (ECM) components (1,2).
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MMP-mediated proteolysis is involved in various physiological and pathological processes
such as embryonic development, involution, wound healing, inflammatory diseases, cancer
invasion, and metastasis (3).

Among the MMPs, MMP-2 (gelatinase A), and MMP-9 (gelatinase B) are especially important
in collagen degradation, through digestion of denatured collagen (gelatin) generated by the
cleavage of fibrillar collagen triple helix by collagenases (MMP-1, MMP-8, MMP-13 and
membrane type-1 MMP (MMP-14)). Both MMP-2 and MMP-9 are also active against native
type IV and V collagens, elastin, aggrecan, and fibronectin (4,5). Growth factors such as
vascular endothelial growth factor (VEGF) that are sequestered in the extracellular matrix can
become bioactive by MMP-9-mediated proteolysis (6). A number of nonmatrix MMP
substrates such as cytokines, chemokines, and growth factors (7–9) have also been identified.
The activity of MMPs is tightly regulated at multiple levels including transcription, secretion,
proenzyme activation, and inhibition by tissue inhibitors of MMPs (TIMPs) (1,2). MMP-2 and
MMP-9 differ fundamentally in terms of transcriptional regulation (10,11) and activation
process. Like many other MMPs, MMP-9 can be activated by several proteases, including
plasmin and MMP-3. The activation of MMP-2 is a more complex and specific cell-associated
process involving a multiprotein cluster composed of MMP-14, TIMP-2, and pro-MMP-2
(12,13).

Because of the lack of selective MMP inhibitors, the mechanisms of action and the individual
roles of MMP-2 and MMP-9 have yet to be clearly defined. However, recent generation of
gene-deficient mice provides a way to overcome this problem. Studies using MMP-deficient
mice have brought new insights into the roles of MMP-2 and MMP-9 during physiological and
pathological angiogenesis. MMP-9-deficient mice exhibit a specific embryo phenotype
characterized by a delayed vascularization and ossification of the growth plate in long bones
(14), as well as by decreased breeding efficiency (15). The importance of MMP-9 in tumor
angiogenesis has been described using transgenic mouse models of skin cancer (16) and of
RIP1-Tag2 insulinoma (6), as well as xenografts of human ovarian carcinoma (17). The
reduced carcinogenesis in MMP-9-deficient mice can be restored by transplantation of bone
marrow or spleen from mice expressing MMP-9 (16,17). In addition, experimental metastasis
of murine tumor cells is reduced in MMP-9-deficient mice (18). Although tumor angiogenesis
and growth is reduced in MMP-2-deficient mice compared with wild-type mice (19), MMP-2
is not required for angiogenesis in the RIP1-Tag2 model (6). Taken together, these observations
support the hypothesis that MMP-2 and MMP-9 play crucial roles in tumor progression.

No compensation by MMP-2 in MMP-9 KO mice or MMP-9 in MMP-2 KO mice is detectable
by gelatin SDS-PAGE zymography of tissue extracts and cell cultures (20). This suggests that
although MMP-2 and MMP-9 enzymatic activities may have similar functions in vitro, these
MMPs may have distinct activities and regulation in vivo (20). In addition, opposite roles of
MMP-2 and MMP-9 for the progression of antibody-induced arthritis have been reported
(21).

To define the role of these MMPs in cancer growth and vascularization more precisely, we
transplanted malignant keratinocytes into MMP-2−/−, MMP-9−/− and double MMP-2−/−:
MMP-9−/− mice. We also investigated the role of MMP-3, a putative activator of MMP-9, by
using this model in MMP-3−/− and double MMP-3−/− MMP-9−/− mice. MMP-9 was also
mapped by using transgenic mouse line harboring the LacZ reporter gene driven by MMP-9
promoter (11).

The importance of both gelatinases is demonstrated by the complete inhibition of tumor
vascularization and growth in double MMP-2−/− MMP-9−/− deficient mice.
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MATERIALS AND METHODS
Genetically modified mice

Homozygous 7700 ExIn-LacZ mice (MMP-9/LacZ mice), which contain 7.7 kb of the 5′-
flanking region and the first intron and exon of MMP-9 gene linked to a β-galactosidase gene
were generated as described previously (11). For MMP-9-deficient mice (MMP-9−/−) (14),
the progeny of heterozygous breeding pairs of mice was used and genotyped by RT-PCR
(22). The MMP-2−/− and MMP-3−/− mice were those generated by Itoh et al. (19) and Mudgett
et al. (23), respectively. MMP-2−/− or MMP-3−/− was interbred with MMP-9−/− to obtain the
double MMP-2−/ − MMP-9−/− or MMP-3−/−:MMP-9−/− mice.

Transplantation assay in mice
Malignant murine keratinocytes (PDVA cells) (24) were routinely grown in modified Eagle’s
minimal essential medium containing a fourfold concentration of amino acids and vitamins
(Gibco Laboratories, Grant Island, NY), 10% fetal calf serum (Gibco) and antibiotics in a
humidified incubator at 37°C, 5% CO2. Cells were plated on collagen gel (4 mg/mL of type I
collagen isolated from rat tail tendons) inserted in Teflon rings (Renner GmbH, Dannstadt,
Germany) and maintained in culture for 1 day before transplantation into 6- to 8-week-old mice
or their corresponding wild type as described previously (25,26). Briefly, the cell-coated
collagen gels were covered with a silicone transplantation chamber (Renner, Germany) and
implanted in toto onto the dorsal muscle fascia of mice. One week (for MMP9/LacZ mice) or
three weeks (for all mice genotypes) after grafting, transplants were resected, embedded in
Tissue Tek (Miles Laboratories Inc., Naperville, IL) and frozen in liquid nitrogen for cryostat
sectioning. Each experimental group contained at least 6 animals.

Immunohistochemistry and β-galactosidase staining
Cryostat sections (6–7 μm thick) of MMP-9/LacZ transplants were fixed in 4%
paraformaldehyde for 10 min, washed in Tris 50 mM-Triton X-100 0.1%, pH 7.6 buffer and
incubated with rabbit polyclonal MMP-9 antibody (kindly provided by P. Carmeliet, KUL,
Leuven, Belgium, diluted 1/350). Sections were incubated with horseradish peroxidase (HRP)-
conjugated swine anti-rabbit IgG (Dako, Denmark, diluted 1/50) and color developed with 3-
amino-9-ethyl carbazole (AEC+, Dako) or 3,3′diaminobenzidine (DAB+, Dako), before
counterstaining with hematoxilin, safranin, or ethyl green. Expression of the LacZ transgene
was determined in 2% paraformaldehyde–0.2% glutaraldehyde fixed serial sections (15 to 30
min), washed 3 times in PBS and stained with buffered 5-bromo-4-chloro-3-indolyl-β-
galactopyronoside (X-Gal) solution as described previously (11).

For immunostaining of transplants, cryostat sections were fixed in acetone at −20°C and in
80% methanol at 4°C. When double immunofluorescent labeling was performed, sections were
incubated for 1 h at room temperature with the primary antibodies: anti-type IV collagen Ab
(rabbit polyclonal Ab; diluted 1/100), anti-keratin Ab (Sigma-Aldrich; guinea pig polyclonal
Ab; diluted 1/20), anti-neutrophil Ab (Serotec; rat anti-mouse; diluted 1/200) and anti-αSMA
Ab (Sigma-Aldrich; monoclonal anti-α-smooth muscle actin FITC conjugate; diluted 1/75).
After washes in phosphate-buffered saline (PBS), fluorescein-isothiocyanate (FITC),
appropriate Oregon green or Texas red-conjugated secondary antibodies were applied for 30
min: swine anti-rabbit (Dakopat; diluted 1/40) goat anti-rat (Molecular Probes, Eugene, OR;
diluted 1/40) and mouse anti-guinea pig (Sigma-Aldrich, St. Louis, MO; diluted 1/40). After
3 washes in PBS, coverslips were mounted with Aqua Polymount (Polysciences, Warrington,
PA) and specific labeling was observed using an inverted microscope equipped with
epifluorescence optics.
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Scoring of tumor vascularization
Tumor vascularization was scored on 5 sections in the middle of each transplant as described
previously (26,27): 0: vessels undetected in the collagen gel; +: vessels infiltrating the collagen
gel without reaching the malignant epithelial layer; ++: blood vessels in close apposition to
the epithelial layer, and +++: blood vessels intermingled with invasive epithelial tumor sprouts.

In situ gelatin zymography
In situ zymography was performed by incubating cryosections (7 μm) with 40 μg/ml
fluorescein-conjugated gelatin (Molecular Probes, Eugene, OR) in 50 mM Tris-HCl pH 7.5,
10 mM CaCl2, 150 mM NaCl and 0.05 Brij-35 (Calbiochem, CA, USA) for 24 h at 37°C.
Sections were washed 3 times with PBS and mounted with Vectashield (Vector Laboratories,
Inc., Burlingame, CA). Gelatinase activity was visualized using fluorescent microscopy. Cells
were counterstained using bisbenzimide (Calbiochem; fluorochromo-3HCl, 5 H2O; dilution
1/100). The MMP nature of gelatinolytic activity was assessed by incorporating a synthetic
MMP inhibitor (R028-2653) (1 μm) in gelatin.

Aorta ring assay and cell outgrowth quantification
Angiogenesis was studied in vitro by culturing aorta rings from transgenic or deficient mice
and their corresponding wild type in three-dimensional collagen gels. Mouse aortic rings were
prepared, embedded in a collagen gel, and cultured during 9 days in MCDB131 medium
supplemented with 5% of autologous serum according to the procedure described previously
(28,29). The endothelial nature of spreading cells was verified by incubating the aortic rings
with fluorescent acetylated low density lipoprotein (Dil-Ac-LD), which is selectively taken up
by endothelial cells (28,29).

To quantify cell outgrowth, cell density was determined as a function of the distance to the
aortic ring. For this, image analysis was performed on a PC using the software Aphelion 3.2
from Adsis. Images were first digitized in 760 × 570 pixel with 256 gray levels and filtered in
order to make the background uniform. They were then binarized automatically with the
threshold that maximizes the global average contrast of edges. Density distribution of spreading
cells was determined using the methodology described previously (30,31). Quantification was
performed on two independent assays, by using at least triplicate culture per condition. The
following statistical parameters were calculated (30): (1) the mean distribution (Dm) and
standard deviation; (2) the mode (d) and (3) the maximal distance of migration of spreading
cells (Lm). To compare the different distributions, the ANOVA was performed, and results
were considered significantly different when the P value was less than 0.05.

RESULTS
MMP-9 promoter of host cells is activated in vivo in tumor transplants

Malignant murine keratinocytes (PDVA cells) on collagen gels were implanted onto the dorsal
muscle fascia of adult homozygous MMP-9/LacZ mice. In response to angiogenic stimuli
produced by tumor cells, new blood vessels invaded the collagen gel and reached the malignant
epithelial layer. Thereafter, malignant keratinocytes formed tumor sprouts that invaded the
host tissue. Host-derived cells that infiltrated the collagen gel within the first 10 days expressed
MMP-9 at the migration front (Fig. 1A). Three weeks after transplantation, when invasive
malignant keratinocytes were intermingled with host cells, the latter displayed MMP-9
promoter activity as assessed by β-galactosidase staining, and produced endogenous MMP-9
protein as shown by immunostaining (Fig. 1B). In our model MMP-9 was not associated with
vascular structures visualized by immunostaining with anti-type IV collagen antibody (Fig.
1D). MMP-9 was produced by neutrophils (Fig. 1E), but not by other stromal host cells such
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as α-smooth muscle actin-positive cells (Fig. 1F). However, it should be noted that not all cells
producing MMP-9 (Fig. 1B) exhibited MMP-9 promoter activity (Fig. 1C). This apparent
discrepancy between MMP-9 immunostaining and β-galactosidase activity might be related to
the fact that immunolabeling localizes the proenzyme, while β-galactosidase staining reflects
only transient promoter activation. In addition, the fate of β-galactosidase mRNA and/or
protein might be different from that of endogenous MMP-9, and in the case of neutrophils,
MMP-9 gene could be expressed in one site and the protein stored in intracellular granules
during cell migration to the inflammatory site. Neither MMP-9 mRNA, nor protein was
detected in PDVA cells cultured in vitro (data not shown).

Deficiency of MMP-9 and/or MMP-3 does not impair in vivo tumor invasion and
vascularization

Wild-type (n=6) and MMP-9-deficient mice (n=6) were transplanted for three weeks with
malignant PDVA keratinocytes. Neither tumor invasion (Fig. 2C) nor vascularization (Fig. 3
C) was affected by the single MMP-9 deficiency. Invading tumor sprouts surrounded by a rich
capillary network were observed in both MMP-9-deficient and their corresponding wild-type
mice (Fig. 3A, C). Tumor vascularization developed to a similar degree in both genotypes.
Indeed, the numbers of tumors scored ++ (n=4) or scored +++ (n=2) were similar in MMP-9
+/+ and MMP-9−/− mice.

Because MMP-9 can be activated by MMP-3, we evaluated the impact of the lack of an MMP
acting upstream in the MMP activation cascade, by transplanting malignant cells into MMP-3
−/− (n=6), MMP-3+/+ (n=6), double MMP3−/−:MMP-9−/− mice (n=7) and their
corresponding wild-type (n=7) mice (Fig. 2B, E). The invasive and angiogenic phenotypes of
malignant keratinocytes were preserved in these single- or double-MMP-deficient mice.
Tumors were scored ++ (n=3 and n=4 in MMP-3+/+ and MMP-3−/− mice, respectively) and
scored +++ (n=3 and n=2 in MMP-3+/+ and MMP-3−/− mice, respectively). Similar
vascularization was also observed in double MMP-3−/−:MMP-9−/− mice (n=4 scored ++ and
n=3 scored +++) and in their control mice (n=3 scored ++ and n=4 scored +++)

A combined deficiency of MMP-2 and MMP-9 impairs tumor invasion and vascularization
Tumor cells transplanted into MMP-2−/− mice (n=9) recruited angiogenesis (n=5 scored ++
and n=4 scored +++) and infiltrated into host tissue to similar extents as observed in wild-type
mice (n=8) (n=4 scored ++ and n=4 scored +++) (Fig. 2D). In sharp contrast, when malignant
cells were transplanted into double MMP-2−/−:MMP-9−/− mice (n=6), host-derived blood
vessels were unable to migrate toward the tumor cell layer and remained confined beneath the
collagen gel (all tumors were scored 0).

Even though the host alone was MMP-deficient, the tumor cells failed to invade the collagen
gel and remained as an irregular stratified epithelium on top of the matrix (Fig. 2F, Fig. 3D).
In situ zymography revealed that the gelatinolytic activity was confined to the host tissue and
no activity could be detected in tumor layers (Fig. 3). This activity was completely absent in
double MMP-2:MMP-9 deficient mice (Fig. 3H), strongly reduced in MMP-2−/− mice (Fig.
3F), but still evident in MMP-9−/− mice (Fig. 3). Of interest is the finding that gelatinolytic
activity was differently distributed in each gelatinase deficient mice: largely distributed in the
stroma of MMP-9−/− mice and much more dispersed in MMP-2−/− mice, in keeping with
stromal expression of MMP-2 and inflammatory cell (neutrophil) expression of MMP-9.

Deficiency of MMPs does not impair the angiogenesis in vitro
To determine whether the impact of MMP deficiency in angiogenesis was a direct effect on
vascular cells or was indirect through the stromal and inflammatory cells present in the growing
tumor mass, we next evaluated in vitro angiogenesis by using the aortic ring assay. We
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compared aortic explants resected from the MMP-deficient mice and their corresponding wild-
type mice that were cultured in collagen gels. As early as day 4, small microvessels spread out
from the aortic rings and isolated fibroblast-like cells migrated into the gel from explants from
all the transgenic mice. At day 6, neoangiogenesis was maximal and similar vascular networks
were observed in MMP-deficient and wild-type mice (Fig. 4). Interestingly, the double
MMP-2:MMP-9 deficiency did not affect vessel outgrowth which was similar to that observed
with wild-type mice. Expression of MMP-9 by vascular cells was assessed by using aortic rings
from MMP-9/LacZ mice. Under the culture conditions, we observed β-galactosidase positive
staining in microvessels spreading out and identified the activity of MMP-9 promoter in
endothelial cells (data not shown). This clearly indicates that MMP-9 is expressed during the
course of endothelial cells sprouting.

Objective quantification of cell spreading was performed by computer-assisted image analysis.
The distribution of spreading cells around the aortic ring was characterized by determining the
statistical parameters described in Materials and Methods: mean distribution (Dm), mode (d)
and maximal length (Lmax). None of these different parameters was affected by gelatinase
deficiency (P>0.05) (Fig. 4). However, comparison of the in vitro aortic ring assay and the in
vivo malignant keratinocyte angiogenic phenotype clearly indicates that MMP-2 and MMP-9
are not absolute prerequisites for collagen penetration by activated endothelial cells per se.

DISCUSSION
In the present study, we evaluated the contribution of three host MMPs (MMP-2, MMP-3, and
MMP-9) to the invasion and vascularization of malignant keratinocyte tumors transplanted
into syngeneic MMP-deficient mice. The angiogenic and invasive phenotype of malignant cells
was not affected by the single deficiency of host MMP-2, MMP-3, or MMP-9, or the combined
deficiency of MMP-3 and MMP-9. Thus, although MMP-3 has a skin wound healing phenotype
(32) and can activate MMP-9, acting upstream in the cascade of MMP activation (2), it has no
significant contribution in this tumor model. However, we provide evidence that both MMP-2
and MMP-9 contribute to tumor invasion and vascularization. Tumor invasion and
angiogenesis were impaired by the combined deficiency in both gelatinases.

In other models, the single deficiency of one of the gelatinase gene demonstrated a partial role
of either MMP-9 or MMP-2 in the angiogenic switch (16,17,19,22,33). We have recently
reported the synergistic contribution of MMP-2 and MMP-9 to choroidal neoangiogenesis
induced by a laser burn (34). While both incidence and severity of choroidal angiogenesis were
partially affected in single MMP-deficient mice, they were strongly attenuated in double-
deficient mice.

A direct role for MMP-9 in the regulation of angiogenesis, at least via a modulation of vascular
endothelial growth factor (VEGF) availability, has been reported in previous studies (6,16,
17). The important contribution of MMP-9 in cancer progression has been further supported
by the correlation of a low level of active MMP-9 and a suppression of spontaneous tumor
growth in thrombospondin-deficient mice (35,36). However, MMP-9 also suppresses tumor
angiogenesis through production of angiostatic fragments of basement membrane collagens
(36,37).

We detected MMP-9 promoter activity in vivo in the host stroma, when we transplanted
MMP-9/LacZ mice with malignant keratinocytes, as demonstrated by β-galactosidase staining.
However double immunostaining showed that neutrophils are the main cellular source of
MMP-9 in our model. This is consistent with previous studies of inflammatory processes such
as asthma (38,39). The inflammatory cell origin of MMP-9 in experimental tumor models has
already been reported. Indeed, MMP-9 has been shown to be expressed by mast cells and
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neutrophils in a mouse model of skin carcinogenesis (16,40) and by macrophages in breast and
ovarian tumors (17,41). Our finding supports the importance of neutrophils as the inflammatory
cell origin of MMP-9 in an experimental cancer model.

Although MMP-9 promotor activity was detected in microvessels outgrowth from aortic rings
issued from MMP-9/LacZ transgenic mice in vitro (data not shown), the single deficiency of
MMP-9 did not affect microvessel sprouting. This observation highlights the importance of
MMP-9 produced by inflammatory host cells.

Similarly to MMP-9 deficiency, the lack of MMP-2 did not affect tumor progression.
Therefore, genetic ablation might underestimate the respective importance of MMP-2 or
MMP-9 because of some compensatory response by the other gelatinase or other protease(s).
In situ gelatin zymography revealed a partial and a strong reduction of gelatinolytic activity in
MMP-9 or MMP-2 deficient mice, respectively, suggesting a lack of compensation of one
gelatinase by the other. Although MMP-2 and MMP-9 are endowed with similar enzymatic
activities in vitro, these MMPs may have distinct activities in vivo against nonmatrix substrates.
For instance, MMP-9 is unable to cleave the MMP-2 cleavage site of monocyte chemoattractant
protein-3 (8) and fibroblast growth factor receptor 1 (9), whereas MMP-2 is much poorer at
cleaving type IV collagen α3 chain to generate tumstatin than MMP-9 (36).

The requirement of both MMP-2 and MMP-9 for successful tumor invasion and vascularization
might reflect the necessity of specific interactions between stromal cells producing MMP-2
and inflammatory cells secreting MMP-9. The intact outgrowth of microvessels from aortic
rings of mice with a combined gelatinase deficiency demonstrates that endothelial cell
migration in a pure collagen matrix can occur in the absence of gelatinases. The normal in vitro
microvessel outgrowth in combined deficient mice could be due to the lack of involvement of
a gelatinase substrate in this in vitro model. In sharp contrast, in vivo, endothelial cell activation
and migration might require gelatinases produced by other host cells to generate angiogenic
or chemoattractant factors. Such a contribution of the two gelatinases produced by different
cell types has been recently reported in a model of aneurysm (42). For aneurysm formation,
both the local mesenchymal cell expression and the macrophage expression of gelatinases were
required. Furthermore, we have previously shown that choroidal neoangiogenesis was fully
prevented in double MMP-2−/−:MMP-9−/− mice, whereas it was only partly impaired in each
single deficient mice (34). In our experimental cancer model, although both enzymes are
separately provided by different host cell types, the enzymatic activity of a single gelatinase
is sufficient to circumvent the absence of the other one. As assessed by in situ zymography, in
both single MMP-2- and MMP-9-deficient mice, a gelatinolytic activity was detected in the
host tissue, while it was completely absent in double-deficient mice. Therefore, a low level of
gelatinolytic activity in the host tissue is likely to be sufficient to remodel the extracellular
matrix or to activate growth factors or cytokines/chemokines leading to an appropriate
microenvironment both for vessel sprouting and tumor invasion. Altogether, these studies
underline the complexity of the dialogues occurring between inflammatory cells and
mesenchymal cells which are likely to differ from a pathological condition to another.

In mice with combined deficiency of both MMP-2 and MMP-9 genes, pathological
angiogenesis such as tumor angiogenesis and choroidal neovascularization (34) is significantly
impaired. In sharp contrast, these mice develop normally suggesting that physiological
angiogenesis was unaffected. This is the case for the effects of the MMP-9 generated
antiangiogenic fragment, tumstatin, which only suppresses pathological angiogenesis, not
physiological angiogenesis in wound healing or development (36). These observations
highlight the difference between physiological and pathological angiogenic processes and are
consistent with the differential effect of plasminogen activator inhibitor (PAI-1) deficiency in
physiological and pathological angiogenesis (27,43–46).
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MMP-9-deficient mice exhibit an abnormal pattern of skeletal growth plate vascularization
and ossification 3 weeks after birth. However, a skeletal of normal appearance is found in adult
animals, suggesting that compensating mechanisms occur. This transient phenotype evokes a
possible temporal regulation of MMP-9 and/or compensating mechanisms in adult life. In
support of this hypothesis, autoimmune experimental models have shown a phenotype in
MMP-9-deficient mice only in the early stage of life (47,48).

Our data emphasize the fact that lack of requirement is not synonymous with lack of
involvement in a specific process. Therefore, it is necessary to be cautious with conclusions
as to function from single gene ablation of an MMP. When two enzymes have overlapping
activities an apparently normal gross phenotype may be manifested, even though there may be
significant molecular differences. Because of putative redundancy, it is crucial to determine
when and which of the MMPs are the most important for tumor progression and metastasis
dissemination. Indeed, first therapeutic approaches using broad spectrum MMP inhibitors have
led to disappointing results (2,16). It is likely that broad spectrum inhibitors might repress some
beneficial effects such as, for instance, the generation of anti-angiogenic factors (e.g.,
angiostatin, endostatin, and tumstatin) (1) or the inactivation or activation of chemokines
(49). Our study suggests that the specific and combined inhibition of MMP-2 and MMP-9 may
be a promising strategy for anticancer treatment.
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Figure 1. In vivo invasive behavior of malignant PDVA cells
PDVA cells were implanted into MMP-9/LacZ mice for one (A) or three (B, C) weeks.
Immunohistochemistry (B, D, E, F) and β-galactosidase staining (A, C) were performed as
described in Materials and Methods. Double immunostainings of tumor transplants resected
from wild-type mice after three weeks of transplantation (D–F) reveal that MMP-9 does not
colocalize with vascular structures stained with an antitype-IV collagen antibody (D), MMP-9
is produced by neutrophils (E) but not by α-smooth muscle actin (α-SMA) positive cells (F).
The transplant areas analyzed in panels (D–F) correspond to the tumor part, where tumor cells
are intermingled with host cells. C: carcinoma cells; G: collagen gel; H: host tissue. The dotted
line delineates the limit of the collagen gel. Original magnification: (A) 40×, (B, C) 100×,
(D–F) 1000×.
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Figure 2. Invasive behavior of malignant mouse keratinocytes (PDVA cells) in vivo, three weeks
after transplantation
Tumor cells invade the host tissue of wild-type (A), MMP-3−/− (B), MMP-9−/− (C), MMP-2
−/− (D), and MMP-3−/−; MMP-9−/− (E), but not MMP-2−/−; MMP-9−/− mice (F). Sections
were stained with hematoxylin eosin. C: carcinoma cells; G: collagen gel: H: host tissue.
Original magnification: 200×.
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Figure 3. Invasive and angiogenic properties of malignant mouse PDVA keratinocytes in vivo
Cells were transplanted for three weeks into (A, E) wild-type, (B, F) MMP-2−/−, (C, G)
MMP-9−/−, or (D, H) MMP-2−/−; MMP-9−/− mice. (A–D) Malignant cells were stained with
antikeratin Ab (green) and vessels with anti-type-IV collagen (red). Collagen type-IV collagen
labeling was codistributed with immunostaining of endothelial cells recognized by anti-mouse
platelet endothelial cell adhesion molecule (data not shown). (E–H) In situ zymography-
detecting gelatinolytic activity (green), cells were counterstained with bisbenzimide (blue). C:
carcinoma cells; G: collagen gel: H: host tissue. Original magnification: (A–D) 200×, (E–H)
100×.
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Figure 4. Microvascular outgrowth from mouse aortic rings after 6 days of culture
A–D) Phase contrast microscopy showing capillary like structures spreading out from aortic
rings obtained from (A) MMP-2+/+, (B) MMP-2−/−, (C) MMP-9+/+, (D) MMP-9−/−, (E)
MMP-2+/+; MPP-9+/+ and (F) MMP-2−/−; MPP-9−/− mice. Statistical parameters of
quantification based on image analysis (mean values ± SD) are indicated: Dm, mean
distribution; d, mode; and Lmax, maximal length. The graphs illustrate the distribution of
spreading cells around the aortic rings. Original magnification: (A, B, E, F) 50×, (C, D) 25×.
Quantification was performed in triplicate cultures from 2 independent assays.
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