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Abstract
Matrix metalloproteinases (MMPs) are a family of enzymes with a myriad of functions. Lately we
have come to realize that broad-spectrum inhibition of these enzymes, as was tried unsuccessfully
in multiple phase III trials in cancer patients, is likely unwise given the pro- and anti-tumorigenic
functions of various family members. Here we used the multistage mammary tumor model MMTV-
PyVT to investigate roles for either MMP7 or MMP9 in tumor progression. We found no effect of
genetic ablation of MMP7 or MMP9 on the multifocal tumors that developed in the mammary glands.
Lack of MMP7 also had no effect on the development of lung metastases, suggesting that MMP7 is
irrelevant in this model. In contrast, MMP9 deficiency was associated with an 80% decrease in lung
tumor burden. The predominant cellular source of MMP9 was myeloid cells, with neutrophils being
the largest contributor in tumor-bearing lungs. Experimental metastasis assays corroborated the role
of host-derived MMP9 in lung metastasis and also facilitated determination of a time-frame most
relevant for the MMP9-mediated effect. The lung tumors from MMP9-deficient mice showed
decreased angiogenesis. Surprisingly, the anti-metastatic outcome of MMP9 ablation appeared to be
dependent on strain. Only mice that had genetic background derived from C57BL/6 showed reduced
metastasis, whereas mice fully of the FVB/N background showed no significant effect. These strain-
specific responses were also observed in a study using a highly selective pharmacological inhibitor
of MMP9 and thus suggest that responses to MMP inhibition are controlled by genetic differences.
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Introduction
The role of proteases in tumor progression has traditionally been viewed as limited to invasive
ability, however that paradigm has been challenged in recent years by elegant in vivo studies,
which have revealed multiple processes influenced by protease expression and function [1,2]
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These processes include tumor promotion, growth, angiogenesis, resistance to apoptosis,
growth at secondary sites as well as invasive capabilities. In addition to awareness of an
increased range of functions, there is also recognition of the array of different cell types that
can produce proteases. Tumor cells, tumor-associated fibroblasts, endothelial cells and various
cells of the myeloid and lymphoid classes have all been shown to supply certain proteolytic
enzymes within a tumor microenvironment [1].

Various in vivo models of tumor progression have been used to illustrate functions of proteases
[1,3]. Early studies indicated strong pro-tumorigenic roles and provided support for the clinical
testing of pharmacological inhibitors of matrix metalloproteinases (MMPIs) in different
cancers. Unfortunately, all phase III trials of such agents were unsuccessful [3,4]. One factor
that must be considered is the misleading data obtained from preclinical mouse models. There
is now a prevalent belief that complex genetic models that recapitulate the multistage nature
of tumor progression and that allow more faithful representation of the heterogeneous nature
of human tumors will be more predictive than the xenograft models that have generally been
employed pre-clinically [5]. The mouse mammary tumor virus-driven polyoma viral oncogene
(MMTV-PyVT) transgenic mouse model was originally generated in 1992 and the phenotype
on the FVB/N strain described [6]. Briefly, the mice develop multifocal mammary tumors with
an average latency of 35 days in the females. The tumors spontaneously metastasize to the
lungs by ∼90 days with a penetrance of 85%. The aggressive tumor phenotype in these mice
is due to the multiple oncogenic pathways activated by the PyVT oncogene including src and
PI3′kinase. The relevance of the MMTV-PyVT model to human breast cancer has been
illustrated by both genetic and histologic studies [7,8], which indicated a strong similarity to
stages of human ductal adenocarcinomas [8]. Microarray analysis identified a set of 16 genes
in MMTV-PyvT tumors that matched 16 of the 17 genes proposed as a metastatic signature of
human breast cancers [7]. We chose to use this model to ascertain the roles of the proteases
MMP7 and MMP9 both in the setting of genetic ablation and following pharmacological
inhibition.

Matrix metalloproteinase (MMP)-7 has frequently been described as an epithelial expressed
protease and it is often strongly expressed by glandular epithelium of the intestine, stomach
and prostate and in tumors arising from these cells [9,10]. Expression of MMP7 was reported
in human breast cancers [11], including apparently normal breast glandular epithelium adjacent
to tumors [12]. Targeting of MMP7 expression to mouse mammary glands using the MMTV
promoter results in the development of hyperplastic lesions in multiparous females, while
crossing MMTV-MMP7 mice to oncogenic MMTV-neu mice results in significant
acceleration of the tumor phenotype in virgin females [13].

MMP9, also known as gelatinase B, has been associated with tumor progression in multiple
studies [4,14]. In particular, several analyses show expression of MMP9 is a prognostic
indicator in breast cancer patients [15-17]. As a type IV collagenase, it has been regarded as a
critical enzyme for destruction of the basement membrane [18]. Some of the cell types
expressing the highest levels of MMP9 are inflammatory cells such as neutrophils and
macrophages [1,14,19].

Here we examine the effects of two different MMPs in the MMTV-PyVT model. Our results
indicate that MMP7 is not significant in this model of mammary tumorigenesis, whereas MMP9
produced predominantly by inflammatory cells, is necessary for efficient development of
metastases. Further, the contribution of MMP9 is strain-dependent as FVB/N mice show no
effect of either genetic ablation or pharmacological inhibition of MMP9 on lung metastasis, in
contrast to mice of the C57BL/6 strain. This has important ramifications for analysis of the
effects of protease inhibition both in mouse models and in the genetically diverse human
population.
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Materials and Methods
Animals

All animal experiments animals were conducted following approval by the institutional animal
use and care committee. FVB/N-Tg (MMTV-PyVT)634Mul male mice were obtained from
Jackson Research Labs (Bar Harbor, Maine) and crossed with either mmp7-/- or mmp9-/-

females on the C57BL/6 background. F1 PyVT/+ male pups were then mated to C57BL/6
mmp7+/- or mmp9+/- females to produce the study cohorts of F2 female PyvT/+;mmp7-/-,
PyVT/+ ;mmp7+/+, PyVT/+;mmp9-/- and PyVT/+;mmp9+/+animals. All PyVT/+ ;mmp+/+

animals were littermates of the corresponding PyVT/+;mmp-/- animals. Study mice were
euthanized at 18 weeks, or earlier if tumor burden became too high. Study animals were
palpated weekly and tumor diameters in two dimensions obtained using calipers. At necropsy,
tumors were removed and a wet weight obtained for each. One tumor-filled gland was fixed
in 10% buffered formalin for histological analysis. Lungs were inflated with 1.5 ml Bouin's
fixative (Ricca Chemical, Arlington, TX) and removed for enumeration of surface metastases.

Rag2-/- mice (C57BL/6) were obtained from Taconic Farms Inc., Hudson, NY. Rag1-/- mice
as well as MMP9-/- mice, both FVB/N, were kindly provided by Dr Lisa Coussens, Dept of
Pathology, University of California San Francisco.

Histology
Lung tissues were embedded in paraffin and 5 μm-thick transverse sections cut and stained
with hematoxylin-eosin. For assessment of tumor burden, the area of each section that was
tumor, as well as the total tissue area, was measured using Metamorph (Universal Imaging
Corp., Downington, PA) software. Four sections at depths 300μm apart were used for these
analyses.

Immunohistochemistry
5 μm paraffin-embedded sections of lungs were assessed for expression of MMP-9 using rabbit
anti-MMP9 (AbCam, Cambridge, MA), for macrophages using rat monoclonal anti- F4/80,
and for neutrophils using a rat monoclonal anti-neutrophil antibody, both from AbD Serotec
(Raleigh, NC). Expression of von Willebrand Factor (vWF) was detected using a rabbit anti-
vWF antibody from Dako (Carpinteria, CA). Apoptosis levels were assessed by detection of
cleaved caspase-3 (rabbit antibody from Cell Signaling Technology Inc., Danvers, MA) or
TUNEL (Apoptag Plus Peroxidase kit, Millipore Corp., Billerica, MA) following
manufacturers' protocols. Staining with a phosphohistone H3 antibody (Upstate Biologicals
Inc., Lake Placid, NY) was used to assess proliferation.

Isolation and characterization of cell lines
Mammary tumors from MMTV-PyVT mice on the FVB/N background were minced and
washed with DMEM containing fungizone (Invitrogen, Carlsbad, CA) and gentamycin
(Invitrogen). The tumor pieces were plated in DMEM with 10% fetal calf serum plus antibiotics
and incubated at 37°C in 5% CO2 until tumor cells covered the dish. Single colonies were
isolated, then expanded and characterized. Western blotting for E-cadherin and vimentin
(antibodies from Sigma, St Louis, MO) confirmed epithelial origin of the clones. In order to
assess their ability to grow in different organ microenvironments, cells from each line were
injected into FVB/N mice in the mammary fat pad, tail vein or intra-tibially to assess orthotopic,
pulmonary and bone growth, respectively. [n=3 for each organ site and cell line].
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Luciferase expression
The 17L3C cell line was manipulated to express luciferase via a modified retroviral vector
(from Dr. Swati Biswas, Vanderbilt University) in which a luciferase encoding gene was
inserted into the multiple cloning site of the pMSCV vector (Clontech, Mountain View, CA).
Phoenix packaging cells (a gift from Dr. Albert Reynolds, Vanderbilt University) were
transfected using Superfect (Qiagen, Valencia, CA) according to the manufacturer. Virus was
collected after 48 hours and used to transduce 17L3C cells. Selection media (containing
10μg/ml puromycin) was used for culturing clones of the 17L3C-luc cells. Luciferase
expression was confirmed using the Luciferase Assay Reporter System (Promega, Madison,
WI) before cells were injected into animals.

Experimental metastasis assays
1 × 10617L3C-luc tumor cells were injected into the tail vein of 6-8 week old mice. After 21
days for the MMP9-/- imaging studies, and 14 days for the SB-3CT drug study, the mice were
sacrificed, at which time the lungs were fixed in Bouin's solution. Lung tumors were then
analyzed as above.

Bioluminescent imaging
The IVIS™ system (Caliper Life Sciences, Hopkinton, MA) was used to detect luminescence
from 17L3C-luc cells after tail vein injection into mice. Mice were anesthetized using 2%
isofluorane, and firefly luciferin (Gold Biotechnology, St. Louis, MO), 120mg/kg in PBS,
delivered retro-orbitally 2 minutes prior to imaging. Mice were imaged at 4 hours after tumor
cell inoculation and thereafter at fixed timepoints. Living Image™ software (Caliper) was used
to quantify the change in luminescence intensity in the lungs over time.

Drug studies
The gelatinase-selective inhibitor SB-3CT [(4-phenoxyphenylsulfonyl) methylthiirane] [20]
was stored as a powder at -20°C, and working solution was prepared fresh daily by dissolving
in 1/10th volume of dimethylsulfoxide (DMSO; Sigma) and addition of water with constant
stirring. The resultant suspension was injected intraperitoneally once daily at a dose of 50 mg/
Kg. Control animals received equivalent volumes of 10% DMSO.

Statistical Analyses
All analysis was performed and graphs generated using Prism 4 software (GraphPad Software
Inc., San Diego, CA). Comparisons between two groups used student's t test either with or
without Welch's correction for unequal variance, as appropriate. Non-parametric data was
compared using the Mann-Whitney test.

Results
Primary tumor growth is unaffected by MMP7 or MMP9 deficiency

To assess the contribution of either MMP9 or MMP7 to mammary tumor development, we
crossed MMTV-PyVT mice on the FVB/N background with MMP9 or MMP7-null animals
on the C57BL/6 background. Second-generation female littermates either wildtype or null with
respect to the protease and all carrying a single PyVT allele were included in the study. Primary
tumor characteristics assessed were time to appearance of the first palpable mammary mass
(“tumor latency”), growth rate of the first tumor per mouse over time, number of mammary
glands containing visible tumors (“multiplicity”) and total weight of all mammary tumors per
animal (“tumor burden”). None of these parameters were affected by protease ablation [Fig
1A-D]. Additionally, the histological appearance of the mammary tumors was similar amongst
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the different groups (data not shown). Hence, in this model of mammary tumorigenesis, neither
MMP9 nor MMP7 play an essential role in primary tumor development.

Lung metastasis is attenuated in the absence of MMP9
Since the MMTV-PyVT tumor model shows development of spontaneous metastasis to the
lungs, we next examined the tumor burden in the lungs of the protease-deficient mice and their
wild-type littermates. This was done in 2 ways: first, by obtaining a surface tumor count; and
second, by assessing tumor area in histological sections from multiple depths throughout the
lungs.

In mice lacking MMP7, there was no difference in lung tumor burden in comparison to
littermate controls (Fig 1E). Together with the primary tumor data, we conclude that in this
mouse model of mammary tumor progression, MMP7 is a non-essential protease. In contrast,
lack of MMP9 had a significant impact on development of lung metastasis with an 80%
reduction in surface tumor number [wild-type median tumor number = 66.5; mmp9-/- median
tumor number = 4] (Fig 1E). To further examine the metastatic lesions, we sectioned the lungs
to obtain representative tissue from multiple depths. These were then assessed
morphometrically to determine the percent area of lung parenchyma occupied by tumor lesions.
Similarly to the gross surface counts, we observed a significant reduction in tumor burden in
the lungs of MMP9-null MMTV-PyVT mice compared to the littermate controls (Supplemental
Fig 1). The 76% reduction in total tumor area in the lungs correlated well with the 80%
reduction in the number of surface tumor lesions. Morphometric analysis also allowed us to
determine the tumor size in lungs from MMP9 wildtype or null MMTV-PyVT. Overall, the
average tumor size in the MMP9-null animals was slightly but significantly smaller than seen
in the littermate controls (Fig 1F) [mean ± standard deviation tumor area in wild-type = 0.25
± 0.4 mm2 vs 0.21 ± 0.02 mm2 in MMP9-/-].

Host MMP9 controls lung metastasis
To ascertain the cell types within primary and metastatic tumor foci that express MMP9, we
performed immunohistochemical analysis. As can be seen in Fig 2A, tumor cells within the
mammary gland were negative, whereas some infiltrating cells present in areas of necrosis or
at the tumor periphery were positive. Based on appearance, we speculated that these cells were
macrophages and neutrophils. In the lung tumor foci, many more MMP9-positive cells were
apparent but again these appeared to be myeloid rather than tumor cells (Fig 2B). To confirm
the identification of the cells expressing MMP9, we used double-staining immunofluorescence
protocols with MMP9 and F4/80 antigen to identify macrophages, or an anti-neutrophil
antibody to identify neutrophils (Fig 2C,D). While there were some MMP9-positive
macrophages, the majority of MMP9-positive cells were identified as neutrophils (Fig 2C,D).
Defects in neutrophil migration associated with MMP9 deficiency have been reported in some
[21] but not all [22] model systems. In our samples, there was no difference between the number
of neutrophils in the lungs of wild-type and MMP9-null MMTV-PyVT mice (data not shown),
suggesting that MMP9 is not essential for neutrophil recruitment or migration to tumor-bearing
lungs.

In order to verify the contribution of host MMP9 to the metastatic process, we turned to
experimental metastasis assays. We first generated a series of cell lines from mammary tumors
that developed in FVB/N MMTV-PyVT mice. The cell lines were characterized with respect
to expression of the epithelial marker E-cadherin and lack of vimentin expression, and for their
ability to grow in different in vivo organ environments. As listed in Supplemental Table 1, the
three cell lines all show epithelial characteristics and are able to grow in different organ
environments, albeit with differing growth kinetics. We have predominantly used the 17L3C
cell line for our studies, however all in vivo experiments were repeated also with the R221A
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line. These lines were transduced with a retroviral vector encoding luciferase to enable us to
follow real time tumor growth in vivo.

Since the cell lines were derived from FVB/N mice and the MMP9-/- animals were on the
C57BL/6 genetic background, we generated immunodeficient MMP9-null and wildtype
controls by crossing the MMP9-/- mice with Rag2-null mice. Intravenous injection of 1 ×
106 tumor cells into the tail vein of wildtype mice resulted in multiple lung tumors at the 3-
week study termination point. In contrast, the same number of tumor cells in the MMP9-null
mice resulted in a significant decrease in lung tumor burden (Fig 3A). In addition, the tumors
in the MMP9-/- were significantly smaller than in the wildtype mice (Fig 3B). To determine at
what time point MMP9 expression was critical, we used luciferase-labeled tumor cells and
followed lung tumor burden over time. As can be seen in Fig 3C&D, luciferase activity was
similar in wildtype and MMP9-null mice until approximately day 10 when the activity started
to increase in the wildtype but remained relatively constant in the MMP9-null animals.
Histological examination of lungs from mice at 21 days post injection confirmed a reduced
tumor burden in the MMP9-/- animals [median tumors per mm2 = 0.56 in wildtype mice, versus
0.34 in MMP9-/- mice].

Role of MMP9 in outgrowth of lung metastases
Since the imaging studies suggested that the effect of MMP9 in lung metastasis is evident at
later stages of outgrowth rather than earlier survival as previously reported for lung
adenocarcinomas [23], and we had observed a difference in the size of the lung tumor foci in
the MMTV-PyVT wildtype vs MMP9-/- mice, we examined parameters of growth and death
in the lungs. Both proliferation and apoptosis were significantly higher in the MMTV-
PyVT;MMP9+/+ animals than in those that were MMP9-null (Fig 4A,B). Although there were
increases in both processes, the outcome should favor an overall increase in size, since
proliferation is an exponential process. Similar changes in proliferation were seen with the
experimental metastasis model (data not shown).

The increased proliferation and larger tumor size in the presence of MMP9 suggested that
angiogenesis might be a relevant process. We used immunostaining for von Willebrand factor
(vWF) to assess the levels of vasculature within lung tumor foci from both the spontaneous
and experimental metastasis settings. Tumor sections from either the MMTV-PyVT (Fig 4C)
or the tail vein-injected mice (Fig 4D), stained for vWF indicated significantly more blood
vessels in the wildtype tumors. These data are in agreement with multiple reports from other
model systems indicating a role for MMP9 in angiogenesis [19,24,25]. More specifically, our
data are supportive of neutrophil-derived MMP9 being pro-angiogenic [19,26], however this
is limited to the metastatic site in our model.

Requirement for MMP9 is strain-dependent
While performing experimental metastasis assays, we used both Rag2-/- mice on the C57BL/
6 background as described above, as well as FVB/N mice, which are syngeneic with the PyVT
cell lines. Surprisingly, MMP9-/- mice on the pure FVB/N background behaved similarly to
wildtype mice with respect to lung tumor formation, as determined both by luciferase imaging
and counting of surface tumors (Fig 5A-C). Furthermore, in a small study of the transgenic
model MMTV-PyVT in MMP9-/- or wildtype mice of the FVB/N background we observed no
significant effect on lung metastasis (5D). Hence, the MMP9-mediated effect is relevant in the
C57BL/6 strain but not in the FVB/N strain.

One possible explanation for the difference between the strains is the amount or source of
MMP9. However, the MMP9 expression pattern was not different. Additionally, the number
of associated inflammatory cells was assessed in the lung tissues of MMTV-PyVT mice of the
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FVB/N background compared to the mixed background. There was no statistical difference in
the number of neutrophils present in tumor-bearing lungs between the two genetic backgrounds
(data not shown).

MMP9 ablation phenotype is recapitulated by pharmacological inhibition
Since a differential effect of MMP9 gene deletion in development of both spontaneous and
experimental lung metastasis is evident in C57BL/6, we wondered whether this resulted from
null-mice never having had MMP9 from conception, or from a specific function of MMP9 in
the metastatic process. We therefore used SB-3CT, a gelatinase-selective inhibitor that has
previously been shown to attenuate tumor growth and metastasis in other models [20,27], to
test whether pharmacological inhibition of MMP9 would show similar effects. In this study,
we used immunocompromised mice (Rag-/-) in either the FVB/N or C57BL/6 backgrounds.
The mice were injected intravenously with luciferase-expressing 17L3C cells and imaged
within 4 hours to ensure delivery of equivalent numbers of cells to lungs of all animals. The
mice were then started on a regimen of daily injections of the drug SB-3CT or the corresponding
vehicle for 14 days. During this period, the mice were imaged at days 3, 7 and 14 to assess
tumor growth. As can be seen in Fig 6A and B, treatment of the C57BL/6 mice with the
gelatinase inhibitor resulted in a significant attenuation of tumor growth in the lungs. In the
FVB/N mice however, treatment with the inhibitor did not reduce tumor growth; in fact signal
was enhanced (Fig 6C and D). Thus, as was seen in the null mice, pharmacological inhibition
of MMP9 reduced lung tumor growth in C57BL/6 mice, but was ineffective or even stimulatory
in FVB/N mice.

Discussion
Here we have examined the function of two proteases, MMP7 and MMP9, in a mouse model
of spontaneously metastasizing breast cancer. Genetic ablation of either of these enzymes did
not impact the development or growth of multifocal tumors in mammary glands. Lung
metastasis was significantly attenuated in MMP9-null, but not MMP7-deficient animals.
MMP9 was expressed in inflammatory cells, primarily neutrophils, in tumor-bearing lungs.
Experimental metastasis assays allowed determination of a time-frame most relevant for the
MMP9-mediated effect, which was in the later outgrowth stages of lung foci. In agreement
with this observation, lung tumors from MMP9-deficient mice showed decreased angiogenesis.
Surprisingly, the role of MMP9 appeared to be dependent on strain. In our studies, only mice
that had significant genetic background derived from C57BL/6 showed reduced metastasis,
whereas mice fully of the FVB/N background did not. These strain-specific responses were
also observed in a study using a pharmacological inhibitor with high selectivity for MMP9,
and thus suggest that tumor responses to MMP inhibition are controlled by genetic differences.

The function of several proteases from multiple enzyme families has now been investigated in
the MMTV-PyVT model [28-31] This was a model identified by the Protease Consortium, a
group of investigators with expertise in different protease families, as a valid setting for
assessing differential contributions of proteases to multistage tumor development [32]. As with
MMP9, two other proteases – uPA and plasminogen - were found to contribute to development
of lung metastases, but not to mammary tumors [28,29]. In contrast, the cysteine protease
cathepsin B, which is expressed by tumor cells and macrophages, contributed both to growth
and progression of mammary tumors as well as to development of lung metastases [30]. A
different pattern was seen with MMP14 (also known as MT1-MMP). In MMP14-null
mammary glands, there was an increase in primary tumor growth rate, but this was followed
by a reduction in lung metastasis [31]. The data suggested that MMP14 facilitated tumor
dissemination by collagen cleavage in the peritumoral environment. There are multiple ways
in which MMP9 could affect metastasis. MMP9 has been identified as a critical component
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for priming of the “pre-metastatic niche”, whereby soluble signals from a primary tumor result
in selective preparation of certain organ sites to facilitate survival and growth of metastatic
lesions in those organs [33,34]. Interestingly, we saw comparable effects irrespective of
whether analyzing spontaneous metastasis or experimental metastasis, a result different to that
reported by Hiratsuka et al., who reported effects of MMP9 ablation on metastasis only when
a primary tumor was present [33]. Moreover, the imaging analysis suggested that the MMP9-
mediated effect was more important in later stages of tumor outgrowth rather than initial
survival of metastasizing cells. This interpretation is further suggested by the overall smaller
size of the metastatic foci in MMP9-/- mice and the reduced vascular density. It should be
remembered however, that we could only assess the temporal effect of MMP9 deletion in the
experimental metastasis setting, where development of a pre-metastatic niche is not an issue.
In the spontaneously metastasizing tumors of the MMTV-PyVT mice, it is possible that MMP9
contributes both to angiogenesis as our data indicates, but also to priming of a metastatic niche.

As has been reported in other settings [19,26], the primary source of MMP9 in these studies
was cells of the myeloid lineage, particularly neutrophils. A previous analysis of MMTV-PyVT
mice carrying a lacZ reporter driven by a region of the MMP9 promoter, suggested that
mammary tumor cells express MMP9 at a timepoint corresponding to increased invasive
activity [18]. We never saw any MMP9 expression by tumor cells, which may explain the lack
of impact of MMP9 deficiency in the mammary glands. One potential reason for the disparate
expression patterns is that the MMP9 promoter used in the lacZ analysis did not recapitulate
the full in vivo promoter, including possible distant enhancer elements so that its expression
pattern was not completely accurate.

The most surprising finding in our study was the influence of strain on the impact of MMP9
ablation. There are many reports of strain-related polymorphisms differentially affecting
phenotypes [35], including cancer [36] in mouse models. Indeed, analysis of the phenotype of
mice carrying the MMTV-PyVT transgene in different genetic backgrounds indicates a strong
effect of strain on tumor aggressiveness in this model [37]. In particular, introduction of
C57BL/6 increases tumor latency and extends the timing of metastasis to 120 days. The Hunter
lab has invested a major effort in discovering potential host determinants of metastasis and
have identified Sipa1, and Rrp1b as two genes, polymorphisms of which can impact
susceptibility both in mice and humans [38-40]. Adding our results to their data further expands
the pool of strain-specific metastasis modifiers, although it is not clear if Mmp9 is itself the
gene that is polymorphic. Indeed, analysis of strain-dependent modifiers of MMTV-PyVT
metastasis indicated that chromosomes 6, 9, 13, 17 and 19 contained loci related to metastasis
susceptibility [41], not chromosome 2 where Mmp9 is located in the mouse.

Why MMP9 shows this strain dependent effect is unclear. The possibilities are that the enzyme
itself, its relevant substrate in the lung environment or a modifier of its function is differentially
regulated according to strain. When we examined neutrophil presence in the lungs of tumor-
bearing mice, we detected no difference between the FVB/N and C57BL/6 backgrounds
indicating that the primary source of MMP9 is not dissimilar. While we have identified the
process of angiogenesis as the mechanism for the difference seen between MMP9 wild-type
and null mice of the C57BL/6 strain, we have not determined the substrate responsible. It has
been suggested that release of VEGF from matrix sequestration is one mechanism by which
MMP9 promotes angiogenesis [24]. In a pilot study with the VEGF/VEGFR1 complex-
detecting antibody [42] used in the Bergers study, we saw reduced complex formation in
MMTV-PyVT; MMP9-/- lung tumors compared to controls (data not shown), suggesting that
this is a possible explanation for the angiogenesis differences observed. Other roles for MMP9
in the angiogenic process include processing or liberation of other angiogenic growth factors
[43]; degradation of basement membrane proteins to facilitate endothelial cell migration and
tube formation [43]; and recruitment of pericytes to stabilize newly-formed vasculature [25].
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In all our experiments in which FVB/N mice were used, deficiency of MMP9 or treatment with
the gelatinase inhibitor SB-3CT appeared to be associated with enhanced tumor development.
In the case of the MMP9-/- mice, this effect did not reach statistical significance, although a
clear trend was evident (Fig 5). Following treatment with the inhibitor SB-3CT, a significant
enhancement of luciferase signal, which corresponds to tumor burden, was seen. There have
been reports previously of MMP9 ablation associated with enhanced tumor development.
Coussens et al., reported that MMP9-null mice developed fewer, but more aggressive tumors
in the K14-HPV16 skin cancer model [44]. Interestingly, these mice were also on the FVB/N
background. In a model of lung metastasis of colonic tumor cells, Chen et al showed that use
of the MMP-inhibiting agent doxycycline, which resulted in lower levels of MMP9, led to
decreased numbers of metastatic foci, but those foci that did develop were larger and more
vascularized [45]. Intriguingly, while there are multiple reports of increased MMP9 levels
being a marker of poor prognosis, there is one clinical study suggesting that higher levels of
MMP9 are associated with good prognosis in node-negative breast cancer [46]. This may reflect
the heterogeneity with respect to MMP9 function that is related to genetic modifiers present
in human populations, and has important implications for the treatment of metastatic breast
cancer. Our data suggest that certain patients could respond to an MMP inhibitor by worsening
disease progression while others show reduced metastatic growth. In seeming agreement with
this idea, one MMPI inhibitor trial in small cell lung cancer was halted because patients treated
with the drug were dying of their disease faster than were placebo-treated patients [4].

In conclusion, we have identified a metastasis-specific role for MMP9 in a transgenic mouse
model of multistage mammary tumorigenesis that has been regarded as a credible model of
human disease. The function of MMP9 appears to be in promotion of angiogenesis at the
metastatic site; however this function is dependent on genetic background. MMP9 was a
primary target of all synthetic MMPIs tested clinically in cancer patients, yet no successful
inhibitor was identified. Our data would suggest that, while MMP9 may be a reasonable target,
its contribution to tumor progression is highly influenced by genetic factors. The results from
the drug studies reported here suggest that opposing results of MMP inhibition can be achieved
i.e. more or fewer metastases, depending on genetic background. This finding clearly
complicates interpretation of clinical studies of MMPIs and suggests that future clinical use of
MMP9 inhibitors may depend on the identification of a “responsive haplotype” to allow
selection of patients likely to respond.
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Figure 1.
(A) Tumor-latency curves for MMTV-PyVT; MMP7-/-, (clear circles) MMTV-PyVT;
MMP9-/- (clear squares) mice and their corresponding littermate MMTV-PyVT; MMP+/+

(filled circles) and MMTV-PyVT; MMP9+/+ (filled squares) controls. For each set, the wild-
type and corresponding null groups overlap each other. (B) Growth rate of the first palpable
mammary tumor arising in MMTV-PyVT; MMP7+/+ (n=7), MMTV-PyVT; MMP7-/- (n=8);
MMTV-PyVT; MMP9+/+ (n=8) and MMTV-PyVT; MMP9-/- (n=9) mice. (C) Number of
mammary glands with frank tumors at time of sacrifice in MMTV-PyVT; MMP7+/+ (n=18),
MMTV-PyVT; MMP7-/- (n=12); MMTV-PyVT; MMP9+/+ (n=19) and MMTV-PyVT;
MMP9-/- (n=20) mice. (D) Total mammary tumor burden (wet weight) of MMTV-PyVT;
MMP7+/+ (n = 18), MMTV-PyVT; MMP7-/- (n=12); MMTV-PyVT; MMP9+/+ (n=19) and
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MMTV-PyVT; MMP9-/- (n=20) mice. (E) Number of tumor foci evident on lung surfaces of
MMTV-PyVT; MMP7+/+ (filled circles, n = 10), MMTV-PyVT; MMP7-/- (n=6); MMTV-
PyVT; MMP9+/+ (n=18) and MMTV-PyVT; MMP9-/- (n=17) mice. (F) Area of each
histologically-identified tumor in lungs of MMTV-PyVT; MMP9+/+ (n = 795 tumors in 12
mice) and MMTV-PyVT; MMP9-/- (n=188 tumors in 10 mice) mice. Note: all four groups of
animals are shown on single graphs for ease of visualization, however statistical analysis only
compared each null group with the appropriate wild-type control littermate group.
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Figure 2.
Immunohistochemical staining for MMP9 in sections of mammary tumor (A) and lung tumor
(B) of MMTV-PyVT; MMP9+/+ mouse. Arrows indicate positively-stained cells. (200X
magnification). (C) Immunofluorescent staining of macrophages (red) and MMP9 (green) in
lung tumor of MMTV-PyVT; MMP9+/+ mouse. Arrows indicate dual staining while arrowhead
indicates significant MMP9 positivity in surrounding cells that are not macrophages. (200×
magnification). (D) Immunofluorescent staining of neutrophils (red) and MMP9 (green) in
lung tumor of MMTV-PyVT; MMP9+/+ mouse. (200× magnification). Note that the majority
of positive cells are dual-stained.
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Figure 3.
(A) Lung tumor burden in wild-type and MMP9-/- Rag2-null mice injected with via the tail
vein 1×106 17L3C PyVT tumor cells and sacrificed after 3 weeks. Tumor burden was assessed
histologically. (B) Size of tumors in lungs of wild-type and MMP9-/- Rag2-null mice injected
via the tail vein with 1×106 17L3C PyVT tumor cells and sacrificed after 3 weeks. (C)
Representative images of luciferase activity overlaid on photographs of wild-type (WT) or
MMP9-/- Rag2-null mice. Images were generated using the IVIS imaging system as stated in
Materials and Methods. (D) Luciferase activity as measured by IVIS over time in wild-type
(WT) and MMP9-/- Rag2-null mice that had been injected with 1×106 17L3C-luc cells.
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Figure 4.
(A) Phosphohistone H3 immunostaining in lung tumors from MMTV-PyVT; MMP9+/+ (n=6)
and MMTV-PyVT; MMP9-/- (n=8) mice. (B) TUNEL staining in lung tumors from MMTV-
PyVT; MMP9+/+ (n=9) and MMTV-PyVT; MMP9-/- (n=9) mice. (C) Immunostaining for vWF
in individual lung tumors of MMTV-PyVT; MMP9+/+ (n=14 tumors from 4 mice) and MMTV-
PyVT; MMP9-/- (n=24 from 5 mice) animals. (D) Immunostaining for vWF in individual lung
tumors of wild-type (WT; n= 26 tumors from 3 mice) and MMP9-/- (n= 24 tumors from 4 mice)
Rag2-null mice that had been injected with 1×106 17L3Cluc cells 21 days previously via the
tail vein.
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Figure 5.
(A) Representative images of luciferase activity overlaid on photographs of wild-type (WT)
or MMP9-/- mice in the FVB/N background. (B) Luciferase activity as measured by IVIS over
time in wild-type (WT, n=5) and MMP9-/- (n=6) mice in FVB/N background that had been
injected with 1×106 17L3C-luc cells. (C) Number of tumor foci evident on the lung surfaces
of wild-type (WT) or MMP9-/- mice in the FVB/N background 3 weeks intravenous tumor
injection. (D) Number of tumor foci evident on the lung surfaces of MMTV-PyVT; MMP9-/-

(n=8) or MMTV-PyVT;MMP9+/+ (n=6) mice in the FVB/N at time of sacrifice (14 weeks).
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Figure 6.
(A) Luciferase imaging of tumor growth in immunodeficient (Rag2-/-) C57BL/6 mice treated
with the gelatinase inhibitor SB-3CT or vehicle (10% DMSO) following intravenous injection
of 1 × 106 17L3Cluc tumor cells. (B) Graphical representation of the change in luciferase
activity, indicative of tumor burden, over time in the tumor-injected C57BL/6 mice exposed
to the gelatinase inhibitor SB-3CT (n=5) or vehicle control (n=2). (C) Luciferase imaging of
tumor growth in immunodeficient (Rag1-/-) FVB/N mice treated with the gelatinase inhibitor
SB-3CT or vehicle following intravenous injection of 1 × 106 17L3Cluc tumor cells. (D)
Graphical representation of the change in luciferase activity, indicative of tumor burden, over
time in the tumor-injected FVB/N mice exposed to the gelatinase inhibitor SB-3CT (n=5) or
vehicle control (n=5). Note the drug-treated mice show increased luciferase activity.
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