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Abstract
Matrix metalloproteases (MMPs) are a collection of enzymes capable of cleaving extracellular matrix
components, growth factors, and cell-surface receptors. MMPs modulate most aspects of
tumorigenesis and are highly expressed in cancer compared with normal tissues. Preclinical studies
have demonstrated that head and neck squamous cell carcinomas (HNSCCs) express high levels of
MMPs in vivo and that inhibition of these enzymes in vitro and in mouse models decreases invasion
and metastasis. However, the clinical trials for MMP inhibitors have failed to demonstrate a
significant survival advantage in most cancers. The disparity between preclinical and clinical studies
has led to the reevaluation of how MMP functions in cancer and the design of clinical trials for
molecularly targeted agents. Mouse model data and analysis of HNSCC tumor specimens suggests
that membrane type-1 MMP (MT1-MMP) may be a critical enzyme in tumor cell invasion and
survival in vivo. This accumulated data provide evidence for development of selective MT1-MMP
inhibitors as therapy in HNSCC.
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The hallmark of cancer remains regional and distant metastases. Regional metastasis in head
and neck squamous cell carcinoma (HNSCC) decreases survival by almost 50%, and invasion
beyond the lymph node capsule further decreases survival.1 For tumor cells to invade and
metastasize they must: (1) develop motility, (2) alter cell–cell and cell–matrix adhesion, and
(3) remodel the extracellular matrix.2 It was recognized in the 1980s that matrix
metalloprotease (MMP) could degrade extracellular matrix (ECM) components and that this
could potentiate local tumor invasion and metastasis.3

A significant amount of effort has been funneled into the development of MMP inhibitors
(MPIs) to treat cancer. Although observations of MPIs in vitro and in mouse models
demonstrated an impressive reduction of the invasive or metastatic phenotype, results in
clinical trials have been uniformly disappointing. Multiple review articles have been written
to summarize MMP data in cancer and reconcile the failure of MPI in clinical trials.4-8

Consistent with its orphan status, current summaries of MMPs in HNSCC progression are few.
To this end, we will focus on what is known about MMP expression and function in HNSCC
and suggest future directions for MPI therapy in head and neck cancer.
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MATRIX METALLOPROTEASES
MMPs are a diverse group of zinc-dependent endopeptidases that are synthesized as latent
enzymes and are activated by release of propeptide domains. More than 25 different MMPs
have been identified. With the exception of the membrane-type metalloproteases that are
anchored to the cell surface, MMPs are secreted and diffuse through the ECM. These enzymes
are capable of cleaving most ECM components, as well as other biologically important proteins
such as growth factors, other proteases, adhesion molecules, and cell surface receptors (Table
1).9-26 With a widening understanding of MMP substrates, a more complex role for these
enzymes in tumor growth and metastasis has been appreciated.

MMP activity is regulated at the transcription level. Transcription is now understood to be
independently regulated with each cell type (eg, keratinocyte, melanocyte, and fibroblast)
capable of displaying unique proteolytic phenotypes, such that each cancer type will likely
have unique MMP profiles. MMPs can be upregulated by growth factor stimulation such as
epidermal growth factors and hepatocyte growth factor.27 However, tumor cell response to
growth factors have both positive and negative regulation effects of MMP transcription,
depending on the stage of differentiation.5

MMP catalytic activity is also highly regulated. Cleavage of a propeptide domain allows
expression of proteolytic function. Although most MMPs are secreted as inactive enzymes,
membrane type 1 (MT1)-MMP is cleaved intracellularly by furin and is then expressed on the
cell surface as an active protease. MT1-MMP is then capable of activating proMMP-2 to
MMP-2. Tissue inhibitors of metalloproteases (TIMPs) block MMP catalytic activity at
picomolar concentrations in vivo, and four homologs have been identified (TIMP-1–TIMP-4).
TIMP-1 and TIMP-2 are commonly identified in HNSCC. TIMPs are secreted by fibroblasts
and are also found at high levels in serum. Although the nomenclature suggests an exclusive
role as inhibitors of MMPs, these molecules are known to have other biologic functions; for
example, TIMP-2 is required for activation of pro-MMP-2.28 The complexity of MMP
posttranscriptional regulation has implications for many studies of MMP expression in tumors.
Because MMPs require processing for activation, gene or protein expression alone does not
predict catalytic activity; therefore, studies that evaluate MMP expression in human tumors by
immuno-histochemistry (active and inactive protein) or microarray (mRNA) provide no
information of the presence of active enzymes.

MATRIX METALLOPROTEASES IN CANCER
Proteolytic enzymes are considered critical for local tumor cell invasion and distant metastasis,
but not as originally hypothesized. Early understanding of MMPs in cancer cell invasion was
simple; tumor cells elaborate enzymes to degrade the basement membrane and underlying
collagen matrix. Using this proteolytic machinery, tumor cells migrate through dense ECM
barriers and spread to local and distant sites.3 This hypothesis was supported by the wide range
of ECM substrates cleaved by MMPs and the abundant MMP overexpression within tumor
cells in vitro and in vivo. In fact, the initial discovery of many MMPs was a result of cloning
cDNAs from tumors.

Although current evidence remains strong that certain MMPs promote invasion through ECM
degradation and this function is required for cell invasion,27,29 several recent observations have
fundamentally changed our understanding of how MMPs function in tumorigenesis. First,
MMP substrates include proteins unrelated to ECM components such as growth factors or
integrins.9,20 MMPs promote the initiation and growth of primary tumors in metastatic foci by
activating growth factors or by releasing them from the matrix. MMPs process cell adhesion
molecules and prevent tumor cells from responding to normal apoptotic signals.17 MMPs
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promote tumor angiogenesis by mobilizing or activating factors such as basic fibroblast growth
factor, vascular endothelial growth factor, or transforming growth factor-beta.15,16,18

Second, the complexity of cell types expressing MMPs in the tumor mass was appreciated
(Figure 1). Just as genetic dysregulation drove loss of responsiveness to normal apoptotic
signals, it was theorized that MMPs were expressed primarily by malignant epithelial cells.
However, most peritumoral MMPs are synthesized by host cells such as endothelial cells,
fibroblasts, and inflammatory cells rather than tumor cells themselves.24,30 In fact, elegant
mouse models of tumor progression in mice have demonstrated that MMP-9 expression by
bone marrow–derived cells contributes to an aggressive phenotype in squa-mous cell
carcinoma.21,31

Last, MMPs have both tumor promoting and inhibitory effects.18 Recent evidence suggests
that MMPs can have a protective effect on tumor development. For example, MMPs have been
found to negatively regulate neovascularization. MMP upregulation can increase conversion
of plasminogen to angiostatin, which can decrease vascu-larization of transplanted xenographs.
32-34 Thus, understanding the complex biology of MMPs requires understanding that MMPs
are responsible for promoting cancer so that targeted MMP therapy can be developed.

Genetic models of cancer in mice have been invaluable in explaining the complexity of MMP
biology in cancer. Deletions of most MMPs (including those MMPs highly expressed in
HNSCC [MMP-2,35 MMP-3,36 and MMP-937]) and TIMPs have been engineered. With the
exception MT1-MMP null mice, most of the MMP null mice are grossly indistinguishable from
their litter mates, and fibroblasts derived from these mice display similar phenotypes on
collagen.29 MT1-MMP null mice develop dwarfism and die within months of birth because of
a failure to remodel type I collagen.38,39 These observations have drawn attention to the
possible key role of MT1-MMP in matrix turnover.

Results from studies in genetic mouse models suggest that MMPs can impact metastasis, but
the effects of growth on advanced tumors are often minimal. Injection of human tumor cells
into immunosuppressed MMP-2 or MMP-9 null mice demonstrated marginal effect on tumor
growth but did decrease lung metastasis by between 45% and 77%.35,40 Genetic deletions in
mice have also suggested that MMPs have both growth promoting and abrogating effects in
squamous cell carcinoma. For example, studies in MMP null mice have demonstrated a
protective effect; deletion of MMP-8 and MMP-3 have been shown to promote skin
carcinogenesis.41,42 These results have significant implications in the results of clinical trials
for MMP targeted therapy.

ASSESSMENT OF MATRIX METALLOPROTEASES IN HEAD AND NECK
CANCER

MMPs consistently found overexpressed in head and neck cancer include MMP-1, MMP-2,
MMP-3, MMP-7, MMP-8, MMP-9, MMP-10, MMP-11, MMP-13, and MMP-14 (Table 1).
However, MMP-1, MMP-2, MMP-9, and MT-1 MMP are most commonly identified in
HNSCC and associated with disease progression. With the understanding that conflicting
reports are abundant and negative studies unlikely to be published, it is possible to summarize
the extensive MMP findings in HNSCC. Although most studies evaluate only one or two MMPs
within a given head and neck site, studies have examined expression of multiple TIMPs and
MMPs in oral cavity SCC.12,22 Interestingly, these studies commonly identify upregulation of
TIMP-1, which is associated with a poor survival. Levels of TIMP-2 are often unchanged
between tumors and adjacent normal specimens. Studies have commonly identified MMP-2
and MMP-9 associated with lymph node metastasis43 and poor outcome44 in laryngeal cancer.
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Microarray gene expression studies on whole HNSCC tumor samples have identified
overexpression of MMP-1, MMP-2, and MMP-3.45-47

Although most studies evaluate MMP mRNA or immunohistochemical reactivity, which may
not correspond to in vivo enzymatic activity, increased active MMP-2 and MMP-9 has
prognostic importance in laryngeal SCC48,49 and oral cavity SCC.13,50-52 Although MT1-
MMP can degrade type I collagen and other matrix components,29 MT1-MMP also activates
MMP-2 and is, therefore, considered a critical enzyme controlling proteolytic activity.53

HNSCC was one of the first tumors in which MT1-MMP was identified,54 and MT1-MMP
expression is reported in 75% to 100% of HNSCC tumors.22,55

Although the focus of this review is on MMPs, other proteases have been demonstrated to play
a role in head and neck cancer. Plasmin is a broad-spectrum protease best known for its role
in fibrin degradation in wound healing, and the urokinase–plasminogen axis has frequently
been identified as agents that promote both tumor invasion and angiogenesis. Plasminogen is
converted to plasmin by urokinase and tissue plasminogen activator (uPA and tPA,
respectively). Urokinase has been shown stimulate HNSCC cell growth in vitro and contribute
to invasion,56 although probably not through type I collagen barriers. The urokinase–
plasminogen axis and MMPs have many reciprocal interactions that promote matrix
degradation10,57; for example, urokinase has been shown to activate MMP-2.58 Urokinase and
its receptor (uPAR) are upregulated in head and neck cancer,59,60 but expression has not been
shown to correlate with outcome.59,61

Consistent with the genetic progression model of tumorigenesis, it was originally thought that
MMPs were synthesized by tumor cells to degrade the surrounding matrix; however, it is now
understood that surrounding stroma cells produce most of the MMPs in tumors (Figure 2).
Although HNSCC tumor cells do express some MMP-2, MMP-9, and MT1-MMP, these
enzymes are primarily expressed by the surrounding fibroblasts and inflammatory cells.20,24

Also of note, tumors are continually exposed to normal serum, which contains high levels of
MMP-2 and MMP-9.

Studies in preclinical mouse models of HNSCC have demonstrated that endogenous and
synthetic inhibitors of MMPs can inhibit in vivo growth,11,62 but more dramatic effects are
seen in prevention of metastasis.63-65 Multiple studies using orthotopic head and neck cancer
models demonstrate an effect with MMP inhibitors; however, these models emphasize an early
intervention, the need for tumor selection epidermal growth factor receptor (EGFR) status, and
the lack of cellular toxicity. Using orthotopic oral SCC models that metastasize to lymph nodes,
broad-spectrum synthetic MMP inhibitors have been shown to reduce the rate of cervical
metastasis and improve survival, although growth rate was unaffected.64,65 Although
cytotoxicity of broad-spectrum MMP inhibitors is uncommon in vitro or in vivo, some authors
noted that head and neck cancer cell lines that overexpressed EGFRs were susceptible to
inhibited growth by synthetic broad-spectrum inhibitors in vitro.12 These and other murine
studies suggest that MPIs effectively prevent metastasis with minimal effect on growth. In fact,
synthetic MMP inhibitors were found to reduce tumor growth when delivered in early stages
of disease in mice, but not in late stages.66 This observation foreshadowed the outcome of
MMP inhibitors in clinical trials.

MATRIX METALLOPROTEASE INHIBITORS IN CLINICAL TRIALS
Development of orally bioavailable matrix metalloprotease inhibitors was started in the late
1970s for arthritis. Ironically, the drugs were found to produce musculoskeletal pain that
occurred after several weeks of dosing and was reversible by discontinuing the drugs. The
musculoskeletal pain was unresponsive to analgesics and was dose limiting. These side effects
were noticed during early phase I clinical trials and limited duration of treatment.
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Musculoskeletal pain has been attributable to both inhibition of MMP-1 activity and
adamalysins. There is evidence to support the latter, because a recent MMP inhibitor,
BMS-275291, has reduced activity against adamalysins; musculoskeletal toxicity (grade ≥2;
36%) was not statistically different from placebo in a phase I trial.67

Phase II trials were largely omitted from the development process, and several drugs went
directly to phase III trials. These large-scale randomized trials compared cytostatic MMP
inhibitors with cytotoxic treatments. No significant benefit in survival or disease progression
was found in patients with advanced-stage pancreatic, gastric, breast, non-small cell lung, and
prostate cancer.68-70 Some clinical trials have had promising results in gastric cancer and non-
small cell lung cancer.71,72 Patients with limited musculoskeletal symptoms have had
improved survival in recent studies.68 A clinical trial of MMP inhibitors in head and neck
cancer has not been published, but reports in other cancers imply that broad-spectrum inhibitors
will have limited clinical benefit (Table 2) because of dose-limiting musculoskeletal
symptoms. Addition of MPIs to conventional platinum-based cytotoxic agents is well tolerated
by patients, suggesting the potential for combination therapy.73

The failure of MPIs in clinical trials remains baffling in light of the overwhelming preclinical
data to support in vivo antitumor activity. Although it is possible that MPIs do not have a role
in human cancer, retrospective analysis of the MPI clinical trials has identified some possible
reasons for their failure.

1. Promising results in the laboratory reflect the failure of mouse models of human
cancer to predict clinical benefit when using MMP inhibitors. Although the use of
immunodeficient subcutaneous xenograph models has been criticized for the failure
MPI trials, most novel therapeutic agents are subject to the same handicap. However,
in the case of MMP investigations, it may be especially true because of the stromal
source of the MMPs and the difference between human and mouse MMP biology.
For example, mice do not have a gene equivalent for MMP-1. Furthermore, deletion
of MMP-2 in mice shows no discernible phenotype, but human deletion of MMP-2
results in carpal tarsal osteolysis and osteoporosis (musculoskeletal findings distinct
from MMP inhibitor side effects).

2. Mouse data that were available were not incorporated into the design of clinical trials.
As previously discussed, preclinical mouse data suggested that MMP inhibition was
far more efficient in preventing metastasis than in reducing tumor size.74 MPIs have
a limited cytotoxic effect and may limit metastasis in patients without necessarily
altering the primary tumor.

3. The ability of MPIs to inhibit MMPs within tumor at the administered concentrations
remains unknown. Dosing was dependent on musculoskeletal side effects rather than
tissue penetration or inhibition of catalytic activity. Although recent studies show the
serum levels of inhibitors are sufficient to inhibit several MMPs in vitro at the doses
being administered,68 inhibition of MMPs within the tumor remains unknown.

4. Very little was known about specific MMP expression within tumors at the time of
trial design. The MMP profile within different tumor types is highly variable.
Furthermore, the tumor-promoting effects of MMPs were not appreciated.

Currently, the only MPI approved by the U. S. Food and Drug Administration is doxycycline
hyclate (Periostat, CollaGenex Pharmaceuticals, Inc, Newton, PA). This agent is an orally
available, potent MMP-1 inhibitor. It is used as an adjunct to prevent periodontitis; although
it has no antibacteria activity, as a collagenase inhibitor, it can prevent host-derived MMPs
from degrading tooth-supporting structures. Currently multiple matrix metalloprotease
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inhibitors are being assessed in clinical trials for activities against psoriasis, acne, arthritis,
cancer, and congestive heart failure.75

MT1-MMP AS A TARGET FOR SELECTIVE INHIBITION IN HEAD AND NECK
CANCER

Significant data support selective MT1-MMP inhibition in HNSCC. These data come from
expression studies in human tumors, genetic mouse models, and an improved understanding
of MMP biology. Although multiple MMPs have been shown to be important in tumorigenesis,
MT1-MMP is consistently reported to be overexpressed in head and neck cancer. Indeed, one
of the first reports of MT-1 expression in human cancers was in head and neck cancer.54

Elevated MT1-MMP expression in HNSCC has been shown to positively correlate with an
aggressive pattern of invasion, poor survival, and lymph node metastasis.12,76-78 Increased
activity of the MT1-MMP activator, furin, is associated with more aggressive in vitro and in
vivo tumor activity in HNSCC.79,80 In vitro and in vivo data similarly suggest that
overexpression of MT1-MMP promotes HNSCC tumor cell invasion.25,81

MT1-MMP plays a critical role in tumor cell invasion and angiogenesis through several known
mechanisms: (1) activation of MMP-2,77,82 (2) cleavage of the cell adhesion molecule CD44
from the cell surface,83,84 (3) degradation of type I collagen and fibrin substrates,29,85,86 and
(4) enabling cell survival in three-dimensional matrices.87 As a membrane-anchored
collagenase, MT1-MMP remains localized to the cell surface, unlike secreted MMPs. This
enables cells a higher degree of control over the immediate microenvironment; cells can target
adjacent tissues or other proteins for cleavage.

As previously discussed, deletion of MT1-MMP results in a lethal mutation in the mouse
model; this is not true in other MMP mouse deletion. Studies comparing fibroblasts derived
from MMP-2, MMP-3, MMP-8, MMP-9, and MMP-13 gene-deleted mice demonstrates that
only MT1-MMP null fibroblasts display an invasive phenotype in type I collagen.29 Data from
our laboratory are consistent with these findings. FaDu HNSCCs cells were cocultured with
wild-type, MMP-2 null, MMP-9 null, or MT1-MMP null fibroblasts in vitro and in vivo. Wild-
type, MMP-2 null, and MMP-9 null fibroblasts, but not MT1-MMP null fibroblasts,
spontaneously invaded into type I collagen gels. Wild-type fibroblasts stimulated HNSCC
tumor cell invasion in coculture, which was unaffected by combination with MMP-9 null
fibroblasts, reduced with MMP-2 null fibroblasts, but completely abrogated in MT1-MMP null
fibroblasts. Co-injection of HNSCC tumor cells with fibroblasts in an orthotopic oral cavity
SCID model demonstrated some reduction of tumor volume using MMP-9 and MMP-2 null
fibroblasts (48% and 49%, respectively) compared with wild-type fibroblasts. Consistent with
in vitro studies, MT1-MMP null fibroblasts when coinjected with HNSCC cells resulted in a
90% reduction in tumor volume compared with HNSCC cells injected with wild-type
fibroblasts. These data suggest that fibroblast-derived MT1-MMP plays a significant role in
HNSCC progression and may be an important molecular target in head and neck cancer
(Rosenthal, 2005).

The preclinical evidence suggests an important role for MT1-MMP in HNSCC, but selective
inhibition requires a better understanding of MT1-MMP biology. A total of six MT-MMPs
exists, and little is known about the biologic function of these enzymes. Furthermore, an in
vivo assay of MT1-MMP catalytic activity should be developed to determine therapeutic levels
in patients.88 Difficulties with the development of selective inhibitors may be a function of
conformational variability at the catalytic site.89 The MMP responsible for musculoskeletal
pain has not been identified and could be MT1-MMP (based on the phenotype of MT1-MMP
null mice). Furthermore, MT1-MMP null mice have defects in early postnatal development
that result in dwarfism, but it is unknown whether treatment with MT1-MMP–specific
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inhibitors will negatively impact mature bone remodeling. Ultimately, the evidence for MT1-
MMP selective inhibition will require a clinical trial. An advance in the area of MPIs in another
disease process may pave the way for additional clinical trials with MPIs in cancer.

CONCLUSION
MMP inhibitors were one of the first molecularly targeted agents to be brought to clinical trials.
The failure of these agents in phase III clinical trials is primarily considered a result of applying
a clinical trial endpoints and patient criteria established for conventional cytotoxic agents. A
broader understanding of MMPs in tumors and their clinical implications will likely result in
MMP-specific inhibitors that do not have dose-limiting musculoskeletal side effects. Evidence
suggests that MT1-MMP is a logical target for such therapy in head and neck cancer. With
additional understanding of MT1-MMP function in human tumors, selective inhibition is likely
to act as an anti-invasion and antimetastatic therapeutic agent.
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FIGURE 1.
Head and neck cancer is composed of multiple cell types, each with different patterns of matrix
metalloprotease (MMP) expression. The biologic complexity of MMPs in vivo was not
appreciated during initial clinical trials of MMP inhibitors. Multiple cell types express MMPs.
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FIGURE 2.
Tumor cell invasion of surrounding tissues requires multiple invasion programs. Migration of
tumor cells occurs through the dense extracellular matrix (blue arrow); the tumor cells
intravasate into the nearby vasculature (red arrow), followed by extravasation from the
circulation into other organs. ECM, extracellular matrix.
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