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Complex role of matrix metalloproteinases in angiogen-
esis
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ABSTRACT

Matrix metalloproteinases (MMPs) and tissue in-
hibitors of metalloproteinases (TIMPs) play a significant
role in regulating angiogenesis, the process of new blood
vessel formation. Interstitial collagenase (MMP-1), 72 kDa
gelatinase A/type IV collagenase (MMP-2), and 92 kDa
gelatinase B/type IV collagenase (MMP-9) dissolve ex-
tracellular matrix (ECM) and may initiate and promote
angiogenesis. TIMP-1, TIMP-2, TIMP-3, and possibly,
TIMP-4 inhibit neovascularization. A new paradigm is
emerging that matrilysin (MMP-7), MMP-9, and metal-
loelastase (MMP-12) may block angiogenesis by convert-
ing plasminogen to angiostatin, which is one of the most
potent angiogenesis antagonists. MMPs and TIMPs play a
complex role in regulating angiogenesis. An understanding
of the biochemical and cellular pathways and mechanisms
of angiogenesis will provide important information to al-
low the control of angiogenesis, e.g. the stimulation of
angiogenesis for coronary collateral circulation formation;
while the inhibition for treating arthritis and cancer.
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Significance of matrix metalloproteinases in angiogenesis

Matrix metalloproteinases (MMPs) are a family of highly homologous zinc en-
dopeptidases that cleave peptide bonds of the extracellular matrix (ECM) proteins,
such as collagens, laminins, elastin, and fibronectin[1, 2, 3]. Both normal and trans-
formed cells produce one or more members of the MMP family. This family of
proteinases play a very important role in normal connective tissue turnover during
morphogenesis, development, wound healing, reproduction, and neovascularization.
Their proteolytic activities are controlled by a family of proteins called tissue in-
hibitors of metalloproteinases (TIMPs). The imbalance of the MMPs and TIMPs are
implicated in many pathological processes such as the cancer metastasis, arthritis,
inflammation, periodontal diseases, corneal ulceration, and cardiovascular diseases.

The process of new capillary blood vessel formation from preexisting blood ves-
sels is called angiogenesis or neovascularization[4]. At the initial stage of new blood
vessel formation, basement membrane, the specialized type IV collagen and laminin-
rich connective tissue membrane underlying endothelial cell layers, and interstitial
connective tissue matrix, the type I and III collagen-rich ground substances, and
type II collagen in cartilage, are broken down, therefore, angiogenesis requires di-
gestion of the ECM barrier underlying the blood vessel endothelial cell layers by
MMPs. New blood vessel formation plays a paramount role in normal development,
reproduction, and wound healing. Wound healing, menstruation, embryo implanta-
tion and placentation, and embryo growth and morphogenesis all require new blood
vessel formation to supply oxygen and nutrients. Coronary heart disease is the ma-
jor cause of cardiovascular death. The blockage of a main coronary artery prevents
the blood supply to the myocardium and leads to heart failure. Neovascularization
is essential for providing oxygen and nutrients to the heart of a patient with coro-
nary artery disease; the newly formed collateral circulation will allow blood flow
to bypass the blocked coronary artery and supply blood to the heart to prevent
heart attack. Angiogenic factors are attractive drug leads for stimulating collateral
circulation formation in patients with coronary heart disease.

Neovascularization also plays a role in cancer growth and metastasis, inflamma-
tion, and rheumatoid arthritis. Uncontrolled and persistent angiogenesis is a cause
of many diseases[4]. For example, hemangiomas and Kaposi's sarcoma are vascu-
lar tumors. Hemangiomas are composed of closely packed capillaries or abnormally
dilated blood vessels and are characterized by the presence of endothelial and inflam-
matory cells; in diabetes, new capillaries in retina invade the vitreous, bleed, and
cause blindness; ocular new blood vessel formation is the most common causes of
blindness and dominates approximately twenty eye diseases. In arthritis, new cap-
illary blood vessels invade to the joint and destroy cartilage structure. In addition,
angiogenesis is critical for providing oxygen and nutrients for solid tumor growth
and for generating a gateway for cancer cell spread to other parts of the body, such
as lungs, liver, brain, or bones, through blood circulation system. Angiogenesis
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inhibitors may become one the most promising types of drugs for starving tumor
cells and preventing the cancer cell growth and metastasis.

Collagen- degrading matrix metalloproteinases in angiogenesis

Neovascularization consists of a sequence of events that include dissolution of
the basement membrane underlying the endothelial layer, migration and prolifera-
tion of endothelial cells, formation of the vascular capillary, and formation of a new
basement membrane. Type IV collagenase activity is important in the early steps
of endothelial morphogenesis, that is the migration of endothelial cells out of the
existing blood vessels. Interstitial collagenase activity is responsible for the endothe-
lial cell migration through the stromal interstitial spaces. The collagen-degrading
enzymes are members of the MMP family[l-3]. Although individual members of the
MMP family are different in their molecular mass (20-100 kDa) and protein sub-
strate specificities, there is considerable gene and protein sequence homology and
some overlap with their substrate specificities. Many of the MMPs are produced
in soluble forms and some are transmembrane proteins. Types I, II, and III colla-
gens can be digested effectively by fibroblast type collagenase (MMP-1), neutrophil
type collagenase (MMP-8), and membrane type 1 matrix metalloproteinase (MT1-
MMP, MMP-14). In addition, 72 kDa gelatinase A/type IV collagenase (MMP-2)
can cleave both type I and type IV collagen effectively. The 92 kDa gelatinase
B/type IV collagenase (MMP-9) has high catalytic activity towards type IV col-
lagen. Furthermore, stromelysins also have some catalytic activity in hydrolyzing
type IV collagen.

Capillary sprout formation is initiated by fragmentation of the capillary basal
lamina and subsequent migration and proliferation of distinct endothelial cell popu-
lations in response to angiogenic stimuli[4]. Capillary blood vessels consist of en-
dothelial cells and pericytes. These two cell types carry all the genetic information
to form tubes, branches, and whole capillary networks. Specific angiogenic molecules
can initiate this process whereas specific inhibitory molecules can stop it. Angio-
genesis requires breakdown of the ECM by proteinases. The basement membrane,
the specialized type IV collagen and laminin-rich membrane underlying blood vessel
endothelial layers, the interstitial matrix that are the types I and III collagen-rich
ground substance, and the type II collagen in cartilage, are fragmented during the
process of new blood vessel formation.

Collagens are the matrix proteins best associated with angiogenesis in vivo, the
loss of collagens leads to irreversible breakdown of matrix, identifying the collage-
nases as key enzymes in the initial steps of neovascularization[5-7]. To form a branch,
the continuous basement membrane must be dissolved by proteinases first. The frag-
mentation of basement membrane type IV collagen is carried out by MMP-2 and
MMP-9[5, 8]. Type IV collagenase activity is important in the early steps of endothe-
lial cell morphogenesis/capillary formation[8]. Interstitial collagenase (MMP-1) is
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also required for angiogenesis in vitro[6]. Vascular endothelial growth factor (VEGF)
induces MMP-1 expression in human endothelial cells and MMP-1 is responsible for
the initiation of degradation of interstitial collagen types I-III under normal physi-
ological conditions[9]. MT1-MMP can also break down collagen types I-III, gelatin,
laminin, and other ECM components in addition to activating pro-MMP-2[1-3].
MT1-MMP is expressed by endothelial cells and it may regulate angiogenesis by ac-
tivating pro-MMP2 and by cleaving collagens on the cell surface at a highly localized
site[10].

Tissue inhibitors of metalloproteinases in neovascularization

Tissue inhibitor of metalloproteinases (TIMP) family regulate ECM turnover and
tissue remodeling by forming tight-binding inhibitory complexes with the MMPs[11].
Each member of the TIMP family can inhibit all the active MMPs with certain
degree of preferences. TIMPs are multifunctional proteins that have erythroid-
potentiating and cell-growth-promoting activities in addition to anti-MMP activi-
ties[3, 12]. A TIMP-like anti-angiogenic protein was identified from cartilage[7]. The
TIMP family play an important role in angiogenesis through anti-MMP dependent
and/or independent pathways[5, 7].

Tissue inhibitor of metalloproteinases 1 (TIMP-1) is a 28.5 kDa glycoprotein.
It blocks the endothelial cell response to angiogenic factors, e.g., basic fibroblast
growth factor (bFGF), in an in vivo rat corneal angiogenesis assay[13]. The TIMP-
1 effect is mediated in part through the inhibition of endothelial cell migration,
as determined by the ability of TIMP 1 to block chemotaxis in a Boyden chamber
assay. However, the angiogenesis inhibitory activity of TIMP-1 may not be related to
its anti-metalloproteinase activity; TIMP-1 may affect cellular function in different
ways. A 29 kDa recombinant TIMP-1 inhibits MMP activity, but a 66 kDa aggregate
of TIMP-1 does not block MMP activity. Interestingly, both the 29 kDa TIMP-1
and the 66 kDa TIMP-1 aggregate inhibit in vitro angiogenesis[14].

Tissue inhibitor of metalloproteinases-2 (TIMP-2) has a molecular mass of 21
kDa and it does not have any N-glycosylation site. Both TIMP-1 and TIMP-2
decrease endothelial tube formation on the ECM Matrigel[8]. TIMP-2 is a potent
MMP inhibitor that can bind to both latent and active form of MMP-2. TIMP-2
inhibits bFGF-induced human microvascular endothelial cell proliferation[15]. How-
ever, TIMP-1 does not slow the growth of these cells. Furthermore, neither BB94,
a broad spectrum and potent synthetic MMP inhibitor, nor antibodies to MMP-
2 inhibit endothelial cell proliferation under the conditions tested, suggesting that
anti-MMP activity does not block endothelial cell growth[15]. Cell adhesion to tis-
sue culture plastic is slightly stimulated by TIMP-2 and cell migration is inhibited
with short-term exposure to TIMP-2, but neither process is affected by long-term
exposure. The ability of TIMP-2 to slow the endothelial cell proliferation in culture
unrelated to its metalloproteinase-inhibitory activity indicates that TIMP-2 may
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have unique functions that may restrict angiogenesis associated with tumor growth
and metastasis.

Although other members of the TIMP family are present in soluble forms, tissue
inhibitor of metalloproteinases-3 (TIMP-3) is insoluble and is bound to the ECM[12,
16]. TIMP-3 is a 21 kDa unglycosylated protein although it has one potential N-
glycosylation site. TIMP-3 inhibits chemotaxis of vascular endothelial cells toward
VEGF and bFGF, collagen gel invasion and capillary morphogenesis in vitro, and
bFGF-induced angiogenesis in the chicken chorioallantoic membrane (CAM) assay
in vivo[16]. Tissue inhibitor of metalloproteinase-4 (TIMP-4) has a molecular mass
of 22.4 kDa and it does not have any N-glycosylation site. TIMP-4 expresses at
the highest level in heart and it can inhibit breast cancer growth and metastasis
in athymic nude mice presumably due to its anti-angiogenic activity[11, 17]. In
summary, TIMPs are able to regulate endothelial cell proliferation, migration, and
capillary tube formation.

New paradigm of role of MMPs in angiogenesis: plasminogen angio-
statin converting enzyme activities

Although a body of evidence has demonstrated that MMPs promote and TIMPs
block angiogenesis, it seems paradoxical that some members of the MMP family
may act as angiogenesis antagonists. One of the most potent natural inhibitors of
angiogenesis is angiostatin[4, 18]. Angiostatin is a 38 kDa protein fragment that is
derived from the first four kringle domains of plasminogen molecule. Angiostatin,
not intact plasminogen, is a novel and very potent angiogenesis inhibitor that me-
diates the suppression of metastases by a Lewis lung carcinoma. It is a specific
inhibitor of endothelial cell proliferation and angiogenesis, and tumor growth and
metastasis. Because angiogenesis inhibitors do not induce multidrug resistance, they
may be a class of the most potent and promising drugs for clinical treatment of can-
cer and other types of connective tissue diseases. Thus, the identification of the
plasminogen-angiostatin converting enzymes is of paramount clinical importance. A
clarification of the molecular mechanisms of generating angiostatin is essential to an
understanding of biochemical pathways of controlling angiogenesis.

Unexpected results have challenged the old paradigms that MMPs can stimu-
late angiogenesis and inhibitors of MMPs can block angiogenesis. Dr. Fidler and
associates show that macrophage-derived metalloelastase (MMP-12) is responsible
for the generation of angiostatin in Lewis lung carcinomal[19]. We have also demon-
strated that matrilysin (MMP-7) and gelatinase B/type IV collagenase (MMP-9)
hydrolyze human plasminogen to generate angiostatin fragments[20]. The cleav-
age sites have been determined. MMP-7 cleaves the Pro (466) -Val (467) peptide
bond and MMP-9, the Pro (465) -Pro (466) bond, between kringle domain 4 and
5 of the plasminogen molecule. The physiological relevance and significance of the
production of angiostatin by MMP-7 and MMP-9 in vivo remain to be investigated.
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We are in the process of investigating if any other members of the MMP family
can also convert plasminogen to angiostatin molecules. The specificity, efficiency,
detailed cleavage sites, biological activities, and physiological relevance of angiostatin
fragments generated by different enzymes remain to be determined and compared.
A new paradigm of the role of MMPs and their inhibitors in angiogenesis will be
established.

In summary, the unexpected data demonstrates that MMPs and TIMPs may
play a much more complex role in angiogenesis and tumor invasion and metastasis
than that we have realized. The role and mechanisms of action of each MMP and
each TIMP in angiogenesis are different depending on the tissue/cell specificity, the
stages of endothelial differentiation, local microenvironmental factors, and tumor-
host interactions. One possible scenario would be that, instead of blocking neovas-
cularization, the MMP inhibitors may actually block angiostatin generation which,
in turn, might cause unchecked and unlimited tumor growth and metastasis-the op-
posite of the desired effect[7]. Therefore, some of the clinical trials using synthetic
MMP inhibitors may not be as successful as one might hope. Thus, more thorough
and more mechanistic studies of potential roles of MMPs and their tissue and syn-
thetic inhibitors in angiogenesis and tumor invasion and metastasis are still major
tasks to be accomplished.
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