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Abstract

Matrix metalloprotease-1 (MMP1) has been implicated in many human disease processes, 

however the lack of a well characterized murine homologue has significantly limited the study of 

MMP1 and the development of MMP-targeted therapeutics. The discovery of murine Mmp1a in 

2001, the functional mouse homologue of MMP1, offers a valuable tool for modeling MMP1-

mediated processes in mice. Variation in physiologic expression levels of Mmp1a in mice as 

compared to MMP1 in humans highlights the importance of understanding the similarities and 

differences between the homologues. Recent studies have demonstrated tumor growth-, invasion-, 

and angiogenesis-promoting functions of Mmp1a in lung cancer models, consistent with the 

analogous functions observed for human MMP1. Biochemical investigations have shown that 

point mutations in the pro-domain of mouse Mmp1a weaken docking between the pro- and 

catalytic domains, generating an unstable zymogen primed for activation. The difficulty to 

effectively maintain Mmp1a in the zymogen form may account for the tight control of Mmp1a 

expression and reduced expression in normal tissue as compared to inflammatory states or cancer. 

This discovery raises important questions about the activation mechanisms and regulation of the 

MMP family in general.

Since the initial discovery of MMP1 over 50 years ago in tadpoles, the matrix 

metalloprotease family has expanded to 24 enzymes in humans with a multitude of functions 

(Gross and Lapiere, 1962). MMP1 (interstitial collagenase) was initially described for its 

ability to degrade fibrillar collagen (types I, II, and III) with the subsequent identification of 

two similar enzymes, MMP8 (neutrophil collagenase) and MMP13 (collagenase 3), which 

make up the soluble collagenase sub-family (Murphy et al., 1977; Freije et al., 1994). In 

addition to their shared collagen-degrading activity, a common domain organization of pre-, 

pro-, catalytic, linker, and hemopexin regions unify the collagenases. Though originally 
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defined as a collagenase, MMP1 has been shown to have activity against a broad array of 

extracellular matrix substrates. MMP1 can degrade the matrix proteins fibronectin, gelatin, 

aggrecan, laminin, perlecan, and vitronectin (Ala-aho and Kähäri, 2005).

MMP1, like the other MMPs, also has significant activity against multiple non-matrix 

substrates thereby modulating cell behavior and many physiologic and pathophysiologic 

processes. For example, MMP1 can activate pro-tumor necrosis factor alpha (pro-TNFα) 

into its soluble form (Gearing et al., 1994). MMP1 can also increase the bioavailability of 

IGF through degradation of insulin-like growth factor binding proteins (Fowlkes et al., 

1994). MMP1 can dampen inflammation through inactivation of stromal cell derived factor 

1 alpha (SDF1α) and monocyte chemoattractant proteins 1–4 (MCP 1–4) (McQuibban et al., 

2001, 2002). Through proteolysis of these diverse substrates, MMP1 has been implicated in 

many pathological processes, such as tumor growth and metastasis, arthritis, atherosclerosis, 

and septic shock [Sukhova et al. (1999) and Tressel et al. (2011) and reviewed in Ala-aho 

and Kähäri (2005) and Vincenti and Brinckerhoff (2002)].

Of particular interest is the activation of protease-activated receptor-1 (PAR1) by MMP1 

(reviewed in Austin et al., 2013a). PAR1 is a G-protein coupled receptor that is activated by 

proteolytic cleavage and has pleiotropic effects on cell proliferation, survival, migration, and 

gene transcription. PAR1 is classically activated by serine proteases, such as thrombin (Vu 

et al., 1991). However, in many disease models, including cancer, sepsis, thrombosis, and 

arterial restenosis, MMP1 appears to be a pathophysiologic PAR1 agonist (Boire et al., 

2005; Trivedi et al., 2009; Tressel et al., 2011; Austin et al., 2013b). Interestingly, activation 

of PAR1 by MMP1 occurs at a slightly different site from the canonical thrombin cleavage 

site, generating a slightly different ligand. Recent work has demonstrated that this ligand 

difference modulates the PAR1 signaling phenotype in different ways, making it essential to 

understand the PAR1 activation cascade by different protease systems (Blackburn and 

Brinckerhoff, 2008; Austin et al., 2013b). However, the delayed characterization of the 

MMP1 homologue in mice has made it difficult to query the role of MMP1-PAR1 signaling, 

as well as other MMP1-mediated processes in general.

Murine Collagenases

Though MMP1 was the first MMP described in 1962, the mouse genetic homologue for 

MMP1 was the last murine collagenase homologue discovered in 2001 (Balbín et al., 2001). 

The first collagenase cloned in mice was Mmp13 (Henriet et al., 1992). The discovery of 

mouse MMP13 occurred 2 years prior to the discovery of human MMP13 (Freije et al., 

1994), leading to the initial presumption that mouse Mmp13 was a divergent homologue of 

human interstitial collagenase. Three independent groups described mouse Mmp8 in 1998 

(Balbín et al., 1998; Iwama et al., 1998; Lawson et al., 1998). Finally, in 2001 the two 

murine genes homologous to MMP1 were identified, murine collagenase-like A (Mcol-A/

Mmp1a) and murine collagenase-like B (McolB/Mmp1b) (Balbín et al., 2001).

Significant redundancy in substrates and function tends to exist between closely related 

MMPs, leading to the postulate that the other mouse collagenases, Mmp8 and Mmp13, 

could be functional replacements of MMP1 in mouse pathobiology. As the three 
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collagenases are further studied, a unique subset of functions has been identified for each of 

the collagenases. MMP8 is strongly expressed by neutrophils and stored in granules that can 

be released following activation (Hasty et al., 1990). With its high expression in neutrophils, 

MMP8 is an important modulator of inflammation. Studies are increasingly highlighting the 

role of MMP8 as an unexpected tumor suppressor gene. Mmp8-deficient male mice have a 

significantly increased incidence of skin tumors in experimental carcinogenesis models due 

to loss of neutrophil MMP8 and an abnormal inflammatory response (Balbín et al., 2003). 

Expression of MMP8 on breast, lung, and melanoma cancer cells also exhibits tumor 

suppressive functions by enhancing cell adhesion and decreasing cell invasion, migration, 

and metastasis (Montel et al., 2004; Gutiérrez-Fernández et al., 2008). Most strikingly, 

inactivating mutations in MMP8 have been identified in a subset of human melanoma 

tumors, strongly supporting a tumor suppressor function for MMP8 in human tumors 

(Palavalli et al., 2009).

Though MMP8 appears to have a distinct functional profile from the other collagenases, 

MMP1 and MMP13 are more biochemically and pathologically similar (Vincenti et al., 

1998). MMP1 and MMP13 share 86% amino acid identity, whereas MMP8 is 57% identical 

to MMP1. MMP1 and MMP13 are both frequently overexpressed in inflammatory 

conditions and are transcriptionally regulated by many of the same inflammatory cytokines 

(Vincenti and Brinckerhoff, 2002; Ala-aho and Kähäri, 2005). MMP13 was originally 

cloned from a human breast cancer and appears to function as a tumor-promoting 

metalloprotease, like MMP1 (Freije et al., 1994). Mmp13-deficient mice have decreased 

tumor growth and metastasis of B16 melanoma allografts and decreased growth and 

angiogenesis of squamous cell carcinoma allografts (Zigrino et al., 2009; Lederle et al., 

2010). Similarly, exogenous expression of MMP1 promotes tumorigenesis, invasion, and 

metastasis of human melanoma cells (Blackburn et al., 2009). While this suggests that there 

may be overlap in the functions ofMMP1 and MMP13, it does not exclude specific roles for 

MMP1 and MMP13. In many systems, MMP1 or MMP13 are expressed singularly, 

suggesting that even if overlap exists between these enzymes, they are likely not both 

simultaneously present in the same system to compensate for one another.

Mouse Matrix Metalloprotease-1

The mouse homologue of MMP1 was discovered by screening mouse cDNA libraries with a 

full length human MMP1 probe by Balbín et al. (2001). This strategy identified two MMP1 

homologues, Mmp1a and Mmp1b. These two enzymes are a rodent-specific duplication. 

Mmp1a and Mmp1b are located in the MMP-rich locus of mouse chromosome 9 (Fig. 1A). 

The location of Mmp1a is syntenic to human MMP1, while Mmp1b is inverted and located 

roughly 73 kb away. Mmp1a and Mmp1b proteins are 82% identical to each other (Fig. 1B). 

Their genes most closely resemble human MMP1 (74% identical in nucleotides). Mmp1a 

has 58% amino acid identity with MMP1, making it the least identical of the known 

mammalian MMP1 homologues, as shown in Figure 1B. As a comparison, rabbit MMP1, 

which has been studied in arthritis models, is 86% identical to human MMP1 (Fini et al., 

1987).
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Biochemistry of Mmp1a and Mmp1b

Mmp1a and Mmp1b are 464 and 463 amino acid proteins, respectively, with predicted 

masses of 53.5 kDa. Both enzymes contain the collagenase domain arrangement (signal 

peptide, pro-, catalytic, linker, and hemopexin) and a characteristic catalytic domain RGD-

motif that is present in all other identified MMP1 homologues. Mmp1a contains three 

potential N-linked glycosylation sites, while Mmp1b contains two. A conserved catalytic-

domain glycosylation site present in human MMP1 and all other collagenases is seen in 

Mmp1a and Mmp1b at N117.

Based on peptide sequence and structure prediction, Mmp1a and Mmp1b should both be 

functional enzymes. When expressed, Mmp1a demonstrates collagenase activity, generating 

the classic 3/4 and 1/4 length degradation fragments from fibrillar collagens. Unexpectedly, 

Mmp1b has not been documented to have any detectable activity against fibrillar collagen 

when expressed recombinantly in E. coli inclusion bodies or in mammalian overexpression 

systems (Balbín et al., 2001; Foley et al., 2012). However, Mmp1b does not appear to 

completely lack enzymatic activity. Incubation of purified, recombinant pro-Mmp1b 

overnight at room temperature results in autoproteolysis of the pro-domain to "active" 

Mmp1b (Balbín et al., 2001). It remains to be determined whether Mmp1b possesses activity 

against other substrates or is a functionally inactive duplication of Mmp1a. Structure-

function and gain-of-function studies of Mmp1b as compared to Mmp1a have the potential 

to offer useful insights into structural determinants of active collagenases.

Tissue Expression of Mmp1a

The most striking difference between human MMP1 and mouse Mmp1a is the tissue 

expression profile. Human MMP1 has low basal expression in most human tissues and can 

be dynamically upregulated in response to cell activation. Mmp1a, on the other hand, has 

only been readily detected in days 9.5–13.5 embryos and in the placenta, uterus, and testes 

of physiologically normal mice (Balbín et al., 2001; Nuttall et al., 2004). Despite the low 

expression of Mmp1a in healthy mouse tissue, Mmp1a upregulation has been described in 

multiple disease models. Mmp1a mRNA is elevated in the mouse stroma of human breast 

cancer cell xenografts (Boire et al., 2005). Rat Mmp1a mRNA was found to be elevated 

>20-fold in rats with septic colonic anastamoses, recapitulating what has been observed with 

human MMP1 in patients who have the post-surgical complication of anastomotic 

dehiscence (Silva et al., 2013). Consistent with the observation that plasma MMP1 levels are 

a predictor of mortality in patients with septic shock, Mmp1a protein is upregulated in the 

plasma of mice with cecal ligation and puncture (CLP)-induced sepsis (Tressel et al., 2011). 

In stroke models, Mmp1a is expressed in ischemic brain and further upregulated following 

reperfusion, suggesting a role for Mmp1a in ischemia-reperfusion injury (Lenglet et al., 

2014). Additionally, Mmp1a protein is expressed in multiple mouse cancer models, 

including glioblastoma, renal, kidney, and ovarian cancer xenografts (Pfaffen et al., 2010). 

Together, these observations suggest that Mmp1a is a relevant MMP1 homologue in mouse 

models.
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The Mmp1a Knockout Mouse

The ability to identify specific functions of Mmp1a in disease models has been significantly 

enhanced by the recent generation of Mmp1a knockout mice (Fanjul-Fernández et al., 2013; 

Foley et al., 2013). The Mmp1a−/− mouse was generated by targeted replacement of exons 4, 

5, and part of exon 6 with a PGK-Neomycin cassette. These exons encode the majority of 

the Mmp1a catalytic domain, including the critical zinc coordination motif 

(H215ELGH219SLGLTH225) in exon 5. This knockout strategy is highly similar to the 

approach that was successfully used for the generation of Mmp8−/− mice (Balbín et al., 

2003). The mutant allele disrupts all Mmp1a expression, as Mmp1a−/− placenta has no 

detectable Mmp1a mRNA by Northern blot. Mmp1a-deficient mice are born in Mendelian 

ratios from heterozygous crosses. Loss of Mmp1a has no obvious effect on growth or 

development, which is unsurprising given that the majority of MMP knockout animals, 

including Mmp8−/− and Mmp13−/− mice, have no overt defects. Mmp1a−/− mice are fertile. 

Given the constitutive expression of Mmp1a in the placenta and testes of adult mice, the 

lack of a fertility phenotype was surprising and raises interesting questions about the role of 

Mmp1a/MMP1 in reproduction.

Mmp1a in Lung Cancer Models

Recent studies have directly demonstrated important functional roles for Mmp1a in lung 

cancer models (Fanjul-Fernández et al., 2013; Foley et al., 2012, 2013). Lewis lung 

carcinoma (LLC1), a c57BL/6 mouse-derived, non-small cell lung cancer (NSCL) cell line, 

expresses high levels of Mmp1a protein (Foley et al., 2012). LLC1 cells are highly 

malignant, demonstrating rapid growth, invasion, and metastasis. Short-hairpin RNA 

(shRNA) knockdown of Mmp1a reverses the invasive phenotype of LLC1 cells in in vitro 

models of collagen invasion and three-dimensional stellate growth. Additionally, loss of 

LLC1 Mmp1a expression results in a 50% reduction in tumor growth in abdominal fat pad 

genograft models, demonstrating the importance of Mmp1a in promoting tumorigenesis. 

LLC1 Mmp1a also promotes metastasis, as silencing of Mmp1a leads to a 40% decrease in 

number of metastatic nodules in experimental lung metastasis (Foley et al., 2012).

The Mmp1a-deficient mouse is a highly valuable tool for studying the role of stromal 

Mmp1a in the tumor microenvironment. LLC1 cells implanted into the abdominal fat pads 

of Mmp1a−/− mice form significantly smaller tumors with impaired angiogenesis as 

compared to wild type littermate controls (Foley et al., 2013). The tumorigenesis defect in 

Mmp1a−/− mice can be rescued with co-implantation of wild-type fibroblasts, demonstrating 

the importance of stromal Mmp1a. On the other hand, stromal Mmp1a is dispensable in 

experimental lung metastasis models, as Mmp1a−/− animals do not exhibit any significant 

decrease in the number of metastatic foci. This observation is consistent with previous work 

that human MMP1 expression by the cancer cell, not the stroma, is part of the "metastatic 

toolkit" that enables cancer cells to metastasize to lungs (Minn et al., 2005).

The defect in LLC1 tumorigenesis in Mmp1a-deficient mice appears to be significantly 

mediated by Mmp1a-PAR1 signaling. RNAi mediated knockdown of PAR1 on LLC1 cells 

results in decrease in tumor growth in wild-type mice that is comparable to the defect seen 
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with wild-type LLC1 cells in Mmp1a−/− mice (Foley et al., 2013). Implantation of PAR1-

knockdown LLC1 cells in Mmp1a−/− mice does not have further effect on tumor growth, 

suggesting that Mmp1a and PAR1 are acting through the same pathway to promote 

tumorigenesis.

Further strengthening a role for Mmp1a in lung carcinogenesis, Fanjul-Fernández et al. 

(2013) examined Mmp1a levels in induced carcinogenesis models. Mmp1a was upregulated 

in models of chronic lung fibrosis using bleomycin treatment and in chemically induced 

lung carcinogenesis using urethane. When subjected to two intraperitoneal injections of 

urethane, Mmp1a-deficiency protected mice from lung tumorigenesis 8 months later. 

Mmp1a−/− male mice had a greater than 50% reduction in the number of total tumor foci, 

with significantly fewer large (>103 cells) lesions. Mmp1a−/− lungs had an increase in 

inflammatory infiltrate following urethane treatment as compared to wild type. The levels of 

the Th1-associated cytokines, IL-1α, IL-2, IL-27, and IFN-γ, were elevated in urethane 

treated Mmp1a−/− lungs, suggesting that Mmp1a may be involved in regulating the balance 

between Th1/Th2 inflammatory responses. The shift to a Th1 response in Mmp1a-deficient 

mice is hypothesized to occur via defective degradation of the Mmp1a-target protein 

S100a8. S100a8 is a calcium binding protein that activates the pattern recognition receptor, 

RAGE (receptor for advanced glycation end products), which promotes T cell Th1 

differentiation (Chen et al., 2008). Thus, lack of Mmp1a is conjectured to elevate S100a8 

levels, causing prolonged RAGE activation and a subsequent anti-tumorigenic, Th1 immune 

response. It will be interesting to see how this novel discovery from the Mmp1a−/− mouse 

translates into human disease.

Another interesting discovery gleaned from the Mmp1a−/− mouse is that Mmp1a-deficient 

female mice had a less dramatic, non-significant reduction of approximately 20% in the 

number of tumor foci in urethane-induced carcinogenesis. This sex discrepancy of tumor 

burden in MMP-deficient mice has been previously described in Mmp8−/− mice, as 

discussed above. These sex specific phenotypes in Mmp1a−/− and Mmp8−/− mice suggest an 

interaction between collagenases, sex hormones, and tumorigenesis adding additional layers 

of complexity to our understanding of MMP signaling networks.

Mmp1a in Other Cancer Models

Given the recent success of utilizing the Mmp1a−/− mouse in lung cancer models, the 

question becomes how to predict which cancer models have relevant expression of Mmp1a. 

Thus far, Mmp1a expression has been detected in LLC1, urethane-induced lung cancer, B16 

melanoma cells, and ovarian and breast cancer xenografts, as discussed previously (Boire et 

al., 2005; Foley et al., 2012; Fanjul-Fernández et al., 2013). Additionally, Mmp1a 

expression drives migration and invasion in primary cutaneous melanoma tumors with 

constitutive BRAF activity from V600E BRAFV600E/p19ARF−/− mice (Foley et al., 2012). 

Tissues from other models of chemically induced carcinogenesis also exhibit upregulation of 

Mmp1a, including 4-nitroquinoline 1-oxide (4-NQO)-induced oral squamous carcinoma, 

7,12-dimethylbenzantracene (DMBA)-induced squamous papilloma, and 3-

methylcholanthrene (MCA)-induced fibrosarcoma (Fanjul-Fernández et al., 2013).
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A unifying theme from these diverse cancer models is aberrant RAS activation/MAP kinase 

(MAPK) signaling (Fig. 2). LLC1 cells exhibit hyperactivation of K-Ras, through a 

mechanism potentially involving loss of p66Shc (Ma et al., 2010). In human melanomas, 

V600E is the most common point mutation in BRAF, a serine-threonine kinase activated by 

Ras, and results in constitutive BRAF activation (Davies et al., 2002). The chemical 

carcinogenesis models, though associated with multiple DNA mutations, are also associated 

with mutations in the Ras isoforms. Urethane-induced lung tumors and MCA-induced 

fibrosarcomas often harbor activating mutations in K-Ras (You et al., 1989; Watanabe et al., 

1999). Treatment with DMBA or 4-NQO causes H-Ras mutations in skin papillomas and 

oral squamous carcinomas, respectively (Quintanilla et al., 1986; Yuan et al., 1994). We 

postulate that it is this activation of the MAPK cascade that leads to transcription of Mmp1a, 

potentially through the activation of AP1 or Ets, transcription factors shown to regulate 

human MMP1 expression (Vincenti and Brinckerhoff, 2002). While there are certainly 

multiple common pathways activated in these diverse cancer models and likely many 

pathways drivingMmp1a upregulation in inflammation, systems with aberrant MAPK 

signaling are obvious initial models to further explore Mmp1a function in vivo.

Mmp1a Zymogen Stability and Activation

Mmp1a functions as an important human homologue in cancer models. However, there 

remain fundamental differences between mouse Mmp1a and human MMP1 expression 

profiles in quiescent tissue. MMPs are regulated on several levels: expression, trafficking, 

zymogen activation, and enzyme inhibition/deactivation (Sternlicht and Werb, 2001). 

Mmp1a appears to be very tightly regulated at the gene expression level, given the lack of 

physiologic expression in healthy tissue and the selective expression in disease models.

Recent biochemical studies suggest that this tight transcriptional control may be due to a 

propensity of spontaneous zymogen activation due to alterations in the procatalytic domain 

interactions (Foley et al., 2013). As compared to human MMP1 and the other collagenases, 

Mmp1a is secreted at low levels in heterologous expressions systems. Of the Mmp1a that is 

produced, it is more rapidly converted to the active form than the other collagenases. 

Chimeric exchange of the Mmp1a pro-domain for that of human MMP1 dramatically 

improves expression and stability of pro-Mmp1a, suggesting that the lack of stability of pro-

Mmp1a is an inherent property of the prodomain. The prodomain of MMP1/Mmp1a is a 

bundle of three helices separated by flexible loop regions (Fig. 3). These three helices have 

multiple interactions with each other and the catalytic and hemopexin domains to stabilize 

the prodomain structure (Jozic et al., 2005). Homology modeling of pro-Mmp1a on the 

human pro-MMP1 crystal structure reveals the substitution of a highly conserved 

phenylalanine in human MMP1 at position 70 (F70-green) for a leucine in Mmp1a (L67-red) 

(Fig. 3A). In the human pro-MMP1 crystal structure, the F70 residue is an important 

interface between the catalytic domain and the pro-domain (Fig. 3C). Leucine is a smaller, 

hydrophobic residue and is predicted to result in a weaker pro-catalytic domain interaction 

in Mmp1a.

The F→L67 substitution in proMmp1a occurs at the distal end of helix 2 (Fig. 3). Helix 2 is 

virtually perpendicular to the catalytic domain. In the human pro-MMP1 structure, a highly 
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conserved F70F71 at the distal end of helix 2 interacts directly with catalytic domain 

H228S229T230 and Y237P238 (Fig. 3C). F70F71 is conserved in every other known MMP1 

homologue and is in the other secreted collagenases, MMP8 and MMP13. In pro-Mmp1a, 

the corresponding residues are L67F68 interacting with catalytic domain H225S226S227 and 

F234P235. The F→L67 substitution reduces the hydrophobic interactions of this highly 

conserved pro-catalytic domain interaction, resulting in a zymogen with a propensity for 

facile activation. Though the exact mechanism for the spontaneous activation of pro-Mmp1a 

has not been completely delineated, it appears to be heavily dependent on auto-catalysis as 

opposed to exogenous proteolysis. This hypothesis is supported by the observation that 

catalytically inactive Mmp1a is robustly expressed and maintained in zymogen form. 

Additionally, Mmp1b, which lacks potent enzyme activity and also contains the L66F67 

motif of Mmp1a, is strongly produced in the zymogen form. Thus, the destabilizing effect of 

this mutation on zymogen maintenance is dependent on catalytic domain activity.

MMPs are maintained in the zymogen state through a conserved cysteine switch motif 

(PRCxxPD) in the pro-domain (Van Wart and Birkedal-Hansen, 1990). In this motif, the 

free thiol of the cysteine acts as a fourth coordinating residue for the zinc moiety in the 

active site. This interaction enables the pro-domain to essentially cover the active site and 

prevent a water molecule from entering the catalytic pocket (Van Wart and Birkedal-

Hansen, 1990). Disruption of the thiol–zinc interaction leads to zymogen activation. This 

disruption can occur through proteolysis of the prodomain or non-proteolytic mechanisms. 

Non-proteolytic activation occurs through reduction of the free thiol to disrupt the thiol–zinc 

interaction by oxidants, heavy metals, or alkylating agents. Following loss of thiol–zinc 

coordination, water can enter the catalytic pocket and the pro-domain is subsequently 

removed through an intramolecular, autolytic cleavage (Stricklin et al., 1983).

While thiol-reduction is a useful laboratory technique for MMP activation, proteolytic 

activation by other proteases is likely the predominant activation mechanism in vivo. 

Proteolytic activation is a multi-step process in which a "bait" region of the pro-domain is 

initially cleaved, exposing previously masked residues and promoting destabilization of the 

helix bundle. The exact activation sequence for MMP1 has not been defined because no 

protease has been shown to be a definitive activator of MMP1 in vivo. However, stepwise 

models have been extrapolated from the proMMP1 crystal structures and in vitro studies of 

MMP1 activation by MMP3, trypsin, plasmin, and plasma kallikrein (Stricklin et al., 1983; 

Murphy et al., 1987; Suzuki et al., 1990; Jozic et al., 2005). The prodomain of MMP1 

contains the "bait region," V51KERRNS57, that is, flexible and exposed on the surface (Fig. 

3, arrow 1). Activating proteases initially cleave this bait region, leading to destabilization of 

the helix bundle and allowing for a secondary autolytic cleavage at T82L83 (Fig. 3, arrow 2). 

The pro- and catalytic domain junction is then exposed so that this region can be cleaved 

either by exogenous protease or autolytic cleavage to generate a mature, active enzyme (Fig. 

3, arrow 3).

As the pro-form of Mmp1a is inherently unstable, it may be a dangerously active enzyme for 

tissues to express. Once produced, a significant fraction of the enzyme is rapidly activated, 

bypassing the regulatory step of activation and essentially behaving as a constitutively active 

protease. The main mechanisms remaining for cells to control Mmp1a activity are the only 
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regulation of protein translation/trafficking and enzyme inactivation. Hence, it is expected 

that Mmp1a is not ubiquitously expressed but rather upregulated in response to appropriate 

stimuli.

Implications for Future Studies

A limitation to our knowledge of MMPs is the reliance on in vitro systems conducted under 

optimized conditions usually with excesses of substrate or enzyme. It is far more difficult to 

define how these enzymes behave in physiologic systems. In particular, little is understood 

about MMP activation cascades function in vivo (Ra and Parks, 2007). In vitro experiments 

have demonstrated a wide array of proteases that activate MMP1 under in vitro conditions. 

However, it is necessary to understand the activation mechanism in vivo, as this has a 

critical effect on the activity of the enzyme. The process by which MMP1 is activated 

determines the final N-terminus of the mature enzyme and the resultant catalytic efficiency. 

For example, MMP3 activation of MMP1 generates a mature enzyme that begins with F100. 

Activation of MMP1 by organomercurials/autolytic cleavage results in a mature enzyme 

starting at V101 or L102 (Suzuki et al., 1990). MMP3-activated F100-MMP1 has 10-fold 

more collagenase activity than V101- or L102-MMP1, suggesting that the mechanism of 

activation is an additional regulator of MMP1 activity. The in vivo activators of a given 

MMP offer additional targets for modulating MMP signaling and activity in disease 

processes.

The facile activation of pro-Mmp1a adds further complexity to the variation between the 

activation kinetics of all MMP family members. When and how do certain tissue milieus and 

disease states generate environments conducive to MMP activation? Are other MMPs 

"primed" for activation and under what biological conditions does this occur? What 

downstream signaling is modulated by this propensity for activation? While novel strategies 

for monitoring MMP activation in vivo will help answer these questions, the generation of 

animals deficient in a given MMP or MMP-activating protease will be valuable tools for 

advancing the field. Ideally, understanding the precise activation behavior of MMPs in vivo 

will identified new approaches to targeting MMPs for treatment of human disease.
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Fig. 1. 
Homology of MMP1 and Mmp1a. A: Chromosomal location of MMP1 (upper) and Mmp1a 

(lower) in the MMP rich locus of humans and mice respectively. B: Percent similarity of 

mammalian MMP1 homologue protein sequences. Percentage determined by Clustal 

sequence alignment using the Meg Align program.
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Fig. 2. 
Generalized schematic of MAP kinase signaling demonstrating the points of pathway 

activation for cancer models shown to overexpress Mmp1a.
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Fig. 3. 
The prodomain of MMP1/Mmp1a. A: Sequence alignment of the human MMP1 (upper) and 

mouse Mmp1a (lower) prodomain (excluding the first 12 non-helix residues). The F70-L67 

substitution is highlighted. Arrows illustrate cleavage sequence of pro-MMP1 activation. B: 

Cartoon representation of the MMP1/Mmp1a prodomain interaction with catalytic domain. 

Arrows illustrate cleavage sequence of pro-MMP1 activation. C: Structural model 

representing the prodomain (yellow) and catalytic domain (blue) of MMP1/Mmp1a. The 
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hydrophobic interaction of human prodomain F70 (green) and mouse L67 (red) with catalytic 

domain H225S226S227 and F234P235 (green) are highlighted.
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