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ABSTRACT 

Despite originally being described as a secreted protease, matrix 

metalloproteinase‐2 (MMP‐2) was recently revealed to have targets within 

cardiomyocytes. The biological mechanism(s) that describes the intracellular localization 

of MMP‐2 is unknown and is thus the subject of this thesis. Additionally, activation and 

inhibition of MMP-2 as well as novel intracellular target(s) of it that are involved in 

cardiomyocyte injury were investigated. 

The cytosolic targeting of MMP-2 was examined and it was found that the signal 

sequence of MMP-2 led to its incomplete targeting to the endoplasmic reticulum for 

secretion. Moreover, an MMP-2 splice variant which lacks the signal sequence and is 

enriched in the cytosol was discovered. Thus, intracellular MMP-2 is explained by the 

expression of a splice variant and by the inefficient targeting of canonical MMP-2 to the 

secretory pathway. 

Intracellular MMP-2 was found to play a pathological role in myocardial 

ischemia/reperfusion injury by proteolyzing the giant sarcomeric protein, titin. Discrete 

co-localization between MMP-2 and titin was found at the sarcomeric Z-disc region. 

Isolated rat hearts subjected to ischemia/reperfusion injury showed cleavage of titin, 

whereas inhibition of MMP-2 prevented titin proteolysis and improved the contractile 

function. 

To explore whether oxidative stress affects intracellular MMP-2 activity, isolated 

cardiomyocytes were treated with various concentrations of hydrogen peroxide. 

Treatment with 200 µM hydrogen peroxide led to elevated MMP-2 level/activity in 

cardiomyocyte lysates. Hydrogen peroxide primarily caused necrotic and not apoptotic 



 

 

cell death, however, pretreatment with selective MMP inhibitors did not protect against 

necrosis. 

In myocardial ischemia/reperfusion injury, MMP-2 or calpain inhibitors were 

shown to improve the myocardial contractile function. In order to investigate whether 

calpain inhibitors target intracellular MMP-2, the inhibitory effect of some calpain 

inhibitors on MMP-2 activity was tested. The IC50 values of calpain inhibitors, PD-

150606 and ALLN, against MMP-2 were determined to be 9.3 and 21.9 µM, respectively, 

revealing that some calpain inhibitors have significant pharmacological activity as 

inhibitors of MMP-2. 

In summary, these studies describe a set of mechanisms that cells utilize to 

equilibrate MMP-2 in both extracellular and intracellular locations. These results suggest 

that MMP-2 inhibitors should be rigorously tested as a therapeutic strategy to alleviate 

myocardial ischemia/reperfusion injury.   
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CHAPTER 1 

INTRODUCTION 
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myocardial oxidative stress injury: beyond the matrix. Cardiovasc Res. 85: 413-423. 
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1.1: Matrix metalloproteinases 

Matrix metalloproteinases (MMPs) are a family of zinc-dependent neutral 

endopeptidases that are collectively capable of degrading the components of the 

extracellular matrix. It was recognized, from their first description in amphibian 

metamorphosis 1, that they play an active role in remodeling the extracellular matrix 

accompanying both physiological and pathological processes, such as embryogenesis, 

wound healing, uterine involution, bone resorption, metastasis, arthritis, and heart failure. 

Although most research has focused on the extracellular role of MMPs over long term 

remodeling processes, it has more recently been recognized that MMPs may also act on 

non-extracellular matrix substrates both outside 2 and inside the cell 3, 4, and on time scale 

of seconds to minutes and not hours-days which occurs in so many of the extracellular 

matrix actions of MMPs. 

1.1.1: Classification 

 MMPs belong to a family of structurally related enzymes. In humans there are 24 

MMP genes but only 23 MMP proteins because MMP-23 is coded by two identical   

genes 5. The MMPs can be subgrouped, based on their primary structure, substrate 

specificity and subcellular localization into five classes: collagenases (MMP-1, MMP-8, 

and MMP-13), gelatinases (MMP-2 and MMP-9), stromelysins (MMP-3, MMP-10, 

MMP-11, and MMP-12), matrilysins (MMP-7, MMP-26) and membrane type (MT)-

MMPs (MT1-MMP, MT2-MMP, MT3-MMP, MT4-MMP, MT5-MMP, and             

MT6-MMP) 6. This original classification of MMPs was made only from the perspective 

of their action on extracellular matrix proteins. It is, however, becoming increasingly 

apparent that this classification scheme is imperfect, particularly as previously classified 

MMPs have been shown to proteolyze other substrates in addition to the ones for which 
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they were originally named. Moreover, the addition of matrix to metalloproteinase is 

contested by the findings that these enzymes contribute also to various non-matrix 

substrates processing including cytokines, chemokines and hormones 7.   

1.1.2: Structure 

In general most secreted proteins including MMPs are encoded with a short 

removable N-terminal motif called the ‘signal sequence’ that targets them for export out 

of the cell (Figure 1.1). It was shown that signal sequences are recognized by dedicated 

factors that catalyze the transport of newly synthesized secretory proteins into the 

endoplasmic reticulum (ER) lumen for subsequent secretion. The key molecules in this 

pathway in eukaryotic cells include a cytosolic targeting factor called the signal 

recognition particle, the ER membrane-bound receptor for the signal recognition particle, 

an integral ER membrane protein conducting channel called the Sec61p complex and a 

membrane-bound peptidase that removes signal sequences from secretory proteins on the 

luminal face of the ER 8. 

Originally, it was predicted that all signal sequences would share a distinctive 

sequence motif. However, the absence of any consensus quickly became apparent when 

several secretory proteins were sequenced. An early comparative sequence analysis 

showed that signal sequences have a typical chain length of 20-30 amino acid residues 

and a recognizable three-domain structure (a basic domain, a hydrophobic domain and a 

slightly polar domain), but otherwise lack any significant homology 9.  Although signal 

sequences vary widely in primary structure, they all share certain features such as 

hydrophobicity which allows for efficient targeting to the ER 10. Recent evidence, 

however, suggest that variations amongst signal sequences have various functional 

consequences including altered secretion efficiencies and subcellular localizations of 

certain proteins (e.g. calreticulin 10, prion 11 and apolipoprotein E 12) and there is growing 
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appreciation that such signal sequence diversity may be biologically meaningful (for 

review see 13). A seminal study by Levine et al 14 provided proof-of concept that a signal 

sequence-containing protein can reside and function in the cytosol as a consequence of 

inefficient translocation into the ER.  

  Next to MMP signal sequence is a hydrophobic propeptide domain which shields 

the neighboring zinc-containing catalytic domain. The catalytic domain contains a highly 

conserved zinc-binding site and consists of five stranded beta sheets and three alpha 

helices. This fold forms the substrate binding pocket, coordinates with the catalytic zinc 

ion, an also binds two calcium ions 15. In its zymogen form, the catalytic zinc is 

coordinated to a cysteinyl thiol group on the propeptide domain and is rendered inactive. 

Finally, at the C-terminus there is a haemopexin-like domain that is linked to the catalytic 

domain by a hinge region. In addition, MMP-2 and MMP-9 contain fibronectin type II 

inserts within the catalytic domain, and MT-MMPs (MT-1, MT-2, MT-3, and MT-5 

MMP) contain a transmembrane domain at the C-terminal end of the haemopexin-like 

domain, whereas MT-4 and MT-6 MMP are bound to the membrane via 

glysosylphosphatidyl-inositol moiety. The haemopexin domain is absent in the 

matrilysins (MMP-7, MMP-26) 4.  

 

1.2: Regulation of MMPs activity 

 In general, MMPs are tightly regulated via many mechanisms at every step of 

their induction to their ultimate inhibition and clearance 16. These several levels at which 

MMPs are regulated include transcriptional, post-transcriptional, and post-translational 

levels. In addition, MMPs are controlled via their endogenous inhibitors, tissue inhibitors 

of metalloproteinases (TIMPs), and their intra/extra-cellular localization. 
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1.2.1: Transcriptional regulation 

 MMPs are closely regulated at the level of transcription. In contrast to original 

observations that MMP-2 may be a “constitutive” enzyme, MMP-2 was also found to be 

regulated at the transcriptional level and its expression can be upregulated in cardiac cells 

in response to many factors including hypoxia, angiotensin II, endothelin-1 or 

interleukin-1beta 17, 18. Generally, MMP gene expression is regulated through the 

interaction of transcription factors, co-activators and co-repressor proteins with specific 

elements in the promoter region of MMP genes 19. Transcriptional activation can be 

stimulated by a variety of inflammatory cytokines, hormones, and growth factors, such as 

interleukin-1beta, interleukin-6, tumor necrosis factor-alpha, epidermal growth factor, 

platelet-derived growth factor, basic fibroblast growth factor and angiotensin II 20-24. 

Prolonged hypoxia, greater than 24 h, has been shown to increase MMP-2 expression 

whereas shorter durations decrease its expression. However, re-oxygenation, after short 

periods of hypoxia, upregulates MMP-2 and MT1-MMP expression 25. Bergman et al. 17 

demonstrated that MMP-2 transcription in hypoxic cardiomyocytes and fibroblasts is 

driven by the functional activating protein-1 (AP-1) components FosB and JunB. The 

same group further revealed that the AP-1-binding site on the intrinsic genomic MMP-2 

promoter was specifically occupied by FosB and JunB and that ischemia-reperfusion 

injury increased the occupancy of the AP-1 site 18. 

1.2.2: RNA alternative splicing 

RNA splicing or the removal of introns from pre-mRNAs resulting in mature 

mRNA, is an essential step in eukaryotic gene expression. The enzyme complex 

responsible for this process is the spliceosome, which carries out both the excision of 

introns and exons ligation. The spliceosome is an extraordinarily complex, 2000–3000 
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kD machine composed of five small nuclear RNAs and a set of ~100 proteins 26. RNA 

splicing occurs in a multi-step complex pathway. In brief, the small nuclear RNAs and a 

subset of associated proteins form stable particles called small nuclear ribonucleoproteins 

that constitute the largest building blocks of the spliceosome. Aided by a plethora of more 

loosely associated proteins called splicing factors, the small nuclear ribonucleoproteins 

interact with pre-mRNA to complete a round of splicing via a dynamic process which 

includes intron excision, exon ligation, spliced product (mature mRNA) release and 

finally dissociation of the spliceosome. 

Alternative splicing is a process by which the exons of the pre-mRNA can be 

reconnected in multiple ways during RNA splicing. The resulting different mature 

mRNA transcripts are translated into different protein isoforms, thus, a single gene may 

code for multiple protein isoforms with different activity, tissue distributions or 

subcellular localizations 27. Different transcript variants have been reported in the MMP 

family including MMP-13 28, MMP-16 29, MMP-24 30 and MMP-28 31. Interestingly, Hu 

et al identified a splice variant of MMP-8 lacking a secretory signal sequence and thus is 

not targeted to the secretory pathway 32.  

  

1.2.3: Post-transcriptional regulation 

 Regulation of MMPs can also occur at posttranscriptional level in which mRNA 

transcripts are stabilized and/or destabilized by various exogenous and endogenous 

factors. For example, mRNA transcripts that encode MMP-1 and MMP-3 in fibroblasts 

are stabilized by phorbol esters and epidermal growth factor, whereas in osteoblasts 

MMP-13 transcripts are stabilized by platelet derived growth factor and glucocorticoids 

and destabilized by transforming growth factor-beta 33, 34. In rats, it was found that 
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androgen ablation by castration increased the steady-state mRNA levels of MMP-2 and 

MMP-9 in the prostate 35. In addition, a soluble and proteolytically active form of MT3-

MMP is generated by alternative mRNA splicing rather than membrane shedding 36. 

Different transcript variants have been reported in the MMP family including MMP-8 32, 

MMP-13 28, MMP-24 30 and MMP-28 31. 

1.2.4: Post-translational regulation 

 Since MMPs are initially synthesized with the propeptide domain shielding the 

catalytic domain, they must be activated to expose the catalytic zinc ion. The most 

commonly recognized mechanism of MMPs activation involves post-translational 

proteolytic removal of the propeptide domain, which can be achieved by a range of 

endogenous proteases 37. However, several studies have indicated that MMPs could also 

be regulated via nonproteolytic modulation of the full length zymogen form including S-

glutathiolation 38, S-nitrosylation 39, and phosphorylation 40. 

Proteolytic activation of MMPs can occur extracellularly, pericellularly, and 

intracellularly. In the extracellular activation process, another protease (such as plasmin, 

trypsin, elastase, or one of the MMPs) cleaves at a susceptible loop region in the 

propeptide domain. Upon cleavage, the prodomain's shielding of the catalytic cleft is 

withdrawn. Alternatively, MMP-2 is activated at the cell surface through a unique multi-

step pathway involving MT1-MMP and TIMP-2 41. MMP-11 and MT-MMPs can also be 

activated intracellularly by furin-like proprotein convertases 42, 43. After intracellular 

activation, the active MMP is transported to the cell membrane for insertion or secretion. 

In this regard, it is worth noting that the intracellular activation of these MMPs does not 

result in their intracellular proteolytic activity, in contrast to MMP-2 as will be discussed 

later in this chapter.  
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In addition to proteolytic activation mechanisms, activation of MMPs can also 

occur by non-proteolytic pathways. It was demonstrated that MMP‐1, ‐8 and ‐9 can be 

activated by the pro‐oxidant species peroxynitrite (ONOO¯) without requiring the 

removal of the inhibitory propeptide domain  38, 44. In the presence of cellular glutathione, 

low concentrations of ONOO¯ (1 to 10 μM) cause the S‐glutathiolation of the cysteine 

containing the PRCGVPD sequence within the propeptide domain which then results in 

an increase in proteolytic activity 38. As all members of the MMP family contain this 

highly conserved sequence in their propeptide domain, it is likely that S‐glutathiolation 

may play a role in the regulation of the activities of other MMPs in the presence of 

ONOO¯. Glutathiolation is an increasingly recognized mechanism of post‐translational 

control of protein activity 45, 46. Higher concentrations of ONOO¯ (> 100 μM) have, in 

contrast, been shown to inactivate MMPs 47, possibly via the nitration of tyrosine  

residues 48. Likewise, it was shown that full length human recombinant MMP‐2 (72 kD) 

is activated by low levels of ONOO¯ (0.3‐10 μM, peak at approximately 1 μM) but 

concentrations in excess of 100 μM inactivate it 49. This suggests, therefore, that 

commonly used nomenclature which labels an MMP as being an inactive “proMMP” 

only by virtue of its higher molecular weight in SDS-PAGE is inaccurate and misleading. 

Such nomenclature does not take into account the potential for the higher molecular 

weight form of MMPs to be enzymatically active during conditions of oxidative stress, a 

condition common to several cardiovascular pathologies and perhaps even occurring 

under physiological levels of reactive oxygen species which are increasingly being 

appreciated as important in cell signalling 50.  

Another post-translational modification which may play a significant role in the 

regulation of MMP activity is phosphorylation. MMP‐2, expressed in human cells, is 

phosphorylated on S32, S160, S365, T250, and Y271. Phosphorylation of MMP-2 greatly 
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reduces its enzymatic activity 40. In silico analysis of the MMP‐2 protein sequence shows 

that several kinases, including protein kinase A, protein kinase C, and glycogen synthase 

kinase‐3 are potentially able to phosphorylate MMP‐2 and consequently modulate its 

activity. The protein kinases and phosphatases responsible for changing MMP‐2 

phosphorylation status in vivo are yet to be discovered. Likewise, MT1-MMP is 

phosphorylated in human fibrosarcoma cells and this modification is associated with 

enhanced cell migration and invasion 51, 52. Although the role of phosphorylated MMP‐2 

in the heart is not yet known, these data underscore the notion that MMPs (and MMP-2 in 

particular) can act as intracellular proteases regulated by various post-translational 

modifications 3. Figure 1.2 depicts some of the possible proteolytic and non-proteolytic 

post-translational modifications of MMP-2 as described above. 

1.2.5: Compartmentalization 

 An important concept in MMPs regulation is their intra/extra-cellular 

localization. The canonical view is that MMPs are secreted and/or anchored to the cell 

membrane, thereby targeting their catalytic activity to specific substrates within the 

extracellular/pericellular space. Specific cell-MMP interactions have been reported in 

recent years, such as the binding of MMP-2 to the integrin αvβ3 53, binding of MMP-9 to 

CD44 54, and binding of MMP-7 to surface proteoglycans 55. As mentioned before, 72 kD 

MMP-2 also interacts with TIMP-2 and MT1-MMP on the cell surface, and this trimeric 

complex is an intermediate in the extracellular activation of this gelatinase 41. It is likely 

that other MMPs are also attached to cells via specific interactions with membrane 

proteins, and determining the identity of these anchors will lead to identification of 

additional activation mechanisms and pericellular substrates. 

Many recent studies have revealed that MMP-2 is also localized to various 

intracellular sites such as the thin and thick myofilaments of the sarcomere of 
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cardiomyocytes, 56, 57 the nucleus, 58, 59 and within cell membrane caveolae 60, 61. Caveolae 

are small cell membrane invaginations which play important roles in regulating the 

activity of signaling proteins and are also involved in macromolecular transport 62. 

Caveolins are integral membrane proteins found within lipid rafts. Caveolin-1 (Cav-1), 

which is crucial for the formation of caveolae, binds to and regulates the function of a 

number of proteins including endothelial NOS 63. MMP-2 was found to be localized to 

the caveolae of endothelial cells 60. Moreover, it was shown that chemical disruption of 

caveolae activates MMP-2 in fibrosarcoma cells 64 while Cav-1 overexpression in tumor 

cells decreases MMP-2 activity 65. Furthermore, our laboratory presented evidence that 

MMP-2 co-localizes with Cav-1 in the mouse heart. Hearts of mice deficient in Cav-1 

have increased MMP-2 activity. Purified caveolin scaffolding domain (the domain of 

Cav-1 which binds and negatively regulates several proteins which interact with Cav-1) 

inhibited MMP-2 activity in a concentration dependent manner as assessed using an in 

vitro degradation assay 61. This study sheds some light on the possible participation of 

Cav-1 in the intracellular localization and/or regulation of MMP-2 which by its turn may 

act as an intracellular signaling molecule. Providing that oxidative stress was shown to 

cause the translocation of Cav-1 from the plasma membrane to the Golgi apparatus 66, 

decrease Cav-1 mRNA expression 67, and inhibit the trafficking of Cav-1 to the 

membrane lipid raft domains 68, this may speculatively provide an additional link by 

which oxidative stress enhances the intracellular activity of MMPs. 

1.2.6: Tissue inhibitors of metalloproteinases (TIMPs)  

 TIMPs are the major endogenous inhibitors of the MMPs, exhibiting varying 

efficacies against different MMPs, as well as differing tissue expression patterns and 

modes of regulation. The TIMP family is composed of four members, TIMP-1 through 

TIMP-4, all of which have been found in the heart and cardiomyocytes 69. The TIMPs 
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have molecular weights of ~20 kD and are variably glycosylated. Structurally, TIMPs are 

two domain molecules, having an N-terminal MMP inhibiting domain and a smaller C-

terminal domain. They are cysteine-rich proteins containing three disulfide bonds that 

stabilize each of these domains. In general, TIMPs bind to various MMPs in a 1:1 

stoichiometric ratio 70. Although all TIMPs are expressed in the heart 71, human TIMP-4 

appears to be expressed abundantly in heart tissues and only at very low levels in other 

tissues 72. Interestingly, TIMP-4 is found to be localized to the sarcomere within 

cardiomyocytes in a similar pattern to MMP-2, implying a protective effect of TIMP-4 

against potential detrimental actions of intracellular MMP-2 upon oxidative stress    

injury 73. On the other hand, TIMP-3 in the heart is tightly bound to the extracellular 

matrix where it is exclusively localized 74. TIMP-3 knock-out mice develop dilated 

cardiomyopathy through excessive extracellular matrix degradation and inflammatory 

cytokine activation 75. 

 Apart from their MMP inhibitory activities, TIMPs seem to have various other 

biological functions. TIMP-1 and TIMP-2 have a growth-factor-like activity that 

stimulates the growth of erythroid precursors by a mechanism independent of MMP 

inhibition 76, 77. TIMP-3, on contrary, has been found to play an important role in 

inhibiting angiogenesis by acting as a vascular endothelial growth factor receptor 

antagonist 78. Likewise‚ this effect is independent of its MMP inhibitory activity‚ since 

other TIMPs could not inhibit binding of the growth factor to its receptor 78. Future 

studies need to uncover the mechanism of these novel biological actions for TIMPs which 

appear to be independent of their MMP inhibitory action. 
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1.3: MMPs in cardiac physiology 

Despite that more than 50 years have passed since their first discovery, very little 

is known regarding the role of MMPs in cardiac physiology. However, the presence of 

MMPs in the heart has been implicated in early heart development. Of particular 

significance is the role of MMP‐2 in heart tube formation. In chick embryos an MMP‐2 

neutralizing antibody or a selective MMP inhibitor were shown to inhibit MMP-2 activity 

and produce severe heart defects, including cardia bifida, abnormal left‐right patterning 

and a disruption in the looping direction 79. Moreover, extensive MMP‐2 activity is 

observed in areas of the developing heart where migration of neural crest cells and 

formation of the tunica media for the great vessels requires remodeling of the 

extracellular matrix 80. 

MMP‐2 has also been shown to play important roles in angiogenesis 81 and heart 

valve development 82. Blockade of MMP activity with GM‐6001 blocks cell invasion 

necessary for normal heart valve development 83. Furthermore, introduction of MMP‐2 

antisense morpholino oligonucleotides into zebrafish severely disrupts their embryonic 

development 84. In contrast, MMP‐2 deficient mice are viable at birth although upon 

closer examination, they have a number of problems that distinguish them from their 

wild‐type littermates. For example MMP‐2 knockout mice display significantly retarded 

growth compared with their wild‐type controls 85. MMP‐2 knockout mice also display 

impaired neovascularization in a hindlimb ischemia model when compared with    

controls 86. Generally, the MMP‐2 knockout phenotype is relatively benign in mice when 

compared to zebrafish which could be as a result of additional compensatory mechanisms 

in the more complex mammalian system. 
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1.4: MMPs involvement in cardiac pathology 

1.4.1: The role of MMPs in ischemia-reperfusion injury 

The exact mechanism of myocardial ischemia-reperfusion (I/R) injury has yet to 

be fully elucidated. However, it is known that a burst of reactive oxygen and nitrogen 

species, including ONOO¯, is generated in the myocardium in the first seconds of 

reperfusion which plays a central role in the pathogenesis of reperfusion injury 87, 88. The 

generation of ONOO¯
 
not only activates MMPs 38, 44, 49 but also inactivates TIMPs 89, 90, 

emphasizing potential roles of MMPs in I/R injury. Cheung et al were the first to 

demonstrate that both 72 and 64 kD MMP‐2 are released at a basal rate into the perfusate 

of normal, aerobically perfused rat hearts, whereas there was a marked increase in this 

release during the first minutes of reperfusion following ischemia 91. Two years later, 

another report found a positive correlation between increasing duration of ischemia, 

enhanced release of MMP‐2 at reperfusion, and a reduction in cardiac mechanical 

function during reperfusion 92. Interestingly, treatment with MMP inhibitors such as 

ο‐phenanthroline, doxycycline or a neutralizing MMP‐2 antibody functionally protected 

hearts from I/R injury 91.  

An imbalance between TIMPs and MMPs in the heart may be one of the 

contributing factors to acute I/R injury. In a Langendorff rat model of I/R, TIMP‐4 was 

also found to be acutely released into the perfusate during the initial reperfusion phase. 

Though it is released in conjunction with MMP‐2, there is an overall shift towards 

enhanced proteolytic activity in the heart tissue as revealed by in situ zymography 73. The 

export of MMP‐2 during reperfusion may likely be a protective mechanism of the heart to 

diminish the net cellular proteolytic activity by reducing the myocardial MMP/TIMP 

ratio 3. Levels of both MMP‐9 and TIMP‐1 are increased in the plasma of patients 

following myocardial infarction 93. Likewise, right atrial biopsies from patients 
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undergoing cardiopulmonary bypass for coronary artery bypass grafting, obtained within 

ten minutes of aortic cross‐clamp release (a mild form of reperfusion injury), show a 

dramatic increase in both MMP‐2 and MMP‐9 activities and a decrease in TIMP‐1 during 

reperfusion 94. The increase in MMP‐2 and ‐9 activities positively correlates with the 

duration of cross clamp and inversely with cardiac mechanical function 3 h after cross 

clamp release. In contrast TIMP‐1 levels correlated positively with cardiac mechanical 

function at this time and correlated negatively with the duration of cross clamp 

placement. Plasma activities of both MMP‐2 and MMP‐9 were also seen to be elevated 

one minute following release of the aortic cross clamp 94. 

It is likely that the alteration in MMP activities is a result of the increased 

oxidative stress which occurs most evidently during reperfusion following ischemia. 

During the first minute of reperfusion, cardiotoxic levels of ONOO¯ are generated in the 

heart 87, 88 and this is then followed by the rapid release of MMP-2 91 (Figure 1.3). Direct 

infusion of ONOO¯ into aerobically perfused isolated rat hearts caused a time‐dependent 

loss in cardiac mechanical function which was preceded by evidence of MMP‐2 

activation (its release into the perfusate). The loss in contractile function was prevented 

by an MMP inhibitor 95. At these levels ONOO¯ is likely capable of activating MMP-2 

within the cardiomyocyte without proteolytic removal of the propeptide domain 49. 

Furthermore, exposure of isolated adult rat cardiomyocytes to ONOO¯ resulted in a time 

and concentration dependent loss of contractile function which can be abrogated in the 

presence of the MMP inhibitors doxycycline or PD‐166793 96. 

David Lovett’s group has investigated the transcriptional activation of MMP‐2 as 

a result of I/R injury of the heart. They found that there is a rapid activation of the 

MMP‐2 promoter as early as 30 min of reperfusion following global ischemia in hearts 
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isolated from transgenic mice containing the MMP‐2 promoter linked to a β‐galactosidase 

reporter 18. This result was observed in cardiac myocytes, fibroblasts and endothelial 

cells. The transcription factors JunB‐FosB bind to a distinct, functional AP‐1 site which 

activates the MMP‐2 promoter in this setting 17, 18. Using these same mice in a myocardial 

infarct model, as well as mice to which the MMP‐9 promoter was linked to 

β‐galactosidase, revealed that the MMP‐2 promoter was induced within one day of infarct 

whereas the MMP‐9 promoter was first detected after three days and peaked seven days 

after myocardial infarct 97. Given the rapid activation of MMP‐2 in the acute reperfusion 

phase following ischemia by ONOO¯, resulting in its activation and release within 

minutes, it is not surprising that these measures would then occur to replenish MMP‐2 

levels in the myocardium. However, this underscores the unknown reason as to why 

MMP-2 is expressed in the normal heart.   

Cardiac specific overexpression of a catalytically active mutant of MMP‐2 in 

transgenic mice also highlights the role of MMP‐2 in cardiac I/R injury. In this 

constitutively active MMP-2 mutant, valine at position 107 is replaced by glycine 

resulting in the unfolding of the propeptide domain from the catalytic site 98. In fact, four 

month old MMP‐2 transgenic mice that are not exposed to insult already display cardiac 

myocyte abnormalities, including disruption of sarcomere architecture, disintegration of 

Z bands and myofilament lysis 99. When compared with their controls, six month old 

heterozygous MMP‐2 transgenic mice display larger infarct size and greater functional 

impairment following 30 min of ischemia followed by 30 min of reperfusion in a 

Langendorff model 100. 
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1.4.2: The role of MMPs in inflammatory heart diseases 

MMPs are implicated in the pathogenesis of myocardial inflammation 

(myocarditis) which is a characteristic feature of a number of diseases including 

rheumatic heart fever and bacterial or viral myocarditis. Acute inflammation of the heart 

may lead to structural alterations and marked impairment of its contractile function. One 

common pathway by which MMPs are stimulated in these inflammatory diseases is 

through the production of pro‐inflammatory cytokines. Both tumor necrosis factor‐α 

(TNF‐α) and interleukin‐1β (IL‐1β) have been shown to affect the expression and activity 

of MMPs. IL‐1β and TNF‐α both regulate the expression of collagenase in human 

fibroblasts via an AP‐1 responsive element of the gene 101. Similarly, IL‐1β stimulates the 

expression and enhanced activity of MMP‐2, but not MMP‐9, in cardiac fibroblasts 21 and 

microvascular endothelial cells 102.  

Acute viral myocarditis can occur in young and otherwise healthy patients, 

resulting in dilated cardiomyopathy with no effective treatment besides supportive 

therapy. Patients can develop viral myocarditis following infection with Coxsackie virus 

B3 and both direct infection of the cardiomyocyte by the virus, or immune reaction 

following infection can lead to impaired heart function 103. In a mouse model of 

Coxsackie virus B3‐induced myocarditis, it was shown that MMP‐2, ‐9 and ‐12 

transcription and translation, as well as activities were increased during acute myocarditis 

in cardiac ventricles and this was accompanied by a significant reduction in the mRNA 

levels of TIMP‐3 and ‐4 104. Interestingly, in the same year another group demonstrated 

that inhibition of both MMP-2 and MMP-9 activities in the same model of Coxsackie 

virus B3‐induced myocarditis significantly prevented cardiac injury and dysfunction 105. 

Recently, however, targeted deletion of MMP-2 gene in mice subjected to viral 

myocarditis was associated with less degradation of the chemokine, monocyte 



17 

 

chemotactic protein-3, by MMP-2 which then increased the inflammatory response and 

impaired cardiac function during Coxsackie virus B3‐induced myocarditis 106.    

The majority of the research in acute myocarditis has focused on the role of 

MMPs acting on extracellular proteins of the heart, however, this does not preclude a 

possible intracellular role of MMPs in the pathogenesis of inflammatory heart disease. In 

this regard, our group exposed isolated working rat hearts to proinflammatory cytokines 

and revealed that MMP‐2 activation was accompanied by the loss of TIMP‐4 from hearts. 

This MMP-2 activation was associated with cardiac contractile dysfunction as well as 

reduction in troponin I (TnI) levels (see section 1.5.1 for sarcomeric proteins targeted by 

MMP-2), an effect reversed by selective MMP inhibitors 107. 

1.4.3: The possible role of MMPs in cardiac cell death 

Cell death pathways are triggered in the heart as a result of enhanced oxidative 

stress as seen in reperfusion injury 108. In vivo, cardiac cell death (apoptosis and/or 

necrosis) occurs during myocardial ischemia 109, and especially when followed by 

reperfusion 108. Studies by Menon et al. 110, 111, suggest that the pro-apoptotic role of 

MMP-2 in adult rat cardiomyocyte apoptosis occurs via stimulation of β-adrenergic 

receptors. MMP-2 inhibition abrogated isoproterenol-stimulated increases in cytochrome 

c release and restored the mitochondrial membrane potential in adult rat ventricular 

myocytes. Interestingly, using the same experimental model, purified MMP-2 also 

increases GSK-3β activity in rat cardiomyocytes through its interference with the β1-

integrin-mediated survival signal and inhibition of MMP-2 prevented the β-adrenoceptor 

mediated increase in GSK-3β activity 112. Considering the essential role played by GSK-

3β in various cellular processes including metabolism, cell growth and death, MMP-2 

mediated regulation of GSK-3β is potentially important. A recent finding from our lab 

suggests a direct interaction between MMP-2 and GSK-3β. MMP-2 was found to cleave 
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the N-terminal region of GSK-3β, leading to its increased kinase activity. H9c2 

cardiomyoblasts exposed to oxidative stress showed evidence of increased MMP-2 

activity, GSK-3β cleavage and increased GSK-3β activity, all of which were abrogated 

with MMP inhibitors 113.  

A recent study has also linked the activation of MMP-2 by oxidative stress in 

lung endothelial cells and the subsequent apoptotic events 59. Moreover, Shen et al 

reported a contribution of MMP-2 in TNF-α-induced apoptosis in cultured 

cardiomyocytes 114. They showed that inhibiting MMP-2 prior to TNF-α treatment 

decreased myocardial MMP-2 activity and reduced the TUNEL-positive myocytes and 

DNA fragmentation. Moreover, MMP-2 inhibition was associated with a reduction in 

Bax expression and caspase-3 activity and a subsequent reduction in myocardial 

apoptosis, with increased Bcl-2 expression 114. On the other hand, addition of 64 kD 

MMP-2 to cultured endothelial cells showed a concentration-dependent induction of 

apoptosis with no influence on the level of active caspase-3 115, suggesting that MMP-2 

may act downstream of caspases. Consistent with this latter observation, Yarbrough et al 

(2010) showed increased MMP-2 activity after treatment of heart homogenates with 

active caspase-3 and generation of the 64 kD MMP-2 by an active caspase cocktail 116.    

It is worth noting that cardiac-specific expression of active MMP-2 in transgenic 

mice caused abnormalities in cardiac mitochondria ultrastructure, impaired mitochondrial 

respiration, increased lipid peroxidation and myocardial cell necrosis all of which 

contributed to reduced recovery of contractile performance during post-ischemic 

reperfusion 100. 
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1.5: Intracellular localization of MMP-2 in cardiomyocytes 

 In accordance with the abundant evidence linking MMPs with extracellular 

matrix remodelling in chronic cardiovascular diseases, most researchers have focused on 

the long term effects of MMPs on extracellular matrix proteins 117, 118. However, 

emerging evidence has shown that MMP-2 is closely associated with intracellular 

compartments within human and rat cardiomyocytes including the sarcomere 56, 119, 120. 

Moreover, MMP-2 was found to contribute to acute cardiac mechanical dysfunction 

before the development of changes in collagen matrix 91, 107. Although a few other MMPs 

have been localized in different intracellular compartments of various cells (for review 

see 4.), I will focus herein on the intracellular localizations of MMP-2 in cardiomyocytes.  

1.5.1: Localization of MMP-2 to the sarcomere 

 Degradation or loss of myofilament regulatory proteins as well as structural and 

cytoskeletal proteins is known to accompany I/R injury of the heart 121, 122. However, the 

proteases responsible for these actions have not been fully elucidated. The Schulz lab was 

the first to show that MMP-2 is localized within cardiac myocytes at the sarcomere and is 

responsible for the rapid degradation of TnI, a regulatory protein of actin-myosin 

interaction found in the thin myofilaments, in acute myocardial I/R injury 56, 91. Different 

experimental approaches provided compelling evidence for the localization of MMP-2 to 

the sarcomere which included: (a) immunogold electron microscopy with anti-MMP-2 

showed a distinct sarcomeric staining pattern; (b) highly purified preparations of thin 

myofilaments (which include TnI) prepared from these hearts showed both 72 and 64 kD 

MMP-2 gelatinolytic activities as well as MMP-2 protein; (c) TnI immunoprecipitated 

from I/R heart homogenates included gelatinolytic activities by zymographic analysis 

revealing both 72 and 64 kD MMP-2 activities; and (d) confocal microscopy showed the 

colocalization of MMP-2 with TnI. Not only MMP-2 was found to co-localize with TnI, 



20 

 

but it is also responsible for its degradation 56. The study also showed that: (a) TnI is very 

susceptible to proteolysis by MMP-2 which occurs at a low enzyme to substrate ratio in 

vitro within 20 min of incubation at 37°C; (b) proteolytic activity susceptible to MMP 

inhibition was found in rat heart extracts immunoprecipitated with anti-TnI and was 

capable of cleaving TnI in the same sample. Finally the conditions of I/R were such that 

there was no significant myocardial necrosis, as TnI or its degradation products were not 

found in the coronary effluent. This result was the first evidence showing the biological 

action of a MMP via its intracellular action and targeting to a novel intracellular 

substrate, TnI 56. 

 Using a combined pharmaco-proteomics approach, our lab discovered another 

intracellular target of MMP-2 in I/R hearts, myosin light chain-1 (MLC-1) 57. MLC-1 was 

found to undergo proteolytic degradation in hearts subjected to I/R injury 123. MMP-2 

activity was found in preparations of thick myofilaments (which contain MLC-1) 

prepared from rat hearts; immunogold microscopy localized MMP-2 to the sarcomere in a 

pattern consistent with the known distribution of MLC-1, and purified MLC-1 was 

susceptible to proteolysis by MMP-2 (but not MMP-9) in vitro. Mass spectrometric 

analysis of degradation products of MLC-1 from I/R hearts identified a cleavage site of 

MLC-1 by MMP-2 at an accessible portion of the C-terminus between Y189 and E190 57. 

These studies reveal that MMP-2 may be a crucial protease which targets specific 

sarcomeric proteins as a result of oxidative stress injury to the heart (Figure 1.4). 

1.5.2: Localization of MMP-2 to the cytoskeleton 

 Matsumura et. al. reported that guinea pig hearts subjected to I/R injury in vitro 

showed evidence for the degradation of cytoskeletal proteins desmin, spectrin, and α-

actinin 122, although the protease(s) responsible for this was not identified. α-Actinin is 

known to connect actin filaments of adjacent sarcomeres and plays a substantial role in 
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transmitting force generated by actin-myosin interaction. Interestingly, MMP-2 was 

found to colocalize with α-actinin in cardiac myocytes 124, 125. Sung et. al. found that not 

only α-actinin and desmin (but not spectrin) were susceptible to degradation by MMP-2 

in vitro but also infusion of ONOO¯ into isolated, perfused rat hearts caused activation of 

MMP-2 with concomitant loss of myocardial α-actinin content, which was prevented by a 

selective MMP inhibitor, PD-166793 125. 

1.5.3: Localization of MMP-2 to the nucleus 

 MMP-2 56, 58, 126, MMP-3 127 and MMP-9 126 were found to either localize or 

translocate to the nucleus of various cell types including cardiomyocytes. Interestingly, 

the nucleus has a matrix that resembles the extracellular matrix and provides structural 

and organizational support for various nuclear processes 128. Various biological processes 

such as apoptosis 129, cell cycle regulation 130, and nuclear matrix degradation 131 involve 

proteolytic processing of nuclear proteins. MMP-2 was found in the nucleus of human 

cardiomyocytes and rat liver 58. Indeed MMP-2 and other MMPs were found to carry a 

putative nuclear localization sequence 58, 127. Our laboratory found that MMP-2 was able 

to proteolyze the nuclear DNA repair enzyme, poly (ADP-ribosyl) polymerase in vitro 58. 

Consistent with this observation, a recent report showed that cerebral I/R injury in rats 

was associated with increased intranuclear MMP-2 activity as well as poly (ADP-ribosyl) 

polymerase degradation 126. Furthermore, treatment with MMP inhibitor attenuated 

ischemia-induced poly (ADP-ribosyl) polymerase cleavage suggesting a novel role of 

nuclear MMP-2 in neuronal apoptosis seen in many ischemic brain injuries 126. 

 Si-Tayeb et. al. reported that a truncated yet active fragment of MMP-3 was 

localized to the nucleus of several human cancer cell lines 127. Pro-MMP-3 remained 

cytosolic, whereas the active form translocated to the nucleus and a nuclear localization 

sequence was demonstrated to be essential for this translocation. Moreover, they found 
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that nuclear MMP-3 induces apoptosis in Chinese hamster ovary cells via its MMP 

activity 127.   

1.5.4: Localization of MMP-2 to mitochondria 

Although the precise nature of mitochondrial MMP-2, its substrates and functions 

in mitochondria are not yet understood, the Schulz lab was the first to report evidence for 

the presence of MMP-2 in cardiac mitochondria 56. Subsequently, others have detected 

increased mitochondrial MMP activity during cardiac injury and linked the increased 

level of mitochondrial MMP-9 to cardiac mechanical dysfunction in 

hyperhomocysteinemia 132. Moreover, another MMP e.g. MMP-1, was found associated 

with the mitochondrial membrane in corneal fibroblasts and retinal pigment epithelial 

cells 133. Interestingly, mitochondrial MMP-1, via an unknown mechanism, confers 

resistance to lamin A/C (a nuclear envelope protein) degradation during apoptosis in a 

human Muller glial cell line, MIO-M1 133. 

 

1.6: Reactive oxygen species: cellular generation and hormone-like action 

Free radicals are chemically defined as atoms or molecules that exist with one or 

more unpaired electrons. Biologically relevant free radicals are a subset of reactive, pro-

oxidant molecules which are classified as both reactive oxygen species and reactive 

nitrogen species. Since all of the biologically relevant reactive nitrogen species contain 

oxygen, I will henceforth only use the term reactive oxygen species. The forms of 

reactive oxygen species that are most relevant in biological systems include superoxide 

anion, peroxyl radical, hydroxyl radical, hydrogen peroxide, nitric oxide (NO), and  

ONOO¯ 50, 134. 

Superoxide is produced as a result of the addition of an electron to molecular 

oxygen which itself is a diradical, thus leaving a molecule with one unpaired electron and 
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a net charge of -1 135. This reductive process is accomplished by a variety of enzymatic 

reactions, including xanthine oxidase, NADPH oxidases, and as a byproduct of oxidative 

phosphorylation in mitochondria. For instance, xanthine oxidase can produce both 

superoxide and hydrogen peroxide during reoxidation of the enzyme 136. 

Hydrogen peroxide is generated via dismutation of superoxide by the enzyme, 

superoxide dismutase. Under physiological condition, peroxisomes are known to produce 

hydrogen peroxide as well. Peroxisomes are major sites of oxygen consumption in the 

cell and participate in several metabolic functions that use oxygen e.g. beta-oxidation of 

long chain fatty acids 137. Oxygen consumption in the peroxisome leads to hydrogen 

peroxide production, which is then used to oxidize a variety of molecules including 

FADH2. The organelle also contains catalase, which decomposes hydrogen peroxide into 

water and presumably prevents accumulation of this toxic compound. Thus, the 

peroxisome maintains an exquisite balance with respect to the relative activities of these 

enzymes to ensure a controlled level of reactive oxygen species. When peroxisomes are 

damaged and their hydrogen peroxide consuming enzymes are downregulated, hydrogen 

peroxide is released into the cytosol and significantly contributes to oxidative stress 138.   

 NO is formed primarily by a family of enzymes known as NO synthases which 

oxidize L-arginine to form NO and L-citrulline 139. There are three NO synthase isoforms, 

each with specific localizations and functions. NO synthase-1 (neuronal NO synthase) 

and NO synthase-3 (endothelial NO synthase) are found in a variety of cell types and are 

regulated by calcium and calmodulin binding. In contrast, NO synthase-2 (inducible NO 

synthase) has a very high baseline affinity for calcium and calmodulin; therefore, its 

activity is effectively independent of calcium concentration 134. 
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 Peroxynitrite (ONOO¯) is a product of the extremely fast, diffusion rate-limited 

reaction of NO with superoxide. At physiological pH, ONOO¯ is protonated to form 

peroxynitrous acid, a highly unstable intermediate species with a very short half-life. This 

spontaneously undergoes either homolytic or heterolytic cleavage and these breakdown 

products of peroxynitrous acid, including nitrogen dioxide and hydroxyl radical, are able 

to react with DNA, proteins, and lipids, causing cellular damage and cytotoxicity 140. The 

hydroxyl radical is one of most highly reactive of all reactive oxygen species with a very 

short half-life in vivo 141. Thus when produced hydroxyl radical reacts close to its site of 

formation (i.e. within the distance of a carbon-carbon bond). Tyrosine nitration by 

ONOO¯ has been demonstrated both in vitro and in vivo and has long been suspected to 

be a mechanism of protein inactivation 142. However, the post-translational modifications 

of proteins caused by ONOO¯ are many, and it can target several amino acids, cysteine 

and tyrosine residues in particular 143. The type of these post-translational modifications 

range from subtle oxidation of cysteine residues (resulting in their S-glutathiolation or S-

nitrosylation) to a direct nitration of tyrosine residues as a result of higher concentration 

and/or longer duration of exposure to ONOO¯. Although the majority of research has 

shown that a high concentration of ONOO¯ can generally inactivate enzymes (i.e. ≥ 100 

μM), an increasing number of reports show that low concentrations of ONOO¯ (i.e. 0.1-

10 μM) can even stimulate enzyme activity 38, 49, 144. For example, ONOO¯ activates 

SERCA 144 and MMPs as described above via S-glutathiolation and/or S-nitrosylation of 

cysteine residues 38, 49, 145. 

 Reactive oxygen species play an important role in cell signaling and their effects 

depend on the precise location, amount, and the duration of their production 146. They are 

not intrinsically destructive, on the contrary, increasing evidence shows that they play 
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necessary roles in normal signal transduction and cellular function 50. Interestingly, 

hydrogen peroxide was shown to stimulate a number of insulin-like effects in adipocytes 

including activation of glucose transport, enhancement of glucose oxidation, glycogensis 

and lipogenesis 147. The activity of NADPH oxidase, a superoxide-producing enzyme, 

was increased in insulin-stimulated adipocytes and insulin was shown to stimulate 

intracellular hydrogen peroxide production 148. These studies suggest that insulin-

stimulated hydrogen peroxide production mediates some of the effect of insulin and thus 

hydrogen peroxide is a possible second messenger downstream of the insulin receptor.      

1.7: Overall Hypothesis 

 MMP-2 is an intracellular protease and the signal sequence of MMP-2 as well as 

alternative splicing of its transcript could account for the intracellular presence of the 

enzyme in addition to its secretion from cells. Other hypotheses tested include: 1) reactive 

oxygen species increase intracellular level/activity of MMP-2 to stimulate cell death 

pathway, 2) calpain inhibitors can also inhibit intracellular MMP-2 activity, and 3) MMP-

2 localizes to and cleaves titin, a giant sarcomeric protein, upon myocardial I/R injury.    

1.8: Thesis Objectives 

1.8.1: Mechanism of cytosolic targeting of matrix metalloproteinase-2 (Chapter 2) 

In general, MMPs are originally defined as secreted proteases. They possess a 

signal sequence targeting the synthesized protein to the endoplasmic reticulum 

membrane, thus allowing entry into the secretory pathway. However, recent evidence 

from our laboratory has revealed novel intracellular actions of MMP-2 in the 

cardiomyocyte. In these cells MMP-2 co-localizes with sarcomeric and cytoskeletal 

proteins and proteolyzes susceptible intracellular substrates in the context of oxidative 

stress injury. These observations beg the question as to how this “secreted” protease 



26 

 

comes to reside within the intracellular compartment. The objective of Chapter 2 is to 

examine possible mechanisms of cytosolic targeting of MMP-2. 

 

1.8.2: Hydrogen peroxide-induced necrotic cell death in cardiomyocytes is 

independent of matrix metalloproteinase-2 (Chapter 3) 

Reactive oxygen species including hydrogen peroxide can induce cardiomyocyte 

death by apoptosis or necrosis. MMP-2 expression and/or activity are increased in cardiac 

cells after hydrogen peroxide treatment. This chapter examines the contribution of MMP-

2 in hydrogen peroxide mediated cardiomyocyte death pathways. 

 

1.8.3: Calpain inhibitors exhibit MMP-2 inhibitory activity (Chapter 4) 

MMP-2 plays a fundamental role in oxidative stress-induced injury to the heart. 

Intracellular cleavage targets of MMP-2 mediating this injury include the sarcomeric 

proteins TnI, MLC-1 and α-actinin; some of these substrates are also targeted by calpains, 

calcium-dependant cysteine proteases. Cleavage of these sarcomeric proteins rapidly 

impairs cardiac contractile function. In myocardial I/R injury, inhibitors of MMP-2 as 

well as some calpain inhibitors were shown to improve the recovery of myocardial 

contractile function. The objective of Chapter 4 is to determine whether the protective 

effects of some calpain inhibitors is due in part to their ability to inhibit MMP-2 activity. 

1.8.4: Titin is a target of matrix metalloproteinase-2: Implications in 

ischemia/reperfusion injury (Chapter 5) 

Titin, the largest known mammalian protein (~3000 kD), plays a central role as a 

backbone of the cardiac sarcomere. One molecule of titin spans half the length of the 

sarcomere acting as a molecular spring and thus is an important determinant of both 

systolic and diastolic function of the heart. Although loss of titin in ischemic hearts has 
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been reported, the mechanism of titin degradation has not been extensively studied. 

MMP-2 is localized to the cardiac sarcomere and proteolyzes various myofilament 

proteins in I/R injury. The objective of Chapter 5 is to determine whether titin is an 

intracellular substrate for MMP-2 and its degradation as a result of I/R injury contributes 

to cardiac dysfunction. 

1.9 Conclusions 

MMP-2 plays novel roles in cardiac oxidative stress-induced injury via 

proteolyzing intracellular substrates. Cardiac titin is a very crucial molecule in sarcomere 

structure and contractile function and unravelling the mechanism of titin degradation seen 

in ischemic heart diseases is essential to investigate new pharmacologic agents for 

treatment or prevention of such conditions. Moreover, providing mechanism(s) of 

intracellular targeting of MMP-2 will not only bridge a gap in our knowledge in the MMP 

biology field, but also stimulate MMP biologists to broaden their horizons as to where 

MMP-2, and likely also other MMPs, can have biological actions both in extra- as well as 

intra-cellular domains. 
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Figure 1.1 MMP domain structure. MMPs possess a general common domain 

structure. The N-terminus typically contains a signal sequence which dictates their entry 

into the secretory pathway for secretion from the cell. MMPs are synthesized in a 

zymogen form with a propeptide domain that shields the catalytic zinc in the adjacent 

catalytic domain. The catalytic domain of the gelatinases (MMP-2 and -9) is unique in 

that it has three fibronectin II repeats. MMPs contain a flexible hinge region that attaches 

the catalytic domain to the C-terminus hemopexin domain (with exception for the 

matrilysins MMP-7 and -26). MT-MMPs are anchored to the cell membrane via a C-

terminus transmembrane domain or glycosylphosphatidylinositol moiety.   
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Figure 1.2 Post-translational modification of MMP-2. The 72 kD form of MMP-2 can 

be activated extracellularly by MT1-MMP in the presence of TIMP-2, or by other 

proteases (e.g. plasminogen) via cleavage of its propeptide domain to yield the 64 kD 

form. 72 kD MMP-2 can also be activated by S-glutathiolation when exposed to ONOO¯  

(as caused by I/R injury)  in the presence of cellular glutathione without losing the 

propeptide domain. The S-glutathiolation of MMP-2 results in a molecular weight gain of 

305 Dalton which is too small to be resolved by SDS-PAGE. MMP-2 is also a 

phosphoprotein with several identified phosphorylation sites and whose activity is further 

modulated by its phosphorylation status. The kinases and phosphatases involved in its 

regulation in vivo are yet to be discovered. 
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Figure  1.3 Schematic showing the sequence of pathophysiological events in 

myocardial I/R injury. ONOO¯ biosynthesis peaks during the first minute of 

reperfusion following ischemia and is followed by rapid activation and release of MMP-2 

(which peaks 2-5 minutes during reperfusion). Those effects contribute to the acute loss 

in myocardial contractile function seen in reperfusion which can be ameliorated by 

pharmacological inhibition of MMP activity.   
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Figure 1.4 Intracellular targets of MMP-2 in the cardiac sarcomere. MMP-2 is co-

localized and able to proteolyze sarcomeric proteins during I/R injury including TnI in 

thin filament, MLC-1 in the thick filament as well as the cytoskeletal protein α-actinin 

found in the Z-disc. One molecule of titin spans half the length of sarcomere from the Z-

disc to the M-line. N; N-terminus of titin, C; C-terminus of titin. 
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2.1: Introduction 

MMP-2 is widely considered to be a secreted, zinc-dependent protease that 

primarily targets extracellular matrix proteins. However, an increasing number of studies 

shows that MMP-2 can also cleave cytosolic substrates and thereby modulate diverse cell 

functions including cardiomyocyte contractility, proliferation, apoptosis and  

transcription 1-3. For example, upon oxidative stress injury in the heart, MMP-2 

proteolyzes cytosolic targets including TnI 4, 5, α-actinin 6 and MLC-1 7. Cleavage of 

these and other substrates by MMP-2 results in acute myocardial contractile dysfunction, 

underscoring the importance of a portion of MMP-2 that is not entering the secretory 

pathway.  

The cytosolic enzymatic activity of MMP-2 is consistent with multiple 

demonstrations that MMP-2 itself is localized to the cardiac sarcomere 4, 5. Moreover, 

MMP-2 activity has been detected on mitochondria 4 and nuclei 8. Evidence for all of 

these localizations has been provided by immunogold electron microscopy, confocal 

microscopy, immunoprecipitation experiments and zymographic analysis (see 1 for 

review). Surprisingly however, to date no biological mechanism has been described that 

could account for this unusual intracellular and extracellular distribution. Yet, MMP-2 is 

a known substrate for cytosol-associated post-translational modifications including 

phosphorylation 9 and glutathiolation 10, which alter its enzymatic activity. Together with 

the ever-increasing number of known intracellular substrates, these post-translational 

modifications suggest that a significant portion of MMP-2 fails to enter the secretory 

pathway and instead remains in the cytosol. 
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MMP-2 possesses a signal sequence which allows its entry into the endoplasmic 

reticulum (ER) lumen for secretion 11. Here we examined whether the presence and 

efficiency of the MMP-2 signal sequence could account for these intracellular moieties of 

MMP-2 that are critical for its biological functions in the heart and other tissues. The 

recognition of signal sequence at the ER can determine protein secretion efficiencies and 

subcellular localizations 12-14. For instance, BiP and ERp44 (ER resident chaperone 

proteins) were shown to have signal sequences that allow for their efficient translocation 

into the ER 15, 16. Therefore, we hypothesized that the signal sequence efficiency of 

canonical MMP-2 could determine its unusual partitioning between the cytosol and the 

secretory pathway. Additionally, we scanned cDNA databases for the presence of 

different transcript variants of MMP-2, which could also account for its inefficient import 

into the ER, since such variants are known for several other MMPs, e.g. MMP-16 17. 

Indeed, we were able to identify a splice variant MMP-2 that entirely lacks the canonical 

MMP-2 signal sequence. Together, our findings show that it is a combination of the 

MMP-2 signal sequence efficiency, as well as its splicing that dictate its distribution 

between the cytosol and the secretory pathway.  

2.2: Materials and Methods 

This investigation conforms to the Guide to the Care and Use of Experimental Animals 

published by the Canadian Council on Animal Care, and was approved by the respective 

Institutional Animal Care and Use Committee. 

2.2.1: Quantitative RT-PCR 

 For comparative quantification of splice variant MMP-2 and canonical MMP-2 

expression in human cardiomyocytes, we obtained neonatal and adult human 
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cardiomyocyte cDNA from ScienCell Research Laboratories. Briefly, purified human 

cardiomyocytes isolated from neonatal or adult hearts were pooled and total RNA were 

extracted. The total RNA were reverse transcribed into first strand cDNA using Applied 

Biosystems’ High-Capacity cDNA Reverse Transcription kits with RNase Inhibitor. The 

cDNA quality was determined by the A260/ A280 ratio using a Beckman Coulter DU 800 

spectrophotometer. qPCR amplification was done with each cDNA at empirically 

determined optimal concentrations of forward and reverse primers and a FAM-labeled 

TaqMan probe using a TaqMan Fast Universal PCR Master kit. Primers and probes were 

specifically designed on the first exon where the different sequences were located for 

splice variant or canonical MMP-2. The primers and probes used in this study were 

designed as follows: 

Splice-variant-MMP2-forward primer:  

(5′-GAATGAAGCACAGCAGGTCTCA-3′),  

Splice-variant-MMP2-reverse primer:  

(5′-CAAACCAGGCACCTCCATCT-3′),   

Splice-variant-MMP2-Probe:  

(5′FAM-CCTCATCTT/ZEN/ACCCAGCCCCCCACTC-IABkFQ-3′),  

Canonical-MMP2-forward primer:  

(5′-GGCTGCCCTCCCTTGTTT-3′),  

Canonical-MMP2-reverse primer:  

(5′-TGGCAATCCCTTTGTATGTTTAAA-3′),  
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Canonical-MMP2-Probe:  

(5′-FAM-CATCCAGAC/ZEN/TTCCTCAGGCGGTGG-IABkFQ-3′),  

GAPDH-forward primer:  

(5′-GAAGGTGAAGGTCGGAGTCA-3′),  

GAPDH-reverse primer:  

(5′-GAAGATGGTGATGGGATTTC-3′),  

GAPDH-Probe:  

(5′-FAM-CAAGCTTC/ZEN/CCGTTCTCAGCC-IABkFQ-3′).  

Cycling conditions were as follows: initial denaturation at 95°C for 20 sec, 

followed by 40 cycles at 95°C for 1 sec, then 60°C for 30 sec using a CFX96 real-time 

PCR system (Bio-Rad). Triplicate reactions were performed for all samples and the 

relative quantification of splice variant MMP-2 mRNA expression levels was calculated 

by the comparative CT method. 

2.2.2: Construction of expression vectors harbouring different MMP-2 variants or 

mutants 

 The canonical-, splice variant-, BiP- and ERp44-MMP-2 sequences were 

amplified from full length human MMP-2 cDNA (Invitrogen) by high fidelity PCR using 

specific primers (Sigma) listed in Table 2.1. PCR products were subcloned into pcDNA3 

(Invitrogen) between the EcoRI and XhoI restriction sites. The constructs were expressed 

as C-terminal hemagglutinin (HA)-tagged chimeras. The N-terminus HA-tagged (right 

after the signal sequence) MMP-2-BiP was amplified by PCR from human BiP cDNA 



61 

 

(Invitrogen) and subcloned into pcDNA3 between the KpnI and XhoI restriction sites. All 

constructs were verified by DNA sequencing (Molecular Biology Facility, Department of 

Biological Sciences, University of Alberta). Figure 2.1 shows the schematic diagram of 

all chimeras made for this study. 

2.2.3: Cell culture, transfection and subcellular fractionation 

HeLa and HEK 293 cells were cultured as described 18. For transient transfection, 

the pcDNA3 constructs (and empty vector for control) were transfected into HeLa or 

HEK 293 cells using Lipofectamine 2000 (Invitrogen) by following the manufacturer’s 

instructions. After 24 h, cells were transferred to serum-free medium (Opti-MEM, 

Gibco®) and conditioned media and cells were collected 24 h later. The cytosolic and 

membrane fractions were prepared using a Qproteome Cell Compartment Kit (Qiagen). 

In brief, cells were trypsinized by adding 500 µl trypsin (0.25%, Gibco®) for 5 min at 

37ºC and the cell suspension was collected using 2 ml DMEM medium. The cells were 

pelleted down by centrifugation (500 xg for 10 min) and by sequential addition of 

different extraction buffers to a cell pellet, proteins in the different cellular compartments 

can be selectively isolated. Extraction Buffer CE1 is added to cells and selectively 

disrupts the plasma membrane without solubilizing it, resulting in the isolation of 

cytosolic proteins in the supernatant (cytosolic fraction). Compartmentalized organelles 

such as ER, Golgi apparatus, secretory vesicles, mitochondria and nuclei remain intact 

and are pelleted by centrifugation (1000 xg, 10 min, 4ºC). The pellet is then resuspended 

in Extraction Buffer CE2, which solubilizes all organelle membranes except the nuclear 

membrane. After solubilization, the sample is centrifuged (6000 xg, 10 min, 4ºC) and this 

supernatant contains proteins from the lumen of organelles, e.g. ER and secretory vesicles 

(membrane fraction).  
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 To determine the intracellular proportion of endogenous MMP-2 in HEK 293 

cells versus that of the expressed canonical or splice variant MMP-2, cells, either non-

transfected control (for endogenous MMP-2) or transfected with pcDNA3 expressing 

canonical or splice variant MMP-2, were used. After 24 h, cells were transferred into 

serum-free medium and conditioned media and cell lysates were collected at different 

time intervals (0, 1, 2, 4 and 8 h). The secreted MMP-2 in the media was precipitated by 

adding 4 volumes of -20ºC acetone and incubating for 1 h at -20ºC. The pellet was 

centrifuged for 10 min at 15,000 x g and the supernatant was carefully decanted in order 

to not dislodge the protein pellet which was then dried by allowing the acetone to 

evaporate at room temperature for 10-15 min. Over drying of the pellet was avoided. The 

pellet was dissolved in 200 µl of 2X sample buffer (100 mM Tris-HCl, 10% glycerol, 3% 

SDS, 4 mg% bromophenol blue) and boiled for 5 min and the corresponding cell lysates 

were prepared by sonication using 200 µl 2X sample buffer. The same proportions from 

both the media and the cell lysates were loaded and examined using 10% SDS-PAGE. 

Secreted MMP-2 (in media) in comparison to intracellular MMP-2 (in cell lysates) were 

blotted using either anti-MMP-2 (for endogenous MMP-2) or anti-HA (for canonical and 

splice variant MMP-2). See Table 2.2 for details of the primary antibodies used in this 

study. 

2.2.4: MG-132 or bafilomycin A1 treatment 

To assess whether splice variant MMP-2 is more susceptible to intracellular 

degradation than canonical MMP-2, HEK 293 cells expressing canonical or splice variant 

MMP-2 were treated with 10 µM MG-132 (proteasome inhibitor) or 100 nM bafilomycin 

A1 (lysosome inhibitor) for 4 h according to Oberdorf et al. 19 or Ge et al., 20 respectively. 

The cells were lysed in RIPA buffer (Sigma-Aldrich, St Louis, MO) and cell lysates were 
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centrifuged at 12,000 g for 5 min to discard cell debris. 10 µg total proteins were loaded 

onto 10% SDS-PAGE and the expressed MMP-2 level was detected using anti-HA in 

non-treated control, MG-132 or bafilomycin A1 treated cells. Actin was used as a loading 

control and HA/actin ratios were used for quantification. 

2.2.5: Protein assay 

 Protein concentration was assessed by the bicinchoninic acid method using 

bovine serum albumin as a reference standard.      

2.2.6: Immunocytochemistry and confocal microscopy 

Cells were washed with phosphate-buffered saline containing 1 mM CaCl2 and 

0.5 mM MgCl2
 (PBS2+) and fixed with 3% paraformaldehyde for 20 min. After washing 

with PBS2+, cells were permeabilized for 1 min with 0.1% Triton X-100, 0.2% bovine 

serum albumin in PBS2+. Cells were then incubated with primary antibodies (1:100 

dilution) and secondary antibodies conjugated to either AlexaFluor 488 or 596 

(Invitrogen) (1:2000 dilution) in PBS2+, 0.2% bovine serum albumin for 1 h each, 

interrupted with three washes using PBS2+. After the final wash cells were mounted in 

ProLong Antifade (Invitrogen). Images were obtained with a spinning disc confocal 

microscope (Olympus).  

2.2.7: Western blotting and band quantification 

Conditioned media or cell fractions were electrophoresed by 10% SDS-PAGE 

under reducing conditions. Samples were electroblotted onto PVDF membranes (Bio-Rad 

Laboratories) and probed with the corresponding antibodies (Table 2.2). After washing, 

PVDF membranes were probed with appropriate peroxidase-conjugated secondary 

antibodies, washed, and then protein bands were developed using the ECL detection kit 
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(GE Healthcare UK Limited, Buckinghamshire, UK) according to the manufacturer’s 

instructions.  

For quantification of MMP-2 levels in cytosolic vs. membrane fractions, equal 

percentage from each fraction was loaded onto SDS-PAGE. MMP-2 bands were 

developed as described above and scanned using a calibrated densitometer GS-800 

(Biorad, Mississauga, ON) and the band intensities were analyzed by densitometric 

analysis using the ImageJ software program (NIH). Total MMP-2 was calculated as a 

sum of band intensities in both cytosolic and membrane fractions. The %MMP-2 in each 

fraction was calculated relative to total MMP-2 in both fractions.       

2.2.8: Neonatal rat cardiomyocytes 

Neonatal cardiomyocytes from 1- to 2-day-old Sprague–Dawley rats were 

isolated and cultured 21 with modifications. Hearts from the rat pups were removed and 

the ventricles were minced and digested with collagenase II (0.10% w/v, Worthington, 

Lakewood, NJ), trypsin (0.05% w/v, Worthington) and DNase I (0.025% w/v, 

Worthington) in phosphate buffered saline at 37 °C for 20 min. After digestion the tissue 

was centrifuged at 114 x g for 1 min at 4 °C in 20 ml of DMEM F12 media (Sigma) 

containing 20% fetal bovine serum (Invitrogen), and 50 µg/ml gentamicin. The 

supernatant was discarded and the pellet was subsequently added to 

DNase/collagenase/trypsin buffer for further digestion at 37°C for 20 min. After a second 

digestion, the tissue was centrifuged at 114 x g for 1 min at 4°C and subjected to a third 

digestion. After this all the supernatant fractions were pooled and centrifuged at 300 x g 

for 7 min at 4°C. The resulting pellet was resuspended in 10 ml of plating media (DMEM 

F12 media containing 5% fetal bovine serum, 10% horse serum, 50 µg/ml gentamicin) 

and the cell suspension was filtered through a cell strainer (BD Biosciences) and 
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preplated for 60-90 min at 37°C to remove fibroblasts. The cells were added to 35 mm 

Primeria dishes (Falcon) at a density of 1.8–2.0 x 106 cells/dish. 

 

2.2.9: Lentiviral vector production and transduction of cardiomyocytes 

Lentiviral EF-1 vectors were produced from four expression plasmids bearing 

canonical-, splice variant-, BiP-, or ERp44-MMP-2. The HindIII and XbaI fragments 

digested from expression vectors harbouring different MMP-2 variants or mutants were 

blunted using T4 DNA polymerase (Fermentas). Purified DNA fragments were inserted 

into the PmeI site of the lentiviral expression plasmid pWPI. The sequence of the 

resulting plasmids were verified for the positioning our gene of interest downstream of 

the human EF1-α promoter and upstream of the EMCV IRES as well as enhanced green 

fluorescent protein (eGFP) reporter gene.  An EMCV IRES element connected the inserts 

with eGFP assured co-transcription of the eGFP marker and our gene of interest. Four 

lentiviral constructs harbouring MMP-2 variants and mutants were denoted pEF1-

canonical MMP2-GFP, pEF1-splice variant MMP2-GFP, pEF1-BiP-MMP2-GFP and 

pEF1-ERp44-MMP2-GFP respectively. To package lentiviral vectors, 293T cells were 

co-transfected with one of the expression plasmids, packaging plasmid pDelta 8.74 and 

vesicular stomatitis virus envelope expression plasmid pMD2G using the calcium 

phosphate method. Lentiviral EF-1 vectors were produced from four expression plasmids 

bearing canonical-, splice variant-, BiP-, or ERp44-MMP-2. Vector containing 

supernatants were harvested 72 h after transfection and filtered through 0.22 µm pore size 

cellulose acetate filters.  The viral supernatants were serially diluted and titrated onto 

293T cells.  Concentration by ultracentrifugation yielded titers of up to 5X108 

transducing units per ml.  Lentiviral stock was either used immediately or stored at -80˚C. 
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For transduction of cardiomyocytes, 1X106 neonatal cardiomyocytes were 

incubated overnight with 5X106 transduction units of lentiviral vector in the presence of 6 

μg/ml polybrene (Invitrogen).  Supernatant was replaced with fresh media and cells were 

harvested 72 h after for subsequent assays. 

2.2.10: Hypoxia-reoxygenation protocol 

Neonatal cardiomyocytes transduced with lentiviral vectors for either canonical 

or splice variant MMP-2 were cultured in DMEM F12 media containing 5% fetal bovine 

serum, 10% horse serum, 50 µg/ml gentamicin and incubated in a hypoxic chamber (82% 

N2, 18% CO2, < 0.5% O2) at 37C for 24 h. The cells were reoxygenated for 4 h at 37°C 

in ambient atmosphere (containing 5% CO2) and replacing the hypoxic medium with 

fresh medium. Control cells (normoxia) were cultured for 28 h at 37C in ambient 

atmosphere containing 5% CO2 with one replacement of media 4 h before the end of the 

experiment. Where indicated, 10 µM ARP-100 (a selective MMP-2 inhibitor, 

Calbiochem) was added 1 h before the induction of hypoxia. Alternatively, the expression 

of MMP-2 was knocked down by transducing cardiomyocytes with a lentiviral vector 

harboring microRNA-adapted MMP-2 silencing shRNA (shRNAmir) (V2LMM_21212, 

Open Biosystems) 24 h prior to hypoxia. 

2.2.11: Statistical analysis 

 Results are expressed as mean ± SEM for n individual experiments. As 

appropriate, Student’s t-test or one-way ANOVA followed by Tukey’s post-hoc test were 

used to analyze differences between groups. Differences were considered significant at p 

< 0.05. 
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2.3: Results 

2.3.1: Presence of MMP-2 in the cytosol and distribution MMP-2 splicing variants 

MMP-2 is a protease thought to enter the secretory pathway due to the presence 

of a 29 amino acid signal sequence at its N-terminus (Table 2.3). However, MMP-2 also 

resides outside the secretory pathway on thin myofilaments of cardiomyocytes 4. These 

conflicting observations suggest that the targeting of MMP-2 to the secretory pathway 

might be incomplete or that alternative forms of MMP-2 exist that do not target to the 

secretory pathway. With the present study, we tested both possibilities. To do so, we first 

examined the localization of endogenous MMP-2 in HEK 293 cells by western blot, 

which can be easily transfected and could thus serve as a model system to examine 

MMP-2 targeting. Indeed, in non-transfected cells we were able to detect approximately 

40% of endogenous MMP-2 in the cytosolic fraction and 60% in the membrane fraction 

(containing ER, Golgi and secretory vesicle membranes) of these cells (Figure 2.2). 

Subcellular fractionation procedure was validated with antibodies against GAPDH 

(cytosolic marker), calnexin (ER marker) and VAMP-3 (secretory vesicles marker). As 

shown in Figure 2.2 GAPDH was mainly detected in the cytosolic fraction, whereas the 

vast majority of calnexin and VAMP-3 were detected in the membrane fraction verifying 

fractions purity. These results also showed that HEK 293 cells can be used to study 

MMP-2 targeting.  

Splicing can give rise to alternatively targeted protein variants. In the case of 

MMP-2 and, given a precedent of other MMP splice variants, we hypothesized that 

alternative splicing could give rise to intracellular MMP-2. We tested this hypothesis with 
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in silico searches for alternative transcripts of MMP-2. Our expressed sequence tag 

database searches identified a clone (“DB059054, FLJ project”) of MMP-2 (Figure 2.3A) 

which has an alternate first exon and gives rise to an N-terminally-truncated translation 

product lacking the first 50 amino acids containing the signal sequence of canonical 

MMP-2 (splice variant MMP-2). Using primers and TaqMan® probes specific for 

canonical and splice variant MMP-2, qRT-PCR analysis determined that this splice 

variant is present in both neonatal and adult human cardiomyocyte cDNA at 9% and 13% 

of the level of canonical MMP-2, respectively (Figure 2.3B). While these amounts are 

significant, they are still not close to the actual amounts of MMP-2 protein observed in 

the cytosol of HEK 293 cells. Therefore, our results suggested that the cytosolic targeting 

of MMP-2 could be achieved by additional mechanisms.  

To further investigate this question, we next compared the intracellular targeting 

of canonical and splice variant MMP-2. To do so, we transfected canonical and splice 

variant MMP-2 constructs tagged with hemagglutinin (HA)-epitope at their C-termini 

into HEK 293 cells and examined their partitioning to the secretory pathway. As shown 

by immunoblotting, canonical MMP-2 was secreted into the medium, whereas splice 

variant MMP-2 was not, providing that HEK 293 cells were expressing canonical or 

splice variant MMP-2 to a similar level (Figure 2.3C). Furthermore, canonical MMP-2 

was associated with ER, Golgi and secretory vesicle membranes, suggesting its proper 

targeting to the secretory pathway. However, consistent with the idea that splice variant 

MMP-2 only partially explains cytosolic MMP-2, a substantial fraction of canonical 

MMP-2 was also found in the cytosol (Figure 2.3D). Interestingly, titration of expression 

levels did not affect the proportion of canonical MMP-2 mistargeted to the cytosol 

(Figure 2.4), suggesting that our observation did not stem from excessive protein 

expression. Figure 2.5 shows that both canonical and splice variant MMP-2 were 
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subjected to a similarly low degree of intracellular degradation via either lysosomal 

(canonical MMP-2) or proteasomal (splice variant MMP-2) pathways. As expected, 

splice variant MMP-2 that lacks the signal sequence was mostly cytosolic (Figure 2.3D). 

However, this protein still showed residual membrane association. We hypothesized that 

the membrane-associated portion of splice variant MMP-2 could localize to the cytosolic 

face of cellular membranes, as it is not secreted. We tested this by digesting homogenates 

from HEK 293 cells expressing either canonical or splice variant MMP-2 with proteinase 

K, a broad spectrum protease unable to penetrate membrane-bound organelles. Unlike 

canonical MMP-2, proteinase K-treated homogenates showed complete proteolysis of 

splice variant MMP-2 in a similar manner to β-COP, the cytosolic coatomer protein 

(Figure 2.6). Thus, canonical MMP-2 targets to both the secretory pathway and the 

cytosol, whereas splice variant MMP-2 targets exclusively to the cytosol.  

To further determine the proportion of MMP-2 that is intracellular in comparison 

to the secreted portion, we compared the amount of MMP-2 secreted in the media vs. 

intracellular MMP-2 in HEK 293 cell lysates at different time intervals. We found that for 

both endogenous MMP-2 (in non-transfected controls) and canonical MMP-2 (in cells 

transfected with HA-tagged canonical MMP-2 construct), there was a time-dependent 

increase in the secreted MMP-2 whereas the intracellular MMP-2 constituted a 

considerable proportion of the total MMP-2. On the other hand, splice variant MMP-2 (in 

cells transfected with HA-tagged splice variant MMP-2 construct) was exclusively 

intracellular (Figure 2.7).   

2.3.2: Strength of the MMP-2 signal sequence 

Our results so far suggested that canonical MMP-2, the predominant transcript in 

cardiomyocytes, generates the bulk of cytosolic MMP-2 in HEK 293 cells and 
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cardiomyocytes. This observation could be based on the inefficient recognition of its 

signal sequence at the ER. The MMP-2 signal sequence consists of a long basic N-

domain of a net charge equal to +1 and a relatively short hydrophobic core (Table 2.3). 

Since signal sequence characteristics can determine a protein’s sub-cellular       

partitioning 14, 22, we investigated this hypothesis with a site-directed mutagenesis 

approach. We designed two chimeric proteins, in which the signal sequence of MMP-2 

was replaced by the signal sequence of BiP (BiP-MMP-2) or ERp44 (ERp44-MMP-2) 

(Figure 2.8A), two proteins that efficiently target to the ER 15, 16. The signal sequence of 

ERp44 is similar to that of MMP-2 in length, but more hydrophobic. We compared the 

targeting of these chimeras and found that, indeed, the BiP- and ERp44-MMP-2 chimeras 

were more efficiently targeted to membranes (Figure 2.8B). This improved targeting to 

the membrane fraction was not due to different expression levels (Figure 2.8C). 

Therefore, in comparison to canonical MMP-2, both BiP- and ERp44-MMP-2 chimeras 

are more efficiently targeted to the secretory pathway due to the nature of their signal 

sequence.  

To further elucidate the MMP-2 signal sequence efficiency, we generated a 

chimeric construct in which BiP bears the MMP-2 signal sequence (MMP-2-BiP chimera, 

see Figure 2.9A) and transfected this into HEK 293 cells. Consistent with the different 

targeting qualities of the MMP-2 and BiP signal sequence, the MMP-2-BiP chimera was 

evenly distributed amongst both cytosolic and membrane fractions, whereas native BiP 

was mainly detected in the membrane fraction (Figure 2.9B). The efficiency of the MMP-

2 signal sequence is therefore necessary and sufficient to reproduce the distribution of 

transfected and endogenous MMP-2 between the secretory pathway and the cytosol.  
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To corroborate our results by immunofluorescence, we examined the localization 

of transfected canonical, splice variant, and BiP-MMP-2 constructs in HeLa cells, a well-

known model system for immunofluorescence microscopy. In these cells, BiP-MMP-2 

showed more extensive co-localization with protein disulfide isomerase, an ER marker, 

compared to canonical MMP-2. In contrast, splice variant MMP-2 did not co-localize 

with the ER suggesting poor targeting to the secretory pathway (Figure 2.10). Together 

our data again suggest that the MMP-2 signal sequence is inefficient in its ER targeting 

abilities.  

2.3.3: MMP-2 targeting determines troponin I cleavage in neonatal cardiomyocytes

 Our experiments thus far had relied on protein expression in HEK 293 or HeLa 

cells, which could result in cell-specific mistargeting. To test this possibility, we extended 

our studies into cardiomyocytes, where MMP-2 had previously been found on sarcomeric 

myofilaments 4, 7. Canonical-, splice variant-, BiP- and ERp44-MMP-2 cDNAs were 

subcloned into lentiviral vectors in order to transduce neonatal rat cardiomyocytes. As in 

HEK293 cells, canonical MMP-2 was detectable in both cytosolic and membrane 

fractions of the cardiomyocytes, while both BiP- and ERp44-MMP-2 chimeras were 

membrane-associated. In contrast, the majority of splice variant MMP-2 was cytosolic 

(Figure 2.11). Therefore, our observations in cardiomyocytes reproduce those made in 

HEK 293 cells perfectly and exclude a cell-type specific explanation for our findings.  

Cytosolic localization of MMP-2 could result in severe consequences through 

aberrant or dysregulated cleavage of its substrates, but could also determine the extent of 

proteolysis of physiological and pathological substrates. Therefore, we next examined 

how the subcellular distribution of secretory and cytosolic MMP-2 affects its function. To 

do so, we took advantage of canonical MMP-2, which shows a distribution resembling 
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endogenous MMP-2 and splice variant MMP-2, which is restricted to the cytosol. Figure 

2.12 shows that neonatal cardiomyocytes over-expressing either canonical or splice 

variant MMP-2 have similar expression levels, which are approximately 6-7 times the 

level of endogenous MMP-2 in non-transduced control cells. As a model substrate, we 

chose TnI that is found in cardiomyocytes. Here, an increase in oxidative stress during 

I/R injury activates MMP-2, which then proteolyzes specific intracellular targets 

including TnI to contribute to the acute loss in contractile function 4. Thus, TnI cleavage 

during cell stress can serve as a readout of cytosolic MMP-2 activity in cardiomyocytes. 

We transduced neonatal rat cardiomyocytes with either canonical or splice variant MMP-

2 and subjected them to hypoxia-reoxygenation injury, a model of oxidative stress. Cells 

expressing splice variant MMP-2 showed indeed more cleavage of TnI upon hypoxia-

reoxygenation compared to cardiomyocytes expressing the same levels of canonical 

MMP-2 (Figure 2.13). To show that cleavage of TnI was MMP-2 dependent, we 

performed additional experiments to study the effects of a selective MMP-2 inhibitor, 

ARP-100, or MMP-2 shRNAmir mediated gene silencing, on TnI degradation. Our data 

showed that TnI cleavage in neonatal cardiomyocytes expressing splice variant-MMP-2 

and subjected to hypoxia/reoxygenation was prevented by either ARP-100 treatment or 

MMP-2 silencing shRNAmir. These observations further strengthen our notion that TnI 

cleavage in hypoxia/reoxygenation is MMP-2 dependent (Figure 2.14).  

Therefore, our findings indicate that MMP-2 signal sequence recognition and/or 

splice variant production determine the extent of TnI proteolysis in an injury model of 

cardiomyocytes. 
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2.4: Discussion 

Previous research by us and other laboratories have demonstrated the abundance 

of intracellular MMP-2 substrates outside the secretory pathway (see 1, 3 for reviews), 

despite the presence of a signal sequence in canonical MMP-2. We report here for the 

first time a set of two mechanisms that explain these findings. Firstly, we demonstrate 

that a splice variant of MMP-2 lacking a secretory signal sequence is expressed in human 

cardiomyocytes. Secondly, we show that the signal sequence of canonical MMP-2 does 

not restrict it to the secretory pathway in HEK 293 and HeLa cells as well as 

cardiomyocytes. Moreover, we demonstrate that the pool of MMP-2 that is excluded 

from the ER has significant biological and pathological roles. Such a cytosolic pool of 

MMP-2 could be particularly relevant in cardiomyocytes, which contain sarcomeres, a 

known prominent localization of MMP-2 1, 4, 7. In neonatal cardiomyocytes exposed to 

oxidative stress from hypoxia and reoxygenation injury, the level of degradation of a 

known cardiac MMP-2 substrate, TnI, is higher when the intracellular pool of MMP-2 

was increased with a form of MMP-2 that resides exclusively in the cytosol. Given that 

the mRNA levels for splice variant MMP-2 are inferior to the relative amounts of MMP-2 

found in the cytosol, our findings suggest that the low targeting efficiency of canonical 

MMP-2 to the secretory pathway is the predominant mechanism that gives rise to 

cytosolic MMP-2, at least in cardiomyocytes. Our results have therefore identified two 

previously unknown mechanisms that explain the described localizations and enzymatic 

activities of MMP-2 outside the secretory pathway of cardiomyocytes and other cell 

types.  

To further determine how canonical MMP-2 contributes to this cytosolic pool, we 

designed BiP-MMP-2 and ERp44-MMP-2 mutants in which the MMP-2 signal sequence 
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was replaced with those from BiP or ERp44, respectively. Both BiP and ERp44 are ER-

resident chaperone proteins that play a crucial role in assuring proper protein folding in 

the ER lumen 23. We speculate that their signal sequences are under more stringent 

selective pressure to allow for adequate translocation into ER, even at high expression 

levels induced by cellular stress. Indeed, consistent with this possibility, BiP- and ERp44-

MMP-2 chimeras reduced the cytosolic levels of MMP-2 in HEK 293 and neonatal 

cardiomyocytes in comparison to canonical MMP-2. It is worth noting that the signal 

sequence of BiP was previously analyzed in HeLa cells and was found to be as efficient 

as that of prolactin, which also possesses a very efficient signal sequence 15. Despite the 

fact that canonical BiP is minimally detectable in the cytosolic fraction as reported 

previously 15 and as seen in this study, the MMP-2-BiP chimera, in which the signal 

sequence of BiP is replaced with that of MMP-2, significantly increased the level of BiP 

residing in the cytosol. Therefore, this construct further confirms that the MMP-2 signal 

sequence is weak in its ER targeting ability, and because of this, a substantial proportion 

of canonical MMP-2 resides in the cytosol.  

 Our findings are consistent with previous observations that physiologically 

relevant quantities of signal sequence containing proteins can reside and function in the 

cytosol and that the diverse targeting of such proteins depends substantially on the nature 

of the signal sequence 14, 22, 24, 25. For example, calreticulin is one such protein, originally 

thought to be an ER-only targeted protein, whose signal sequence generates both ER-

associated and cytosolic populations. However, some controversy remains concerning the 

exact mechanism by which calreticulin is found in the cytosol 26. Shaffer et al. (2005) 

showed that the dual distribution of calreticulin is explained by its slightly inefficient ER-

targeting signal sequence, resulting in a detectable cytosolic population. Moreover, 

modifying calreticulin to have a more efficient signal sequence (from prolactin) 
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significantly increased the proportion of protein targeted to the ER 14. Prion protein, a cell 

surface protein implicated in neurodegeneration, is another example of signal sequence 

inefficiency. It is targeted to the ER by virtue of its signal sequence, however, a small 

proportion is not translocated into the ER and remains cytosolic. It is the cytosolic moiety 

of prion protein that results in pathogenic forms, thus causing neurodegenerative 

disorders 13. Interestingly, replacing the prion protein signal sequence with a more 

efficient signal sequence decreased the level of cytosolic prion protein and increased the 

survival of cultured cells expressing this protein 27. Expression of prion protein lacking 

the ER-targeting signal sequence in the brains of transgenic mice causes severe 

neurodegeneration 13. Therefore, inefficiency of the ER-targeting signal sequence is one 

mechanism exploited by the cell to regulate the subcellular distribution of signal sequence 

containing proteins. Other examples of mislocalization of secretory pathway proteins in 

various pathologies are known 12, 13, 28, 29. For example, the normally secreted 

apolipoprotein E has been suggested to interact with neurofilament Tau in the cytosol to 

induce neurofibrillary tangles in Alzheimer’s disease 12. 

In cardiomyocytes, MMP-2 has discrete intracellular localizations including the 

thin and thick myofilaments 4, 7, the cytoskeleton 6, 30, nucleus 8, mitochondria 4 and 

caveolae 31. It is worth noting that 72-kD MMP-2 can be activated directly by 

peroxynitrite, an important mediator of hypoxia/reoxygenation injury 32, via S-

glutathiolation of the propeptide domain 10. Our results demonstrate that neonatal rat 

cardiomyocytes expressing splice variant MMP-2 lacking the signal sequence show more 

TnI cleavage upon hypoxia-reoxygenation injury. Moreover, TnI cleavage, in neonatal 

cardiomyocytes expressing splice variant-MMP-2 and subjected to 

hypoxia/reoxygenation, is prevented by either ARP-100 (a selective MMP-2 inhibitor) or 

MMP-2 silencing shRNAmir, indicating that TnI cleavage is MMP-2 dependent. These 
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observations are consistent with the MMP-2 mediated loss of TnI in rat hearts subjected 

to I/R injury 4 and the reduced contractile function and TnI levels in the heart in 

transgenic mice with myocardial specific expression of a constitutively active, MMP-2 

mutant 5. In our hypoxia/reoxygenation experiments there was a small increase in TnI 

cleavage in cardiomyocytes expressing canonical MMP-2 as well. Presumably, this trend 

in TnI cleavage could be due, at least in part, to the amount of transfected canonical 

MMP-2 sorted to the cytosol. Our data, though, do not completely rule out additional 

properties that may distinguish splice variant MMP-2 from canonical MMP-2.  Our 

results suggest that the level of cytosolically-targeted MMP-2 determines the extent of 

this proteolytic activity. Therefore, our findings demonstrate that the subcellular targeting 

of MMP-2 is a crucial component to its biological actions in cardiomyocytes subjected to 

enhanced oxidative stress. Future studies will have to determine how the extent of MMP-

2 splicing or signal sequence recognition may be altered depending on cellular stress or 

other unusual conditions.  

In summary, a weak signal sequence in canonical MMP-2 and a splice variant of 

MMP-2 provide two novel mechanisms how intracellular MMP-2 activity could 

contribute to cardiac contractile dysfunction in myocardial oxidative stress injury 1. Given 

the similar distribution of endogenous and transfected canonical MMP-2, the MMP-2 

targeting pattern is mostly based on its signal sequence in the cellular systems that we 

have analyzed. Likewise, the mechanisms for MMP-2 we describe here suggest that other 

MMPs may be subjected to similar “fuzzy” targeting, as demonstrated by the cleavage of 

estrogen receptor-β by MMP-26 in the cytosol 33, the proteolytic cleavage of cytosolic 

huntingtin by MMP-10 34, or the partial nuclear localization of MMP-3 35. Thus, our 

results provide a set of mechanisms that give rise to intracellular MMP-2 and highlight 
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the gaining importance of intracellular MMPs activity in the gamut of their multiple 

biological effects 1, 3. 
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Figure 2.1: Schematic diagram of chimeric proteins used in the study.
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Figure 2.2: Subcellular distribution of endogenous MMP-2 in HEK 293 cells.  

Upper: Western blot using anti-MMP-2 shows that endogenous MMP-2 resides in both 

cytosolic (Cyto) and membrane (Memb) fractions of HEK 293 cells. Fraction purity was 

validated with antibodies against GAPDH (cytosolic marker), calnexin (ER marker) and 

VAMP-3 (secretory vesicles marker). Lower: Quantification of endogenous MMP-2 

distribution in cytosolic and membrane fractions. *p<0.05 (unpaired t-test), n=4. 

Experiments done by M. A. Ali. 
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Figure 2.3: Canonical and splice variant MMP-2.  

A) Alignment of the primary sequences of canonical MMP-2 and splice variant MMP-2 

(DB059054 clone). The signal sequence of MMP-2 is underlined. Splice variant MMP-2 

lacks the first N-terminal 50 amino acids including the SS. B) qRT-PCR data show that 

the expression level of splice variant MMP-2 in neonatal and adult human 

cardiomyocytes is 9% and 13% relative to canonical MMP-2 expression, respectively. 

n=3. C) Upper: Western blot using anti-HA in HEK 293 cells transfected with canonical 

or splice variant MMP-2 shows that canonical MMP-2 is secreted into the conditioned 

media whereas splice variant MMP-2 is not. Each lane contains 50 l conditioned media. 

Lower: Cell lysates (10 g total protein) show similar expression level of canonical and 

splice variant MMP-2.  D) Upper: Subcellular distribution of canonical and splice variant 

MMP-2 in transfected HEK 293 cells using anti-HA in cytosolic (Cyto) and membrane 

(Memb) fractions. Fraction purity was validated with antibodies against GAPDH 

(cytosolic marker), calnexin (ER marker) and VAMP-3 (secretory vesicles marker). 

Lower: Quantification of MMP-2 distribution in cytosolic and membrane fractions.  

MMP-2, whether canonical or splice variant, is found in both fractions, however, the 

latter is more abundant in the cytosolic fraction. *p<0.05 (unpaired t-test), n=3 for each 

experiment. Experiments done by M. A. Ali and X. Fan. 
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Figure 2.4: Titration of expression levels of HA-tagged canonical MMP-2.  

Western blot using anti-HA in cytosolic and membrane fractions of HEK 293 cells 

transfected with increasing amount of plasmid (0.2 g-2.0 g DNA for 24 h) as indicated 

shows that different expression levels do not affect the amount of canonical MMP-2 

mistargeted to the cytosol. Experiments done by M. A. Ali. 
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Figure 2.5: Effect of proteasomal inhibition (using MG132) or lysosomal inhibition 

(using bafilomycin A1) on the level of canonical and splice variant MMP-2 in HEK 

293 cells. 

A) anti-HA blots show the level of either canonical or splice variant MMP-2 in cell 

lysates from non-transfected HEK 293 cells (Control) vs. MG132 treated cells (MG132) 

or bafilomycin A1 treated cells (Baf. A1). Actin is used as a loading control. B) 

Quantification of HA/Actin ratios in non-transfected HEK 293 cells vs. MG132 or 

bafilomycin A1 treated cells for canonical MMP-2 (left panel) or splice variant MMP-2 

(right panel). p > 0.05, One-way ANOVA followed by Tukey’s post-hoc test, n=3 

experiments. Experiments done by M. A. Ali. 
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Figure 2.6: Proteolysis of splice variant MMP-2 by proteinase K. 

 

Anti-HA western blots for canonical and splice variant MMP-2 in HEK 293 cell 

homogenates without (control) or with proteinase K treatment (+PK). Canonical MMP-2 

resists proteolysis by proteinase K, similar to protein disulfide isomerase (PDI) control. 

Splice variant MMP-2 is completely proteolyzed by proteinase K similar to β-COP 

control. Molecular weight markers are indicated. The experiment was repeated twice with 

similar results. Experiments done by M. A. Ali.  
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Figure 2.7: Assaying secreted vs. intracellular MMP-2.  

A) Western blot using anti-MMP-2 showing the time course of changes in endogenous 

MMP-2 in non-transfected HEK 293 cells secreted into the media (left) or in the 

corresponding cell lysates (right). MW, molecular weight marker which corresponds to 

75-kD. B) Western blot using anti-HA showing the time course of changes in MMP-2 in 

transfected HEK 293 cells expressing canonical HA-tagged MMP-2. The amount of HA-

tagged MMP-2 in the media (left) or corresponding cell lysates (right) are shown. C) 

Western blot using anti-HA showing the time course of changes in MMP-2 in transfected 

HEK 293 cells expressing splice variant HA-tagged MMP-2. The amount of HA-tagged 

MMP-2 in the media (left) or corresponding cell lysates (right) are shown. Note that 

splice variant MMP-2 is exclusively intracellular. Actin serves as loading control in all 

cell lysate experiments. Experiments done by M. A. Ali.  
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Figure 2.8: Comparison of signal sequence efficiencies of MMP-2 chimeras.  

A) Schematic diagram showing canonical MMP-2 and the BiP- and ERp44-MMP-2 

chimeras. SS, signal sequence; HA, hemagglutinin tag. B) Western blots showing MMP-

2 in cytosolic and membrane fractions of HEK 293 cells expressing canonical-, BiP- or 

ERP-44-MMP-2. *p<0.05 (unpaired t-test), n=3 for each experiment. Fraction purity 

validated with GAPDH, calnexin and VAMP-3 antibodies as per Fig. 2.2. C) Western 

blot using anti-HA in HEK 293 cell lysates showing similar expression levels among all 

MMP-2 constructs. Molecular weight markers are indicated. Experiments done by M. A. 

Ali and A. K. Chow. 
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Figure 2.9: MMP-2 signal sequence reduces targeting of BiP to the endoplasmic 

reticulum.  

A) Schematic diagram of the MMP-2-BiP chimera. SS, signal sequence; HA, 

hemagglutinin tag. B) Western blots show the abundance of canonical BiP or MMP-2-

BiP chimera in cytosolic and membrane fractions of HEK 293 cells. Canonical BiP 

mainly resides in the membrane fraction, while the MMP-2-BiP chimera is equally 

distributed between the cytosolic and membrane fractions. *p < 0.05 (unpaired t-test), n 

=3 for each experiment. Experiments done by M. A. Ali and A. K. Chow.  
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Figure 2.10: ER localization of MMP-2 chimeras.  

Immunocytochemistry-confocal microscopy images of HeLa cells expressing canonical-, 

splice variant- or BiP-MMP-2. Protein disulphide isomerase (PDI) was used as an ER 

marker (red), HA-tagged MMP-2 (green) and the yellow colour in the merged images 

shows the co-localization of MMP-2 to the ER. BiP-MMP-2 shows stronger localization 

to the ER in comparison with canonical MMP-2. Splice variant MMP-2 does not localize 

to the ER but instead shows cytosolic and nuclear staining. The nuclear presence of 

MMP-2 has been previously repored by our group 8. Insets show a magnified area as 

indicated by the white frames. Scale bar indicates 16 µm. Experiments done by M. A. 

Ali. 
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Figure 2.11: Differential distributions of MMP-2 chimeras in cardiomyocytes.  

MMP-2 in the cytosolic and membrane fractions of neonatal rat cardiomyocytes 

transduced with lentiviral vectors encoding for canonical-, splice variant-, BiP- or 

ERp44-MMP-2 chimeras. Canonical MMP-2 is primarily found in the membrane fraction 

whereas at least 40% remains cytosolic. Splice variant-MMP-2 is predominantly 

localized to the cytosolic fraction whereas BiP-MMP-2 and ERp-44-MMP-2 are found 

mainly in the membrane fraction. *p<0.05 (unpaired t-test), n=3 for each experiment. 

Fraction purity validated with GAPDH, calnexin and VAMP-3 antibodies as per Fig. 2.2. 

Molecular weight markers are indicated. Experiments done by M. A. Ali and A. D. 

Kandasamy. 
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Figure 2.12: Relative expression levels of endogenous MMP-2 to expressed canonical 

or splice variant MMP-2 in cardiomyocytes.  

Upper, Anti-MMP-2 western blot shows the level of endogenous MMP-2 in non-

transduced cardiomyocytes (NT) relative to MMP-2 level in cardiomyocytes expressing 

canonical MMP-2 (Can.) or splice variant MMP-2 (SV.). Lower, Fold increase of MMP-

2 level in cardiomyocytes expressing canonical MMP-2 (Can.) or splice variant MMP-2 

(SV.) in comparison to non-transduced control (NT). *p<0.05, One-way ANOVA 

followed by Tukey’s post-hoc test, n=3 experiments. Experiments done by M. A. Ali. 
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Figure 2.13: Splice variant MMP-2 increases intracellular substrate cleavage during 

cell stress.  

A) Assessment of troponin I (TnI) cleavage by western blot, an intracellular MMP-2 

target, in lentivirus-transduced neonatal cardiomyocytes expressing either canonical- or 

splice variant-MMP-2 and then exposed to either 28 h normoxia (Normoxia) or 24 h 

hypoxia followed by 4 h reoxygenation (Hypoxia/reox.). HA immunoblots of cell 

homogenates show the expression level of the corresponding MMP-2. Actin serves as a 

loading control. B) Quantification of cleaved TnI/actin ratios, *p<0.05 vs. normoxia 

(unpaired t-test), n=3. Molecular weight markers are indicated. Experiments done by M. 

A. Ali and A. D. Kandasamy. 
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Figure 2.14: Troponin I (TnI) cleavage is reduced by either pharmacologic or 

biologic inhibition of MMP-2.   

TnI cleavage in neonatal cardiomyocytes expressing splice variant-MMP-2 and then 

exposed to 28 h normoxia (Normoxia), 24 h hypoxia followed by 4 h reoxygenation 

either without (Hypoxia/reox.), or with ARP-100 treatment (Hypoxia/reox. + ARP-100), 

or with lentiviral MMP-2 silencing shRNAmir transduction (Hypoxia/reox. + MMP-2 

shRNAmir). HA immunoblots of cell homogenates show the expression level of splice 

variant MMP-2 for the corresponding treatments. The experiment was repeated twice 

with similar results. Actin serves as a loading control. Experiments done by M. A. Ali 

and X. Fan. 
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Table 2.1: The PCR primers used for the indicated chimeras. 

 

Sequence 
 

Forward Primers Reverse Primers 

Canonical MMP-2 ATATGAATTCGCCGGCGCCATGGAG
GCGCTAATGGCCCGGGGC 

ATATCTCGAGTCAGGCGTAGTC
GGGGACGTCGTAGGGGTAGAA
GCAGCCTAGCCAGTCGGATTTG
ATGCTTCC 

Splice variant MMP-2 ATATGAATTCGCCGGCGCCATGCAAT
ACCTGAACACCTTCTATGGCTG 

ATATCTCGAGTCAGGCGTAGTC
GGGGACGTCGTAGGGGTAGAA
GCAGCCTAGCCAGTCGGATTTG
ATCGTTCC 

BiP-MMP-2:  
Overlap Extension 
PCR 

1.CGCGATGCTGCTGCTGCTCAGCGC
GGCGCGGGCCGCGCCGTCGCCCAT
CATCAAGTTCCC 

ATATCTCGAGTCAGGCGTAGTC
GGGGACGTCGTAGGGGTAGAA
GCAGCCTAGCCAGTCGGATTTG
ATGCTTCC 2.ATATGAATTCGCTGGCAAGATGAA

GCTCTCCCTGGTGGCCGCGATGCTG
CTGCTGCTCAGCGC 

ERp44-MMP-2: 
Overlap Extension 
PCR 

1.TCCTGGTAACTTGGGTTTTTACTCC
TGTAACAACTGCGCCGTCGCCCATC
ATCAAGTTCCC 

ATATCTCGAGTCAGGCGTAGTC
GGGGACGTCGTAGGGGTAGAA
GCAGCCTAGCCAGTCGGATTTG
ATGCTTCC 

2.CCTATCCTTACCCGACCTCAGATG
CTCCCTTCTGCTCCTGGTAACTTGGG
TTTTTAC 
3.ATATGAATTCGTTACCATGCATCCT
GCCGTCTTCCTATCCTTACCCGACCT
CAGAT 

MMP-2-BiP:  
Overlap Extension 
PCR 

1.GAGCCACGCCGCCGCCTTCTACCC
CTACGACGTCCCCGACTACGCCGAG
GAGGAGGACAAGAAGGACGTG 

ATATCTCGAGCTACAACTCATCT
TTTTCTGCTGTATC 

2.CGCTCACGGGTCCCCTGAGGGCG
CTCTGTCTCCTGGGCTGCCTGCTGA
GCCACGCCGCCTTCTACC 

3.ATATGGTACCGCCGGCGCCATGGA
GGCGCTAATGGCCCGGGGCGCGCT
CACGGGTCCCCTGAGGGCG 
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Table 2.2: Primary antibodies used in the study. 

 

Antibody  Host Source Dilution used 

anti-MMP-2 

 

Mouse-monoclonal Calbiochem 1:1000 WB 

anti-GAPDH 

 

Rabbit-polyclonal Cell Signaling 1:5000 WB 

anti-calnexin 

 

Rabbit-polyclonal Stressgen 1:3000 WB 

anti-VAMP-3 

 

Goat-polyclonal Santa Cruz Biotech. 1:1000 WB 

anti-HA 

 

Mouse-monoclonal Covance 1:2500 WB 

1:100 IF 

anti-β-COP 

 

Mouse-monoclonal  GeneTex 1:1000 WB 

anti-PDI 

 

Rabbit-polyclonal Pierce  1:1000 WB 

1:100 IF 

anti-TnI 

 

Mouse-monoclonal Nanogen 1:1000 WB 

anti-actin 

 

Rabbit-polyclonal Santa Cruz Biotech. 1:5000 WB 

anti-BiP 

 

Mouse-monoclonal BD Biosciences 1:1000 WB 

WB, Western blotting; IF, Immunofluorescence.
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Table 2.3: Comparison of signal sequences.  

 

Alignment of selected human protein signal sequences with the signal sequence of 

canonical (can.) human MMP-2. The hydrophobic domain is underlined. On the right, we 

list the amino acid length of the various signal sequences (total and hydrophobic core is 

underlined) and the charge of the N-terminal charged portion. Bona fide ER-targeted 

proteins (BiP and ERp44) have varying lengths of signal sequences that can reach the 

length of MMP-2. Interestingly, the hydrophobic core of the MMP-2 signal sequence is 

unusually short and marked by cysteine residues. 

 

 

 

 

 

 

 

 

Protein Signal Sequence  Length  Charge 

BiP  MKLSLVAAMLLLLSAARA 18, 11  +1 

ERp44 MHPAVFLSLPDLRCSLLLLVTWVFTPVTT 29, 11  0 

MMP2 can. MEALMARGALTGPLRALCLLGCLLSHAAA 29, 9  +1 

MMP7 MRLTVLCAVCLLPGSLA 18, 11  +1 

MMP8 MFSLKTLPFLLLLHVQISKA 20, 9  +1 

MMP9 MSLWQPLVLVLLVLGCCF  19, 8  0 

MMP14 MSPAPRPPRCLLLPLLTLGTALA 23, 11  +2 
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CHAPTER 3 

Hydrogen peroxide-induced necrotic cell death in cardiomyocytes is independent of 

matrix metalloproteinase-2 
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3.1: Introduction 

MMPs are zinc-dependent endopeptidases best known to be involved in the 

proteolysis of extracellular matrix proteins. A variety of cells including cardiomyocytes 

synthesize MMPs in a zymogen form which can be activated by either proteolytic 

cleavage 1 or oxidative stress 2, 3. Generally MMPs contribute to long-term remodelling 

processes such as embryogenesis, tumor cell invasion, and wound healing 4. However, 

evidence is accumulating which shows that MMPs (in particular MMP-2) can also have 

rapid effects in regulating diverse cellular functions independent of extracellular matrix 

degradation (for reviews see 5, 6).  

Recently, the involvement of MMP-2 in oxidative stress-induced cell death 

pathways has been suggested 7-9. Aldonyte et al. (2009) showed that cigarette smoke 

exposure causes nuclear localization and activation of MMP-2 in pulmonary artery 

endothelial cells. Interestingly, this increased nuclear MMP-2 activity was associated 

with subsequent apoptotic events 8. Neuronal apoptosis, induced by ischemic injury to rat 

brains, was associated with increased nuclear MMP-2 activity and treatment of rats with a 

broad-spectrum MMP inhibitor significantly attenuated apoptosis in ischemic brain    

cells 9. Moreover, MMP-2 activation has been shown to contribute to tumor necrosis 

factor alpha-induced apoptosis in cardiomyocytes. Inhibiting MMP activity with 10 µM 

GM-6001 prior to tumor necrosis factor alpha insult decreased myocardial cell death as 

seen by reduced TUNEL-positive myocytes, DNA fragmentation, Bax expression and 

caspase-3 activity 7. The mechanisms, however, implicating MMP-2 in oxidative stress-

induced myocardial cell death are still poorly understood.  

In addition to the well established role of reactive oxygen species generation in 

cardiomyocyte death 10, 11, reactive oxygen species can also activate key transcription 

factors which can regulate MMPs expression 12, 13. For instance, several in vivo and in 
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vitro studies have demonstrated a direct relationship between the generation of reactive 

oxygen species and MMP-2 expression level and/or activity 14-16. In isolated mouse 

hearts, oxidative stress induced by I/R injury enhances MMP-2 expression via the AP-1 

components FosB and JunB 17. Using an in vivo model of myocardial infarction in mice, 

the generation of reactive oxygen species in hearts was accompanied by an increase in 

MMP-2 activity whereas the reactive oxygen species scavenger (dimethylthiourea) 

decreased its activity 16. Kameda et al. (2003) demonstrated a positive correlation 

between a specific marker of oxidative stress (8-iso-PGF2 alpha) and relative levels of 

MMP-2 in the pericardial fluid of patients with coronary artery disease 18.  

Hydrogen peroxide is a relatively stable reactive oxygen species that is widely 

used to trigger cell death in various cell culture models. However, there is a controversy 

about the mode of cell death induced by hydrogen peroxide in cardiomyocytes. Apoptosis 

is defined as a pattern of programmed cell death marked by cell shrinkage, chromatin 

condensation and fragmentation of the cell into membrane-bound bodies without loss of 

plasma membrane integrity. By contrast, necrosis typically begins with cell swelling and 

disruption of the plasma membrane and other organelle membranes. While some studies 

report that hydrogen peroxide exposure (10-200 µM) induces apoptosis in neonatal     

cardiomyocytes 19-22, others have shown that similar concentrations of hydrogen peroxide 

induce cell death with ultrastructural changes typical of necrosis, which was not 

accompanied by caspase-3 cleavage or activation 23, 24. Moreover, Goto et al. (2009) 24 

found that hydrogen peroxide-induced cell death does not satisfy the typical 

morphological criteria of apoptosis in cardiomyocytes. 

We therefore sought to investigate the concentration- and time-dependent effects 

of hydrogen peroxide on MMP-2 expression and activity as well as the mode(s) of the 

induced cell death in neonatal rat cardiomyocytes. We hypothesized that hydrogen 
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peroxide-induced cell death is mediated, at least in part, via an increase in MMP-2 

level/activity that may be prevented by pharmacological inhibition of MMPs. 

 

      

3.2: Materials and Methods 

3.2.1: Neonatal rat cardiomyocytes culture 

  All experiments were performed according to the recommendations given by the 

Guide to the Care and Use of Experimental Animals published by the Canadian Council 

on Animal Care and institutional guidelines for the care and use of animals.  

Neonatal cardiomyocytes from 1- to 2-day-old Sprague–Dawley rats were 

isolated and cultured 25 with modifications. Hearts from the rat pups were removed and 

the ventricles were minced and digested with collagenase II (0.10% w/v, Worthington), 

trypsin (0.05% w/v, Worthington) and DNase I (0.025% w/v, Worthington) in phosphate 

buffered saline at 37 °C for 20 min. After digestion the tissue was centrifuged at 114 x g 

for 1 min at 4 °C in 20 ml of DMEM F12 media (Sigma) containing 20% fetal bovine 

serum (Invitrogen), and 50 µg/ml gentamicin. The supernatant was discarded and the 

pellet was subsequently added to DNase/collagenase/trypsin buffer for further digestion 

at 37°C for 20 min. After a second digestion, the tissue was centrifuged at 114 x g for 1 

min at 4°C and subjected to a third digestion. After this all the supernatant fractions were 

pooled and centrifuged at 300 x g for 7 min at 4°C. The resulting pellet was resuspended 

in 10 ml of plating media (DMEM F12 media containing 5% fetal bovine serum, 10% 

horse serum, 50 µg/ml gentamicin) and the cell suspension was filtered through a cell 

strainer (BD Biosciences) and preplated for 60-90 min at 37°C to remove fibroblasts. The 

cells were added to 35 mm Primeria dishes (Falcon) at a density of 1.8–2.0 x 106 

cells/dish and maintained in DMEM/F12 medium containing 10% FBS. Twenty four 
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hours prior to experiments, the maintenance medium was replaced with serum free 

DMEM/F12 medium with 1% penicillin/streptomycin. 

3.2.2: Hydrogen peroxide and MMP inhibitor treatments 

 For the induction of cell death, cardiomyocytes were exposed to hydrogen peroxide 

(30% ACS, Fischer Scientific) at different concentrations (50, 100, 200, 300, or 500 µM) 

for the following time periods (0.5, 1, 2, 4, 8, 16, or 24 h). Where indicated, MMP 

inhibitors GM-6001 (10 µM), ONO-4817 (10 µM) or vehicle (DMSO) were added 1 h 

prior to hydrogen peroxide treatment. The concentration of DMSO during cell incubation 

did not exceed 0.01% v/v.  

3.2.3: Lactate dehydrogenase leakage assay 

Loss of plasma membrane integrity (cell necrosis) was assessed by measurement 

of the release of lactate dehydrogenase into the culture media. Lactate dehydrogenase 

activity was measured using a cytotoxicity detection kit (CytoTox–ONE, Promega 

Corporation, Madison, WI). In brief, at the specific time points, 50 μl of culture medium 

was transferred to a black fluorescence plate and incubated for 10 min with 50 μl of 

CytoTox-ONE™ reagent, followed by 20 μl of stop solution. Fluorescence was measured 

at 560 nm excitation and 590 nm emission 26. 

3.2.4: Western blotting 

 Cultured cells were washed twice with ice-cold phosphate-buffered saline 

and harvested in RIPA buffer (Pierce Biotechnology, Rockford, IL) including a 

protease inhibitor cocktail (P8340, Sigma) and Halt® phosphatase inhibitor 

cocktail (Pierce Biotechnology, Rockford, IL) and lysed gently, shaking the plates 

for 5 min at 4C. Cell debris was removed by centrifuging the cell lysate at 14,000 

g for 5 min at 4C. The supernatant (cell lysate) was used for further analysis. 
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Protein concentration was measured using bicinchoninic acid protein assay reagent 

(Sigma). Equal protein samples (20 µg) of the cell lysates were electrophoresed on 10% 

or 12% SDS-PAGE under reducing conditions and the separated proteins were then 

transferred onto PVDF membranes. The membranes were blocked with 5% skim milk in 

Tris-buffered saline (10 mM Tris HCl, 150 mM NaCl, pH 7.5) containing 0.05% Tween-

20 and then incubated at 4C overnight with primary antibodies raised against MMP-2, 

caspase-3 (cleaved or full length) or PARP-1 (cleaved or full length). After washing, the 

blots were coupled with the peroxidase-conjugated secondary antibodies, washed, and 

then developed using the ECL detection kit (GE Healthcare UK Limited, 

Buckinghamshire, UK) according to the manufacturer’s instructions. The membranes 

were stripped using Restore® western blot stripping buffer (Thermoscientific, Rockford, 

IL) and re-probed for α-actin. The intensity of protein bands was quantified 

densitometrically, and the value was estimated relative to that for α-actin which was used 

as a protein loading control. 

3.2.5: Gelatin zymography 

Cell lysate (10 µg protein/lane) was applied to 8% polyacrylamide gel 

copolymerized with 2 mg/ml of gelatin. After electrophoresis, gels were washed 3 times 

for 20 min each with 2.5% Triton X-100 to remove SDS. Then gels were rinsed with 

incubation buffer containing 50 mM Tris HCl (pH 7.6), 5 mM CaCl2, 150 mM NaCl, and 

0.05% w/v NaN3 and incubated with the same incubation buffer at 37C overnight. 

Conditioned media from HT1080 cells was used as standard for MMP-2. The gels were 

stained in 2% Coomassie brilliant blue G-250, 25% methanol and 10% acetic acid for 2 h 

and then destained for 1 h in 2% methanol / 4% acetic acid (v/v). Zymograms were 

scanned using a calibrated densitometer GS 800 (Biorad, Mississauga, ON) and the band 
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intensities were analyzed by densitometric analysis using the ImageJ software program 

(NIH).  

3.2.6: Caspase-3 activity assay 

Enzymatic reactions using cell lysates were carried out in a buffer containing 50 

μg of protein, 25 mM HEPES (pH 7.4), 5 mM EDTA, 2 mM dithiothreitol, 10 μM 

digitonin and 50 μM acetyl-Asp-Glu-Val-Asp-aminotrifluoromethylcoumarin (DEVD-

AFC, Enzo Life Sciences, Plymouth Meeting, USA) and the reaction mixtures were 

incubated at 37°C for 30 min. The fluorescence signal from liberated AFC was measured 

at 400/505 nm using a microplate fluorescence reader 27. 

3.2.7: Statistical analysis 

Results are expressed as mean ± S.E.M. for n = 3 experiments done using 

independent cell isolations. The statistical significance of differences between the mean 

values was analyzed by ANOVA followed by Dunnett’s post-hoc test. Differences were 

considered significant at p < 0.05. 

3.3: Results 

3.3.1: Hydrogen peroxide treatment increases MMP-2 level and activity in neonatal 

cardiomyocytes 

Neonatal rat cardiomyocytes were treated with hydrogen peroxide (50-500 M) 

for different time intervals (0.5, 1, 2, 4, 8, 16 and 24 h). The MMP-2 response of the 

cardiomyocytes to hydrogen peroxide was dependent upon its concentration. At ≤100 µM 

hydrogen peroxide, there was either a modest or statistically insignificant increase in 

MMP-2 level and activity in a time-dependent manner (data not shown, n=3). However, 



121 

 

treatment with 200 M hydrogen peroxide showed a prominent effect on MMP-2 

level/activity. Figure 3.1A shows that 200 µM hydrogen peroxide stimulated a time-

dependent increase in MMP-2 protein level which was significant at ≥8 h whereas the 

increase in MMP-2 gelatinolytic activity was significant at ≥4 h in comparison to the 

control (Figure 3.1B). Increasing hydrogen peroxide concentration beyond 200 M (300 

and 500 M) did not significantly increase MMP-2 level or activity over controls (data 

not shown, n=3). Parallel time controls (without hydrogen peroxide treatment) did not 

show any significant changes in MMP-2 level or activity at the selected time intervals 

(data not shown, n=3). 

3.3.2: Hydrogen peroxide induces necrotic but not apoptotic cell death in neonatal 

cardiomyocytes 

Lactate dehydrogenase release is a sensitive measure of a damaged plasma 

membrane indicating necrotic cell death. Hydrogen peroxide (≤100 µM) resulted in time-

dependent increase in lactate dehydrogenase activity released into culture media that 

reached statistical significant at ≥8h (data not shown). Figure 3.2A shows that 200 M 

hydrogen peroxide caused a significant increase in lactate dehydrogenase activity in the 

culture media at ≥2 h of treatment in comparison to control. However, hydrogen peroxide 

did not cause significant cleavage of the full length caspase-3 into its active, cleaved form 

at any of the selected time intervals (Figure 3.2B). Caspase-3 activity was not changed 

from basal levels by hydrogen peroxide (200 µM, 4 h, n=3, data not shown). In contrast, 

hydrogen peroxide induced PARP-1 cleavage mainly into a 50 kD fragment as shown in 

Figure 3.2C, indicative of necrotic cell death 28-30.  
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3.3.3: MMP inhibitors do not prevent increased MMP-2 level induced by hydrogen 

peroxide 

We next determined the effect of MMP inhibitors (GM-6001 or ONO-4817) on 

the hydrogen peroxide-induced elevation in MMP-2 level and necrotic cell death. Figure 

3.3 shows that 4 h treatment of cardiomyocytes with 200 µM hydrogen peroxide 

significantly increased MMP-2 levels, yet neither GM-6001 nor ONO-4817 diminished 

this effect. 

3.3.4: MMP inhibitors do not prevent hydrogen peroxide-induced necrotic cell death 

Figure 3.4A shows that lactate dehydrogenase release induced by hydrogen 

peroxide (200 µM, 4 h) was not prevented by GM-6001 or ONO-4817. Likewise, 

cleavage of PARP-1 mainly into its 50 kD fragment was not diminished by either GM-

6001 or ONO-4817 (Figure 3.4B). 

 

3.4: Discussion 

 Here, we demonstrated that hydrogen peroxide causes an increase in MMP-2 

level and gelatinolytic activity in neonatal rat cardiomyocytes with the most prominent 

effect seen at 200 µM. Additionally, hydrogen peroxide at this concentration induces 

necrotic rather than apoptotic cell death in cardiomyocytes as investigated between 0.5 to 

24 h exposure times. However, pharmacological inhibition of MMP activity using two 

unique MMP inhibitors of different chemical classes did not prevent cardiomyocyte 

necrosis caused by hydrogen peroxide. 
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 The effect of hydrogen peroxide on MMP-2 level/activity in neonatal 

cardiomyocytes observed here is in agreement with previous reports which utilized 

endothelial cells 31, fibroblasts 15 or H9c2 cardiomyoblasts 32. Siwik et al. 15 showed that 

MMP-2 activity is increased in both neonatal and adult cardiac fibroblasts by either 

hydrogen peroxide (5.0 µM) or a superoxide generating system. However, they neither 

investigated the mode of cell death nor the effects or functional consequences of MMPs 

inhibition in their cell culture model.  

It was shown that reactive oxygen species generation mediated by I/R injury can 

induce transcriptional upregulation of MMP-2 in the heart and this effect is via a 

mechanism involving nuclear localization and binding of AP-1 transcription factor 

complex to the intrinsic MMP-2 promoter 17. Interestingly, treating neonatal 

cardiomyocytes with hydrogen peroxide was shown to induce Jun kinase activity in a 

concentration-dependent manner with a maximal effect seen at 200 µM 22, a 

concentration we show here which best augments MMP-2 levels and activity. Ispanovic 

and Haas (2006) reported that Jun kinase increases MMP-2 mRNA levels in endothelial 

cells 33. 

 Our study was also designed to investigate the mode of cell death (apoptosis vs. 

necrosis) in cardiomyocytes in response to hydrogen peroxide. We demonstrated that 200 

µM hydrogen peroxide induced cardiomyocyte necrosis but not apoptosis. Our findings 

are in contrast to previous studies which showed that similar concentrations of hydrogen 

peroxide induced apoptosis in cardiomyocytes, however, in most of the previous studies 

DNA laddering, TUNEL assay or annexin V staining were used to identify apoptotic cell 

death 19-21. It is noteworthy that DNA laddering, TUNEL assay and annexin V staining 

are not highly specific to apoptosis and may also detect necrotic cells 34-37. We however 
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showed that necrotic cell death is efficiently stimulated in cardiomyocytes as shown by 

the release of lactate dehydrogenase (a sensitive measure of plasma membrane integrity) 

and by the necrotic cleavage of PARP-1. Apoptotic cell death as measured by caspase-3 

cleavage or its activity, or apoptotic PARP-1 cleavage to its 89 kD fragment (examples of 

biochemical hallmarks of apoptosis) did not occur. On the other hand, our present study 

is in agreement with two recent reports showing that necrosis, rather than apoptosis, is the 

main mode of cell death in hydrogen peroxide treated cardiomyocytes 23, 24.   

 PARP-1 is a 113 kD nuclear enzyme that modifies other nuclear proteins by poly 

ADP-ribosylation in response to DNA damage 38. It has been considered that cleavage of 

PARP-1 into a 89 kD fragment by caspase-3 or -7 is a useful hallmark of apoptotic cell 

death 39, 40. On the contrary, during necrosis, PARP-1 has been found to be cleaved into a 

major 50 kD fragment and a minor 89 kD fragment 28-30. Moreover, this necrotic cleavage 

of PARP-1 is caused at least in part by lysosomal proteases (cathepsins B and G) which 

are released during necrosis 30. Interestingly, our results demonstrate that PARP-1 is 

cleaved primarily into a 50 kD fragment during hydrogen peroxide exposure, which 

further support that the primary mode of cell death is necrosis and not apoptosis. 

We showed that hydrogen peroxide exposure caused necrotic death which was 

associated with increased MMP-2 level and activity in cardiomyocytes. This led us to 

hypothesize that necrotic cell death following hydrogen peroxide is at least partially 

mediated by MMP-2 activity. We used a concentration of GM-6001 which was 

previously shown to inhibit MMP-2 activity and protected against tumor necrosis factor 

alpha-induced cell death in cardiomyocytes 7. Since the Ki values of GM-6001 (0.5 nM) 

and ONO-4817 (0.7 nM) for MMP-2 are comparable, we used the same concentration (10 

M) of either compound. In contrast to GM-6001, ONO-4817 shows greater selectivity 
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towards MMP-2 and MMP-9 compared to other MMPs 41. Both GM-6001 and ONO-

4817 did not affect the ability of hydrogen peroxide to increase MMP-2 level which 

suggests that these compounds do not interfere with the signalling pathway elicited by 

reactive oxygen species to induce MMP-2 expression. However, neither GM-6001 nor 

ONO-4817 showed protection against hydrogen peroxide-induced necrotic death in 

cardiomyocytes under our conditions. Likewise, a previous study showed that calpain-1 

and cathepsin D inhibitors did not reduce 200 µM hydrogen peroxide-induced 

cardiomyocyte necrosis suggesting other classes of proteases may be involved in 

mediating necrotic cell death 23. Despite the fact that calpains and cathepsins proteases 

have been implicated as key mediators of necrosis 42, we and others reveal some 

complexity of the role played by proteases in necrosis. Our study, however, does not 

exclude the possibility that inhibiting these classes of proteases together (MMPs, calpains 

and cathepsins) may prove to be more effective in preventing necrotic cell death in 

cardiomyocytes. 

 In conclusion, the present study shows that 200 µM hydrogen peroxide causes a 

time-dependent increase in MMP-2 protein level and activity in neonatal cardiomyocytes. 

Hydrogen peroxide is also found to induce primarily necrosis, but not apoptosis, in an 

MMP-independent manner. The release of lactate dehydrogenase in the absence of 

caspase-3 cleavage or activation, and the necrotic signature of PARP-1 cleavage are three 

lines of evidence which support this notion. Our results caution against the use of 

hydrogen peroxide to trigger apoptosis in neonatal cardiomyocytes. Thus, there is still a 

need for further investigations to unravel the exact role of proteases in mediating necrotic 

death following oxidative stress.   
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Figure 3.1: Hydrogen peroxide increases MMP-2 protein level and activity in 

neonatal cardiomyocytes.  

A. Upper panel: Representative western blot shows the effect of 200 M hydrogen 

peroxide on MMP-2 and α-actin levels in cell lysates of neonatal cardiomyocytes 

following 30 min up to 24 h exposure. Lower panel: Quantitative analysis of MMP-2 

level normalized to actin in cardiomyocytes treated with 200 M hydrogen peroxide at 

the indicated time intervals. (n= 3, * p < 0.05 vs. zero time, ANOVA followed by 

Dunnett’s pos-hoc test). B. Upper panel: Representative gelatin zymogram shows the 

effect of 200 M hydrogen peroxide on MMP-2 activity in neonatal cardiomyocytes from 

30 min up to 24 h after the exposure. Lower panel: Quantitative analysis of MMP-2 

activity as fold increase vs. zero time in cardiomyocytes treated with 200 M hydrogen 

peroxide at the indicated time intervals. (n= 3, * p < 0.05, ** p < 0.01 vs. zero time, 

ANOVA followed by Dunnett’s pos-hoc test). Experiments done by M. A. Ali and A. D. 

Kandasamy. 
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Figure 3.2: Hydrogen peroxide induces necrotic but not apoptotic cell death in 

neonatal cardiomyocytes.  

A. Treating cardiomyocytes with 200 µM hydrogen peroxide causes release of lactate 

dehydrogenase into the culture medium in a time-dependent manner. (n= 3, * p < 0.05 vs. 

zero time, ANOVA followed by Dunnett’s pos-hoc test). B. Western blot from a 

representative experiment in cell lysates shows that hydrogen peroxide treatment does not 

efficiently cleave caspase-3 into a 17 kD fragment in cardiomyocytes up to 24 h after the 

exposure. C. Western blot shows that PARP-1 is cleaved in hydrogen peroxide-treated 

cardiomyocytes into a major fragment of 50 kD (indicative of necrosis) and a minor 89 

kD fragment (indicative of apoptosis) (The blots are representative of three independent 

experiments with similar results). Experiments done by M. A. Ali and A. D. Kandasamy. 
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Figure 3.3: Effect of MMP inhibitors on hydrogen peroxide-induced MMP-2 

elevation.  

Upper panel: Representative western blot of cell lysates showing that MMP inhibitors 

(GM-6001 or ONO-4817, 10 µM each) do not affect the increase in MMP-2 level 

induced by 200 M hydrogen peroxide exposure for 4 h. Lower panel: Quantitative 

analysis of MMP-2/actin ratios in cell lysates from cardiomyocytes treated with 200 M 

hydrogen peroxide for 4 h with or without GM-6001 or ONO-4817. (n= 3, * p < 0.05 vs. 

control, ANOVA followed by Dunnett’s post-hoc test). DMSO was used as a vehicle 

control. Experiments done by M. A. Ali and A. D. Kandasamy. 
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Figure 3.3: Effect of MMP inhibitors on hydrogen peroxide-induced MMP-2 

elevation.  

Upper panel: Representative western blot of cell lysates showing that MMP inhibitors 

(GM-6001 or ONO-4817, 10 µM each) do not affect the increase in MMP-2 level 

induced by 200 M hydrogen peroxide exposure for 4 h. Lower panel: Quantitative 

analysis of MMP-2/actin ratios in cell lysates from cardiomyocytes treated with 200 M 

hydrogen peroxide for 4 h with or without GM-6001 or ONO-4817. (n= 3, * p < 0.05 vs. 

control, ANOVA followed by Dunnett’s post-hoc test). DMSO was used as a vehicle 

control. Experiments done by M. A. Ali and A. D. Kandasamy. 



131 

 

 

 



132 

 

 

Figure 3.4: MMP inhibitors do not protect against hydrogen peroxide-induced 

necrosis in cardiomyocytes. 

 A. Hydrogen peroxide (200 µM) causes a significant release of lactate dehydrogenase 

into the culture medium which is not affected by GM-6001 or ONO-4817 treatment. (n= 

3, * p < 0.05 vs. control, ANOVA followed by Dunnett’s post-hoc test). B. Western blot 

of cell lysates shows that PARP-1 is cleaved into a 50 kD fragment (indicative of 

necrosis) by hydrogen peroxide, an effect which is not diminished with MMP inhibitors. 

DMSO was used as a vehicle control. (The blot is representative of three independent 

experiments which showed similar results). Experiments done by M. A. Ali and A. D. 

Kandasamy. 
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4.1: Introduction 

MMP-2 is a member of the metzincin endopeptidase family that is capable of 

degrading proteins which make up the extracellular matrix. It was recognized, from their 

first description in amphibian metamorphosis 1, that MMPs play an active role in 

remodeling the extracellular matrix accompanying both physiological and pathological 

processes, such as embryogenesis, wound healing, uterine involution, bone resorption, 

metastasis, arthritis, and heart failure 2. Although most research has focused on the 

extracellular role of MMPs over long term pathophysiological processes, it has more 

recently been recognized that MMPs also act on non-extracellular matrix substrates both 

outside 3 and inside 4, 5 the cell.   

Many studies have shown that the activity of MMP-2 is enhanced in several 

cardiovascular diseases, including myocardial I/R injury 4, 6-8. MMP-2 is expressed in the 

heart at substantial levels and its activity is increased upon oxidative stress injury 6, 7, 9. It 

is well known that oxidative stress is an important mediator of acute myocardial 

contractile failure which occurs during I/R injury 10 and involves an overproduction of 

reactive oxygen species, particularly ONOO¯ 11, 12. ONOO¯ by its turn activates 

intracellular MMP-2 via covalent modification of the critical cysteine residue in the 

propeptide domain 13. Indeed, this intracellular activity of MMP-2 is responsible for the 

proteolysis of specific sarcomeric and cytoskeletal proteins including TnI 14, MLC-1 15, α-

actinin 16 and titin 8 resulting in acute myocardial contractile dysfunction. 

Calcium overload is another important mediator of I/R injury 10. During the early 

phase of reperfusion, there is an abrupt increase in intracellular calcium that induces 
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myocardial contractile dysfunction by various mechanisms, one of which may occur 

through the activation of calpains, calcium-dependant cytosolic proteases. Calpains are a 

family of non-lysosomal cysteine proteases that consists of several isoforms. The most 

characterized isoforms are calpain-1 (µ-calpain), calpain-2 (m-calpain) and calpain-3 

(p94 calpain). The terms µ-calpain and m-calpain indicate the required calcium 

concentration (micromolar range for µ-calpain and millimolar range for m-calpain) for in 

vitro activity. Calpain-1 and -2 are heterodimers consisting of a large (82 kD) catalytic 

subunit and a small (28 kD) regulatory subunit. Calpain-1 and -2 are considered 

ubiquitous calpains expressed nearly in all tissues, whereas calpain-3 is tissue specific 

expressed mainly in skeletal muscles 17. Calpains participate in various cellular processes 

including cytoskeletal remodelling, signal transduction and cell death18. Calpain-1, in 

particular, has been implicated in the pathogenesis of myocardial stunning injury 19, under 

similar conditions where MMP-2 is activated 6, 8, 14. For example, it was suggested that 

calpain-1 proteolyzes cardiac TnI 20 and its activation seems to play an important role in 

myocardial I/R injury, in a similar manner to the role played by MMP-2. 

Apparently, there may be an overlap in the substrates and/or biological actions of 

MMP-2 and calpains in various cellular pathways 21. It may be that MMP-2 targets a 

similar subset of proteins as calpains, or that calpains have been misidentified as the 

proteases responsible for some intracellular proteolytic activity. Notably, much of the 

evidence of substrate degradation by calpains in the heart rests on the use of 

pharmacological inhibitors 22-24. Interestingly, myocardial-specific over-expression of 

calpain-1 in transgenic mice showed no evidence of TnI degradation in the heart 25 

whereas TnI levels were reduced in hearts from transgenic mice with myocardial-specific 

over-expression of constitutively active MMP-2 26. These observations led us to 

hypothesize that the beneficial effects of calpain inhibitors may also involve direct 
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inhibition of MMP-2 activity. Thus, we investigated the effect of four chemically distinct 

calpain inhibitors (calpain inhibitor III (aka MDL-28170), ALLN, ALLM and PD-

150606) on the activity of MMP-2 and compared the inhibitory potencies of these 

compounds with that of a selective MMP inhibitor (ONO-4817). 

4.2: Materials and methods 

 All reagents were of analytical grade and unless otherwise specified were 

purchased from Sigma-Aldrich (Oakville, ON). Human recombinant MMP-2 catalytic 

domain and OmniMMP® fluorogenic peptide substrate were obtained from Biomol 

(Plymouth Meeting, PA); calpain inhibitor III, ALLN, ALLM, PD-150606 and human 

erythrocytes calpain-1 from Calbiochem (San Diego, CA). ONO-4817 was a kind gift 

from Ono Pharmaceutical (Osaka, Japan). 

 The calpain inhibitors, calpain inhibitor III, ALLM, ALLN and PD-150606, have 

the following Ki values against calpain-1; 8 nM, 0.12 µM, 0.2 µM and 0.21 µM, 

respectively (see manufacturer’s data sheets). The Ki value of the MMP inhibitor, ONO-

4817, for MMP-2 is 0.73 nM 27. Ki is the inhibition constant for an inhibitor that indicates 

its binding affinity to the enzyme, whereas IC50 indicates the concentration of the 

inhibitor required to decrease enzyme activity by 50%. IC50 values for an inhibitor are 

valid only for the particular assay performed while Ki is a constant. 

4.2.1: Gelatin zymography 

 Gelatinolytic activity of 72 kD MMP-2 (from HT1080 cell conditioned culture 

media) by zymography was performed as previously described 28 with some 

modifications. Briefly, multiple 10 l aliquots of HT1080 media were electrophoresed on 

an 8% polyacrylamide gel containing 2 mg/ml gelatin for 90 min (125 V, ambient 
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temperature). After washing with Triton X-100 (2.5% v/v, 3 × 20 min), the gels were cut 

into individual vertical lanes representing individual aliquots. Each strip of 

electrophoresed proteins was incubated separately overnight at 37 °C in 10 ml 

zymography buffer (50 mM Tris-HCl, 150mM NaCl, 5 mM CaCl2, pH 7.6) in the 

absence or presence of different calpain inhibitors: calpain inhibitor III, ALLN, ALLM or 

PD-150606 (100 μM each). For comparison other gel strips were incubated in the absence 

or presence of the MMP inhibitor ONO-4817 (Ki in the nanomolar range for MMP-2 and 

almost no inhibitory activity up to 100 µM against several other proteases of different 

classes including calpains 27). Gels were stained with 0.05% Coomassie blue and 

subsequently destained. Gelatinolytic activities were detected as transparent bands against 

the blue-stained background. 

4.2.2: TnI degradation assay 

 Two micrograms of recombinant human TnI (a kind gift from Dr. James Potter, 

University of Miami) were incubated with either human recombinant MMP-2 catalytic 

domain (10 ng, Biomol) in 50 mM Tris-HCl buffer (5 mM CaCl2, 150 mM NaCl, pH 7.4) 

or calpain-1 (0.66 unit) in 20 mM Tris-HCl (0.15 mM CaCl2, 25 mM NaCl, 10 mM DTT, 

pH 7.5) at 37°C for 30 or 60 minutes. In additional experiments MMP-2 or calpain-1 

were incubated with the indicated calpain inhibitors (20 or 100 M) or the MMP inhibitor 

ONO-4817 (20 or 100 M) for 15 minutes at 37°C before adding TnI. The reaction 

mixtures (total volume 40 µL) were analyzed by 12% SDS-PAGE under reducing 

conditions and visualized by the Coomassie blue staining method. Band densities were 

measured using a densitometer (GS-800, BioRad) and ImageJ software. The ratio of 

cleaved to full-length TnI was calculated for each lane and presented as a percentage 

change from the DMSO vehicle control. 
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4.2.3: OmniMMP kinetic assay 

The hydrolysis of OmniMMP® fluorogenic substrate (25 µM, prepared in 0.4% 

v/v DMSO) by MMP-2 catalytic domain (0.5 nM in reaction buffer 50 mM Tris, pH 7.6, 

10 mM CaCl2, 0.05% Brij-35, 10µM ZnSO4) was measured in the presence of calpain 

inhibitor III, ALLN, ALLM or PD-150606 or the selective MMP inhibitor (ONO-4817) 

at 37°C using a plate reader-based protocol 28. Assays were made in a total volume of 120 

µl in black polystyrene half-area plates (Corning, NY) and contained MMP-2 (60 µl in 

2X reaction buffer) and substrate (60 µl) or DMSO vehicle (the final concentration of 

which did not exceed 0.16% v/v). Fluorescence associated with the (7-meth-

oxycoumarin-4-yl)acetyl-tagged cleavage product was measured every 30 s for 1 h (λex 

328 nm, λem 393 nm) in a SPECTRAmax Gemini XPS (Molecular Devices, Sunnyvale, 

CA) fluorescence plate reader. The rate of product formation in each well was determined 

through linear regression of the experimental data (r2 > 0.98) using SOFTmax Pro 4.8 

software (Molecular Devices, Sunnyvale, CA). The experimental rates in the presence of 

inhibitors were normalized to the rates of the vehicle control. All experiments were 

performed with five replicates and the inhibitor concentrations required to produce 50% 

inhibition of enzyme activity (IC50) were determined using non-linear curve fitting of data 

(GraphPad Prism version 5.0, San Diego, CA). 

4.3: Results 

4.3.1: Calpain inhibitors, but not ONO-4817, inhibit calpain-1-induced TnI cleavage 

Figure 4.1 illustrates the chemical structures of calpain inhibitors used in the 

study in comparison with the MMP inhibitor, ONO-4817. Figure 4.2 shows that TnI was 
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completely proteolyzed to a ~ 15 kD product when incubated with calpain-1 (37C, 60 

min). As expected, all calpain inhibitors (100 M) tested in this study abolished calpain-

1-induced TnI degradation. In contrast, the same concentration of ONO-4817 did not 

show any calpain inhibitory activity, verifying its selectivity towards MMPs (Figure 4.2). 

4.3.2: Calpain inhibitors decrease the gelatinolytic activity of MMP-2 

Initially we screened the MMP-2 inhibitory effects of calpain inhibitors, in 

comparison with the specific MMP inhibitor ONO-4817 (Figure 4.1), using gelatin 

zymography. Used as a positive control, ONO-4817 (100 µM) showed complete 

inhibition of MMP-2 gelatinolytic activity (Figure 4.3). 72 kD MMP-2 activity was also 

significantly reduced by several of the calpain inhibitors (100 µM, each) including 

calpain inhibitor III (39%), ALLN (67%) or PD-150606 (84%) as compared to DMSO 

vehicle control as shown in Figure 4.3. In marked contrast, ALLM did not inhibit MMP-2 

gelatinolytic activity. 

4.3.3: Inhibition of MMP-2 catalytic activity by calpain inhibitors 

As we have previously shown, TnI is also highly susceptible to proteolysis by 

MMP-2 14. MMP-2 induced TnI degradation was then used as another mean to further test 

the inhibitory effects of calpain inhibitors on MMP-2 catalytic activity. The catalytic 

domain of MMP-2 cleaved TnI into a major 22 kD cleavage fragment when incubated for 

only 20 min at 37ºC (Figure 4.4A). The ratio of cleaved to full length TnI was used as a 

measure of MMP-2 catalytic activity and was considered 100% in the absence of any 

inhibitors (DMSO vehicle control). ONO-4817 (20 µM) significantly inhibited MMP-2 

activity by 97% in comparison to DMSO vehicle control (Figure 4.4). MMP-2 catalytic 

activity was significantly reduced by ALLN (43%) or PD-150606 (80%). In contrast, 
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calpain inhibitor III or ALLM did not significantly inhibit MMP-2 activity. All calpain 

inhibitors were tested at 20 µM. 

4.3.4: Determination of IC50 of calpain and MMP inhibitors on MMP-2 activity 

using OmniMMP assay 

We then analyzed the MMP-2 inhibitory effects of calpain inhibitors, versus the 

selective MMP inhibitor ONO-4817, using the OmniMMP kinetic assay. ONO-4817 and 

the calpain inhibitors blocked MMP-2 activity in a concentration-dependent manner with 

the following rank order of IC50 values: ONO-4817  PD-150606  ALLN  calpain 

inhibitor III <<< ALLM (Figure 4.5). The IC50 values of ONO-4817, PD-150606 and 

ALLN were 0.00025 µM, 9.3 M and 21.9 M respectively. It is worthnoting that this 

IC50 value of ONO-4817 was measured using the 40 kD MMP-2 catalytic domain while 

the Ki value listed above is for active 64 kD MMP-2 27.  

We could only estimate that the IC50 value of calpain inhibitor III was between 

50-100 µM whereas ALLM was devoid of MMP-2 inhibitory activity.   

 

4.4: Discussion  

 This study demonstrates that certain commonly employed calpain inhibitors 

(calpain inhibitor III, ALLN and PD-150606) possess significant additional 

pharmacological properties in their ability to also inhibit the enzymatic activity of MMP-

2. In fact two calpain inhibitors (PD-150606 and ALLN, IC50 = 9.3 M and 21.9 M, 

respectively) have similar potencies as MMP-2 inhibitors comparable to that of the 

widely used matrix metalloprotease inhibitors (doxycycline, minocycline and o-
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phenanthroline) 28. These data suggest that the biological effects of some calpain 

inhibitors may include inhibition of MMP-2 activity. 

 Among the calpain inhibitors tested in the current study, PD-150606 was the 

most potent MMP-2 inhibitor. In its action as a calpain inhibitor, PD-150606 does not 

bind to the active cysteine site of the calpain as do other calpain inhibitors, but targets the 

calcium binding domain of the small regulatory subunit 29. It is worth noting that MMP-2 

has a calcium binding subdomain within its catalytic domain and that calcium ions 

stabilize MMP-2 structure 30. The potential interaction of PD-150606 with the calcium 

binding site of MMP-2 provides an explanation of its marked inhibitory effect on MMP-2 

activity. On the other hand carboxylate and thiol groups, both present in the PD-150606 

structure (Figure 4.1), are reported to bind zinc ions 31. Thus, PD-150606 may also 

chelate the catalytic zinc which is crucial for MMP-2 activity. Although hydroxamate 

compounds (e.g. ONO-4817, Fig. 1) are much stronger MMP inhibitors than carboxylate 

compounds, it was suggested that within acidic pH (as seen in inflammatory and ischemic 

conditions) carboxylates may become more potent MMP inhibitors than they are at 

neutral pH 31. Apart from specific chelation of the catalytic zinc, recently designed MMP 

inhibitors bind the S1 pocket and interact with amino acid residues (e.g. T, Y, F, and M) 

in the specificity loop, thereby interfering with enzyme activity 32. PD-150606 contains 

an electron-rich aromatic ring that establishes electronic interaction with similar residues 

(Y, F and M) within the hydrophobic pocket on domain VI of the calpain small subunit 29. 

Such interaction may result in the observed MMP-2 inhibitory effect of PD-150606. 

 The cardio- 33, renal- 34 or neuro- 35, 36 protective effects of PD-150606 against I/R 

injury were previously shown when the compound was used in a concentration range of 

25-100 M. Although the IC50 of PD-150606 against calpain-1 is around 0.2 M 35, the 
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protective effect was observed within a range of concentrations (25-100 µM) that exceed 

its IC50 on MMP-2. It is now well understood that MMP-2 plays an important role in 

mediating I/R injury in the heart 7, kidney 37 or brain 38. The protective effect of ALLN in 

various models of I/R injury has been shown to occur at concentrations (20-100 M) 39-41 

that interfere with MMP-2 activity. Interestingly, a recent study shows that although both 

ALLM and ALLN at 25 M inhibit in vitro calpain activity to a similar extent, whereas 

only ALLN protected against myocardial contractile dysfunction in rat hearts subjected to 

I/R injury 41. We previously observed that 50 M ONO-4817, a selective MMP inhibitor 

that does not interfere with calpain activity up to 100 M as seen here, functionally 

protected hearts against myocardial I/R injury 8 as have other MMP inhibitors o-

phenanthroline, doxycycline or a neutralizing MMP-2 antibody 6. Together, these 

observations strongly suggest that the protective effect of ALLN in myocardial I/R   

injury 41 was likely due to its ability to inhibit MMP-2 activity. However, it is interesting 

to speculate what a combined approach to inhibit both MMP-2 and calpains, may 

achieve, in comparison to targeting one or the other protease independently.         

 In conclusion, the MMP-2 inhibitory effect demonstrated by some calpain 

inhibitors shown here may represent an alternative approach for designing more selective 

MMP inhibitors. Furthermore, our work suggests that the interpretation of biological 

results obtained using some calpain inhibitors must include possible effects mediated by 

the inhibition of MMP-2 activity, which is found in almost all cell types. 
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Figure 4.1: Chemical structures of the calpain inhibitors in comparison with the 

selective MMP inhibitor ONO-4817. 
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Figure 4.2: Calpain inhibitors, but not the selective MMP inhibitor ONO-4817, 

inhibit calpain-1 activity. 

Coomassie blue stained SDS-PAGE gel following incubation of TnI with calpain-1 at 

37°C for 60 min. TnI is completely degraded by calpain-1 to a ≈ 15 kD product. DMSO 

is the vehicle control. Calpain inhibitors (calpain inhibitor III, ALLN, ALLM or PD-

150606, 100 µM each) efficiently inhibit calpain-1 activity whereas the selective MMP 

inhibitor ONO-4817 (100 µM), does not inhibit calpain-1. MW, molecular weight 

markers. Experiments done by M. A. Ali. 
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Figure 4.3: Calpain inhibitors inhibit MMP-2 gelatinolytic activity.  

A) Representative gelatin zymograms of 72 kD MMP-2 incubated at 37°C overnight with 

calpain inhibitors (calpain inhibitor III, ALLN, ALLM or PD-150606, 100 µM each) or 

selective MMP inhibitor (ONO-4817, 100 µM). DMSO is the vehicle control. B) 

Quantitative analysis of MMP-2 gelatinolytic activity (% of DMSO control) in the 

presence of calpain inhibitors or selective MMP inhibitor ONO-4817. One-way ANOVA 

followed by Dunnett’s multiple comparison post hoc test, n=3, * p < 0.05. Experiments 

done by M. A. Ali and A. Stepanko. 
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Figure 4.4: Some calpain inhibitors exhibit MMP-2 inhibitory activity as assessed by 

TnI degradation assay.  

A) Coomassie blue stained SDS-PAGE shows that MMP-2 also efficiently cleaves TnI in 

vitro however, to a ~ 22 kD product. This cleavage of TnI is significantly inhibited by the 

calpain inhibitors (ALLN and PD-150606). ONO-4817 (selective MMP inhibitor) was 

used as positive control. DMSO is a vehicle control. B) Quantitative analysis of MMP-2 

induced cleavage of TnI expressed as the ratio of cleaved TnI: full length TnI (as a % of 

DMSO control) in the presence of calpain inhibitors (calpain inhibitor III, ALLN, ALLM 

or PD-150606) or the selective MMP inhibitor (ONO-4817). All inhibitors were tested at 

20 µM. MW, molecular weight markers. One-way ANOVA followed by Dunnett’s 

multiple comparison post hoc test, n=3, * p < 0.05. Experiments done by M. A. Ali and 

A. Stepanko. 
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Figure 4.5: Concentration-dependent inhibitory effects of calpain inhibitors and a 

selective MMP inhibitor (ONO-4817) on MMP-2 activity as measured by 

fluorogenic substrate (OmniMMP) kinetic assay.  

Calpain or MMP inhibitors were incubated with 0.5 nM MMP-2 catalytic domain and 25 

M OmniMMP fluorogenic substrate at 37°C in 50 mM Tris buffer, pH 7.6, containing 

10 mM CaCl2 and 10 M ZnSO4. Data represent means ± SEM of five replicate 

determinations and were fitted to sigmoidal curves. Experiments done by M. A. Ali and 

A. Stepanko. 
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5.1: Introduction 

MMP-2 is a zinc-dependent protease that is best known for its ability to degrade 

the extracellular matrix in both physiological and pathological conditions. MMP-2 is 

synthesized as a zymogen by a variety of cells including cardiac myocytes and is 

activated either by proteases 1 (such as by action of MMP-14) or by post-translational 

modifications to the full length enzyme stimulated by enhanced oxidative stress. For 

example, ONOOˉ, which is generated in early reperfusion following ischemia 2, directly 

activates several MMPs 3 including MMP-2 4 via a non-proteolytic mechanism involving 

the S-glutathiolation of a critical propeptide cysteine in its autoinhibitory domain. 

MMPs are best recognized for their role in tissue remodeling by proteolyzing 

various components of the extracellular matrix in both health and disease, i.e. in 

angiogenesis, embryogenesis, wound healing 5, atherosclerosis 6, aortic aneurysm 7 and 

myocardial infarction 8. More recent studies, however, show that MMP-2 is involved in 

several acute biological processes independent of its actions on extracellular matrix 

proteins. This includes platelet activation 9, regulation of vascular tone 10 and myocardial 

stunning injury immediately after reperfusion of the ischemic heart 11. Indeed, several 

reports indicate that MMP-2 does not exclusively degrade extracellular matrix 

components 12, 13.  

In  normal cardiac myocytes MMP-2 is found in discrete subcellular 

compartments including the thin and thick myofilaments of the cardiac sarcomere 14, 15, 

the cytoskeleton 16, 17, nuclei 18, mitochondria 14 and caveolae 19 (for review see 20). MMP-

2 is activated in rat hearts subjected to myocardial oxidative stress injury and is 
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responsible for the degradation of specific sarcomeric and cytoskeletal proteins including 

TnI 14, 21, MLC-1 15 and α-actinin 17. Inhibition of MMPs activity reduced both the loss of 

contractile function as well as the degradation of these substrates, to which MMP-2 was 

co-localized.  Furthermore, transgenic mice with myocardial specific expression of a 

mutant, constitutively active MMP-2, in the absence of additional injury, show 

significantly impaired cardiac contractile function, disrupted sarcomeres, profound 

myofilament lysis, breakdown of Z-band registration and reduced TnI level 22.  

Titin, the largest known mammalian protein (3,000-4,000 kD), forms an 

intrasarcomeric elastic filament that is thought to serve as a framework for the ordered 

assembly of other myofilament proteins 23. In mammalian hearts, titin is mainly expressed 

in two isoforms, the smaller and stiffer N2B and the larger and more compliant N2BA 

isoforms 24. Hearts from adult small mammals (such as rats, mice and rabbits) express 

predominantly N2B titin, whereas large mammals including humans co-express N2B and 

N2BA titins at an approximate 1:1 ratio 25. In the sarcomere the titin molecule spans the 

distance from the Z-disc to the M-line region (half the length of the sarcomere). 

Moreover, the I-band region of titin is comprised of distinct elastic segments that allows 

titin to behave as a molecular spring, contributing to the passive tension of myofibrils and 

maintaining the structural and functional stability of the sarcomere. Titin is an important 

determinant of both systolic and diastolic function and the Frank-Starling mechanism of 

the heart 26. Although loss and/or disorganization of titin in ischemic and failing human 

hearts has been reported 27, 28, the mechanism of titin degradation has not been extensively 

studied in hearts subjected to I/R injury. Since MMP-2 is localized to sarcomeric and 

cytoskeletal proteins and is activated in myocardial I/R injury, we address here whether 

MMP-2 targets titin to contribute to the pathogenesis of myocardial I/R injury. 
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5.2: Materials and Methods 

5.2.1: Titin isolation and purification  

Titin was prepared as described previously 29, 30. Briefly, myofibrils were 

prepared from chilled fresh rabbit longissimus dorsi muscle by homogenisation in 3 

volumes of 50 mM KCl, 5 mM EGTA, 1 mM NaHCO3 and 5 M E64 (Sigma); (pH 7.0, 

4°C). This was followed by three cycles of centrifugation (2000 g) and resuspension in 

buffer without E64 inhibitor. After the fourth spin the myofibrils were resuspended and 

extracted on ice for 5 min with stirring in 2 volumes of 0.9 M KCl, 2 mM MgCl2, 10 mM 

imidazole, 2 mM EGTA, 1 mM phenylmethylsulfonylfluoride, 10 g/ml trypsin inhibitor, 

0.5 mM dithiothreitol, 5 M E64; pH 7.0. The extract was clarified at 20,000 g for 30 

min, diluted three timeswith water (final ionic strength ~0.2 mol/L) and after 1 h for 

precipitation, myosin was removed by spinning for 30 min at 20,000 g. The supernatant 

was diluted five times more (final ionic strength 0.05 mol/L), left for 40 min, and then 

spun at 11,000 g for 30 min. The crude titin pellet was resuspended in 0.6 M KCl, 30 mM 

potassium phosphate (pH 7.0), clarified for 30 min at 25,000 g, and then 

chromatographed in this buffer in a 90 cm 1 cm Sepharose CL2B column maintained at 

1°C. On occasion the titin at this stage was also passed through a Q-Sepharose column as 

described by Nave et al.31 The purification was monitored by SDS-polyacrylamide 

electrophoresis in gradient slab gels (4% to 15%). Samples for these were dissociated at 

56°C for 20 min in SDS/urea, as described by Fritz et al.32. 

    

5.2.2: Skinned cardiomyocyte isolation 

Skinned cardiomyocytes were isolated as described previously 33. Briefly, mice 

were anesthesitized via isoflurane inhalation, sacrificed via cervical dislocation, and the 
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heart was rapidly (< 90 seconds) cannulated via the aorta.  The heart was then perfused 

for 4 min with perfusion buffer (113 NaCl, 4.7 KCl, 0.6 Na2HPO4, 1.2 MgSO4, 12 

NaHCO3, 10 KHCO3, 10 HEPES, and 30 taurine, all in mM) and then switched to 

digestion buffer (perfusion buffer plus 0.148 mg/ml Liberase blendzyme 2 (Roche 

Applied Science, IN, USA), 0.13 mg/ml of trypsin, 12.5 µM CaCl2) for 8-10 min. When 

the heart was flaccid, digestion was halted and the heart was placed in myocyte stopping 

buffer 1 (perfusion buffer plus 0.04 ml bovine calf serum (BCS)/ml buffer and 5 µM 

CaCl2). The left ventricle was cut into small pieces, triturated several times with a transfer 

pipet, filtered through a 300 µm nylon mesh filter and the filtered cells were gravity 

pelleted.  We added 10 ml of myocyte stopping buffer 2 (perfusion buffer plus 0.05 ml 

BCS/ml buffer and 12.5 µM CaCl2) and then skinned the cells in 1X relaxing solution 

(N,N-Bis(2-hydroxyethyl)-2-aminoethanesulfonate 40 mM, EGTA 10 mM, MgCl2 6.56 

mM, ATP 5.88 mM, dithiothreitol 1 mM, potassium propionate 46.35 mM, creatine 

phosphate 15 mM, pH 7.0) (chemicals from Sigma-Aldrich, MO, USA) with 1% Triton-

X-100 (Pierce, IL, USA) for 6 min and then quickly washed in 1X relaxing solution 

without Triton-X-100.  Finally, skinned cells were stored in 50% glycerol/50% relaxing 

solution at -20oC. 

5.2.3: In silico analysis 

According to Turk et al. 34 and Chen et al. 35  three MMP-2 cleavage motifs were 

chosen. These are PVS↓LRS, PVG↓LLA and L/ISR↓LTA with MMP-2 cleavage site 

indicated by the arrow. These consensus sequences were shown to be optimal MMP-2 

cleavage motifs and, importantly, they showed high selectivity towards MMP-2 in 

comparison to other MMPs including MMP-1, MMP-3, MMP-7, MMP-9 and          

MMP-14 34. These consensus sequences were aligned vs. N2B mouse and human titin 
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and the result was restricted to the top 20 with more than 60% homology using the SIM 

Alignment tool for protein sequence. 

5.2.4: Cleavage of native titin in skinned cardiomyocytes 

Skinned cardiomyocytes were incubated with human recombinant MMP-2 

catalytic domain (Enzo Life Sciences, 4-120 nM) with or without MMP inhibitors (10 

µM o-phenanthroline or ONO-4817) at 37°C for 60 min. This concentration of o-

phenanthroline inhibits MMP-2 activity under similar in vitro conditions 36.  The samples 

were denatured with 2X urea sample buffer (8 M urea, 2 M thiourea, 3% SDS, 75 mM 

dithiothreitol, 0.03% bromophenol blue, and 0.05 M Tris-HCl, pH 6.8) at 100°C for 3 

min, and the proteins were electrophoresed by 1% SDS-agarose and stained with 

Coomassie brilliant blue. 

5.2.5: In vitro degradation of titin 

Two micrograms of rabbit longissimus dorsi titin were incubated with human 

recombinant 64 kDa MMP-2 (Calbiochem, 500:1, 50:1 and 5:1, titin:MMP-2 molar 

ratios) in 50 mM Tris-HCl buffer (5 mM CaCl2 and 150 mM NaCl) at 37°C for 60 min. In 

additional experiments, MMP-2 was preincubated with either of the MMP inhibitors GM-

6001 (100 nM) or ONO-4817 (10 µM) for 15 min at 37°C before adding to titin. This 

concentration of GM-6001 was previously shown to inhibit the exogenously added 

MMP-2 activity under similar in vitro conditions 34, 36. The reaction mixtures were 

denatured with 2X urea sample buffer (8 M urea, 2 M thiourea, 3% SDS, 75 mM 

dithiothreitol, 0.03% bromophenol blue, and 0.05 M Tris-HCl; pH 6.8) at 100°C for 3 

min, and the proteins were separated by 2% SDS-PAGE strengthened with 0.5%   

agarose 37. Protein bands were visualized with silver stain (Invitrogen kit). 



172 

 

5.2.6: Isolated working rat heart- ex vivo model of I/R  

Male Sprague–Dawley rats (300–350 g) were anesthetized with sodium 

pentobarbital (60 mg/kg, ip). Hearts were isolated and paced at 300 beats per minute 

during perfusion at 37°C as working hearts 38 with 100 ml recirculating Krebs–Henseleit 

solution containing 118 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 25 

mM NaHCO3, 11 mM glucose, 100 µU/ml insulin, 2.5 mM Ca2+, 0.5 mM EDTA and 

0.1% bovine serum albumin; continuously gassed with 95% O2/5% CO2 (pH 7.4). The 

perfusate enters the left atrium at a hydrostatic preload pressure of 9.5 mmHg and the left 

ventricle ejects it against a hydrostatic afterload of 70 mmHg. Cardiac work (cardiac 

output x peak systolic pressure) was used as an index of mechanical function. After 25 

min of equilibration, hearts were either aerobically perfused for 85 min (Control, n=6) or 

subjected to 25 min global, no-flow ischemia followed by 60 min aerobic reperfusion 

without (I/R, n=7) or with 50 μM ONO-4817 (I/R + ONO-4817, n=8). ONO-4817, a 

selective MMP inhibitor (Ki in the nanomolar range for MMP-2 and almost no inhibitory 

activity up to 100 µM against several other proteases of different classes 39), was added to 

the perfusion buffer 10 min before the induction of ischemia. All hearts were perfused for 

a total of 110 min. At the end of perfusion the ventricles were rapidly frozen in liquid 

nitrogen and processed for titin analysis in ventricular extracts as described below.    

Additional series of hearts (Control n=5, I/R n=5, and I/R + ONO-4817 n=4) 

were perfused and processed for titin immunohistochemistry and confocal microscopy 

analysis for assessment of titin immunostaining. 

 Another six hearts were briefly perfused for 10 min at 37C with Krebs–

Henseleit buffer at a constant hydrostatic pressure of 70 mmHg to clear them of blood, 
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followed by processing for immunohistochemistry as described below to investigate the 

co-localization of titin and MMP-2 in the left ventricle. 

 This investigation conforms to the Guide to the Care and Use of Experimental 

Animals published by the Canadian Council on Animal Care. 

5.2.7: In vivo model of I/R  

I/R was induced in vivo by modifying a previously described protocol 40. Briefly, 

MMP-2 knockout and age-matched wild type male C57BL/6 mice were anaesthetized 

with isoflurane, intubated and kept on a heating pad to maintain body temperature at 

37C. The heart was exposed and the left anterior descending coronary artery was 

temporarily ligated with a 7-0 silk suture, with a piece of 4-0 silk placed between the left 

anterior descending coronary artery and the 7-0 silk. After 30 min of left anterior 

descending coronary artery occlusion, reperfusion was initiated by releasing the ligature 

and removing the 4-0 silk. The loosened suture was left in place to help identify the 

ischemic area of the left ventricle. After 30 min of reperfusion, the hearts were excised, 

the ischemic and non-ischemic regions of the left ventricle were dissected out under a 

magnifying glass and flash frozen in liquid nitrogen for titin analysis. 

5.2.8: Analysis of titin by gel electrophoresis 

Titin was analyzed in ventricular extracts using 1% vertical SDS-agarose gel 

electrophoresis as previously described 41. Briefly, the frozen ventricles were pulverized 

under liquid nitrogen and homogenized in urea sample buffer (8 M urea, 2 M thiourea, 

3% SDS, 75 mM dithiothreitol, 0.05 M Tris–HCl, 0.03% bromophenol blue, 25% 

glycerol and 10 μM leupeptin, 10 μM E64 and 0.5 mM phenylmethylsulfonylfluoride, pH 

adjusted to 6.8) (20:1 v/w buffer to tissue ratio). Samples were thoroughly vortexed and 
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then heated at 60°C for 10 min. The samples were again vortexed and subsequently 

centrifuged (12,000g for 5 min) at 4°C. The supernatant was removed and stored at -80°C 

until use. The integrated optical density of T1 titin (full-length titin), T2 titin (degradation 

product) and myosin heavy chain (MHC) were determined as a function of the volume of 

the solubilized protein sample that was loaded (a range of volumes was loaded onto each 

gel). The slope of the linear range of the relation between integrated optical density and 

loaded volume was obtained for each protein. The total titin (T1+T2):MHC and titin’s 

degradation product T2:MHC ratios were calculated as the slope of  titin (either T1 + T2 

or T2 alone) divided by the slope of MHC. 

5.2.9: Immunohistochemistry and confocal microscopy 

5.2.9.1 Co-localization of titin and MMP-2      

Rat hearts perfused aerobically for 10 min to flush them of blood or left 

ventricular tissue from the explanted heart of a heart transplant patient (procured with the 

help of Dr. Costas Schulze, Division of Cardiac Surgery, University of Alberta Hospitals) 

were fixed with 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.4) and 

cryoprotected with 30% sucrose in 0.1 M sodium phosphate buffer. The cryoprotected 

hearts were cryosectioned into 6 µm thick sections which were attached to glass slides 

coated with poly-L-lysine (Cat. No. 63410, Electron Microscopy Sciences, Hatfield, PA, 

USA) and dried at room temperature. The dried cryosections were rinsed twice (5 min 

each) in 0.5% Triton-X 100 in phosphate buffered saline (PBS, pH 7.4) and rinsed once 

in PBS for 5 min.  Double immunolabeling was accomplished by sequential staining of 

each primary antibody (mouse anti-MMP-2 IgG, 1:200 final dilution, Cat. No. 3308, 

Chemicon International; mouse anti-titin T12 IgG, 1:10 final dilution; rabbit anti-titin M8 

IgG, 1:200 final dilution, both titin antibodies provided by Dr. Elisabeth Ehler, King’s 
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College London, UK) for 16 h. The T12 antibody labels titin near the Z disc region of 

titin and the M8 antibody recognizes an epitope at the M line region of titin. Therefore, 

T12 and M8 antibodies were used to address the proximity of MMP-2 localization to 

either the N-terminus or C-terminus regions of titin, respectively. Secondary antibodies 

conjugated with fluorescent dyes (Cy3-donkey anti-mouse IgG, 1:25 final dilution, Cat. 

No. 715-165-151, Jackson ImmunoResearch Laboratories; Alexa488-donkey anti-rabbit 

IgG, 1:50 final dilution, Cat. No. A-21206, Invitrogen) were applied for 2 h. During 

incubation with any of the antibodies, 2% normal donkey serum was added. A solution of 

10 µM DRAQ5 (Biostatus Ltd., Leicestershire, UK) was applied to stain nuclei. To 

determine specificity of immunolabeling, primary or secondary antibodies were omitted. 

The immunolabeled cryosections were observed by confocal microscopy (LSM 

510, Carl Zeiss Co., Jena, Germany). Cy3 (red) was scanned with a helium/neon green 

laser (543 nm) with a band pass 565 - 615 nm filter (565 - 615 nm excitation). Alexa488 

(green) was captured using an argon laser (488 nm) with band pass 500 - 530 filter (500 - 

530 nm excitation). DRAQ5 (blue) for nuclei was obtained with a helium/neon red laser 

(633 nm) with a long pass 650 nm filter. All confocal images were exported as TIFF files 

without any modifications by LSM 510 Image. 

5.2.9.2 Titin 9D10 immunostaining       

At the end of the 110 min working heart perfusion protocol some Control, I/R or 

I/R + ONO-4817 hearts were fixed and cryoprotected as described above. The 

cryoprotected hearts were cryosectioned and dried at room temperature. The dried 

cryosections were rinsed and titin immunolabeling was accomplished using 9D10 

antibody (mouse anti-titin 9D10 IgM, 1:100, developed by Dr. Marion Greaser and 

available at the Development Studies Hybridoma Bank at the University of Iowa). 9D10 
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antibody is raised against the proline-glutamate-valine-lysine (PEVK) domain in the 

spring region of titin and is used to measure titin immunostaining in Control, I/R and I/R 

+ ONO-4817 groups. Secondary antibody conjugated with fluorescent dyes (Alexa488-

goat anti-mouse IgM, 1:40, Cat. No. 20142, Invitrogen) were applied. DRAQ5 was 

applied to stain nuclei. To determine specificity of immunolabeling, primary or secondary 

antibodies were omitted. The immunolabeled cryosections were observed by confocal 

microscopy for Alexa488 and DRAQ5 as above. 

5.2.9.3. Three dimensional surface rendered image construction  

Z-stack images obtained from the LSM 510 were reconstructed to three 

dimensional images and surface rendered using the Inside 4D module of AxioVison 

software (Version 4.6, Carl Zeiss Co., Jena, Germany). The same configuration of the 

Inside 4D module was applied to all images. 

5.2.10: Overlay assay to determine MMP-2 binding to titin 

Skinned muscle fibers, stored in relaxing solution (40 mM (N,N-Bis(2-

hydroxyethyl)-2-aminoethanesulfonate pH 7.0, 10 mM EGTA, 6.56 mM MgCl2, 5.88 

mM ATP, 1 mM dithiothreitol, 46.35 mM potassium propionate and 15 mM creatine 

phosphate) for 24 h post-dissection, were incubated with 0.75 ug/ml of trypsin from 

bovine pancreas (Sigma, T9201) in relaxing solution for 10 min at room temperature. The 

fibers were solubilized with a glass pestle, in solubilization buffer (750 µl of 8 M urea, 2 

M thiourea, 3% SDS, 50 mM Tris-HCL pH 6.8, 0.03% bromphenol blue, 250 µl of 50% 

glycerol with leupeptin, E-64, and phenylmethylsulfonylfluoride, and 23 mg of 

dithiothreitol), heated for 5 min at 65ºC and centrifuged 11,000 g for 10 min to remove 

the particulate fraction. The proteins of the samples were separated by electrophoresis on 

1% agarose gel SDS-PAGE and run with Fairbank’s buffer (50 mM Tris-HCl pH 7.5, 384 
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mM glycine, 0.1% SDS, 10 mM 2-mercaptoethanol) for 3 h and 20 min at 15 mA. Then 

the proteins were transferred to a PVDF (Millipore) membrane, 2 h and 30 min at 1.33 

mA/cm2, and stained with Ponceau S to visualize the protein bands. 

 The overlay assay was performed using the transferred membrane as described 

previously 42 followed by western blot.  Briefly, membranes were blocked in blocking 

buffer (Odyssey, 927-40000) for 1 h followed by a 4 h incubation with recombinant 

MMP-2 (active human; EMD, PF023), 100 nM in 10 ml blocking buffer (1.3l/20 ml).  

Both steps were performed at room temperature on a gentle rocker.  Following 

incubation, the blot was washed 3 X 5 min with 10 ml of blocking buffer and then 

incubated with primary antibody (MMP-2 (1:250), Millipore; MAB3308, mouse 

monoclonal, 2 mg/ml). Following overnight incubation with the primary antibody in 

blocking solution (0.05% Tween-20) membranes were washed with 0.1% Tween-20 in 

phosphate-buffered saline, subjected to secondary antibodies labeled with IR dyes (Goat 

anti mouse 1:20,000. 800 green) for 1 h, and washed again with 0.1% Tween-20 in 

phosphate-buffered saline. Membranes were scanned using a Li-Cor Odyssey infrared 

imager at 700 nm and 800 nm. 

5.2.11: Statistical analysis 

Results are expressed as mean ± S.E.M. for n hearts. As appropriate, one-way 

ANOVA or repeated measures two-way ANOVA followed by Tukey’s post hoc test were 

used. Differences were considered significant at p < 0.05. 
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5.3: Results 

5.3.1: Co-localization of MMP-2 and titin near the Z disc region of the cardiac 

sarcomere               

We first investigated whether MMP-2 is localized to titin in the cardiac 

sarcomere. In this regard, we used and validated two different anti-titin antibodies which 

target specific epitopes (Figure 5.1A). The T12 antibody labels titin near the Z disc region 

of titin and the M8 antibody recognizes an epitope at the M line region of titin. Images 

obtained by immunohistochemistry followed by confocal microscopy showed that T12-

immunoreactivity distributes near Z-lines and M8-immunoreactivity is alternatively 

distributed at M-lines without overlapping (Figure 5.1B). Images obtained using anti-

MMP-2 and anti-titin T12 in left ventricle sections from 10 min aerobically perfused rat 

hearts showed clear co-localization of MMP-2 to the Z disc region of titin (Figure 5.2). 

When using anti-titin M8, we observed a weaker localization of MMP-2 to this region of 

titin (Figure 5.2). These data suggest that MMP-2 localizes mainly near the Z-disc region 

of the sarcomere, with a secondary and weaker localization near the M-line portion in the 

titin molecule.  

5.3.2: MMP-2 binds and cleaves titin in a concentration-dependent manner 

In silico mapping of MMP-2 cleavage sites in both human and mouse N2B titin 

revealed multiple putative sites in both I-band and A-band titin regions, including near 

the Z-line terminus of titin. These sites show more than 60% homology to the three 

MMP-2 cleavage motifs (Figure 5.3). Moreover, human recombinant MMP-2 was able to 

bind to titin prepared from skinned muscle fibers as shown by the overlay assay method 

(Figure 5.4). Next we tested the susceptibility of purified titin to proteolytic degradation 
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by MMP-2 in vitro. Incubation of titin with MMP-2 (60 min, 37°C) at increasing MMP-

2:titin molar ratios (1:500, 1:50 and 1:5) caused titin degradation in a concentration-

dependent manner (Figure 5.5A). Inhibition of MMP-2 activity with GM-6001 or ONO-

4817 prevented titin cleavage by MMP-2 (Figure 5.5B). To determine whether MMP-2 

directly cleaves cardiac titin in situ, we incubated skinned mouse cardiomyocytes with 

increasing concentration of MMP-2 (60 min, 37°C). This resulted in concentration-

dependent cleavage of cardiac titin (T1) as shown by the increased level of the 

degradation product of titin (T2) with increasing MMP-2 concentration (Figure 5.6A). 

Inhibition of MMP-2 activity with o-phenanthroline or ONO-4817 prevented titin 

cleavage by MMP-2 (Figure 5.6B).  

5.3.3: Effect of ONO-4817 on functional recovery of I/R hearts 

Isolated working rat hearts were perfused for 110 min under one of three 

conditions: (1) aerobic perfusion (Control); (2) 25 min of global, no-flow ischemia and 60 

min of aerobic reperfusion (I/R); or (3) I/R in the presence of a selective MMP inhibitor, 

ONO-4817 (I/R + ONO-4817, Figure 5.7A). Control hearts showed no significant loss of 

mechanical function over 110 min of aerobic perfusion (Figure 5.7). I/R hearts showed 

markedly reduced recovery of mechanical function during reperfusion in comparison with 

control hearts (Figure 5.7B). The recovery of cardiac work during reperfusion was 

significantly improved following MMP inhibition with ONO-4817 compared to the I/R 

group (Figure 5.7B). 
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5.3.4: Myocardial I/R causes titin cleavage, an effect diminished by an MMP 

inhibitor 

To investigate whether MMP-2 can cleave titin in the intact heart under 

pathophysiological conditions, titin content was assessed using 1% vertical SDS-agarose 

gels in ventricular extracts prepared from the Control, I/R or I/R + ONO-4817 hearts. 

Ventricular extracts from control hearts revealed a titin band at ~3000 kD (Figure 5.8A). 

I/R caused a significant increase in T2 band density, an effect abolished in the I/R + 

ONO-4817 hearts (Figure 5.8A). Quantification of total titin/MHC ratio showed that I/R 

did not significantly change this ratio as compared to control hearts (Figure 5.8B) 

whereas T2/MHC ratio significantly increased in I/R hearts. ONO-4817 abolished the 

I/R-induced increase in the T2/MHC ratio (Figure 5.8C). These observations were further 

confirmed by immunohistochemistry experiments using the anti-titin 9D10 antibody, 

raised against the PEVK domain in the spring region of titin. Titin immunostaining was 

significantly reduced by I/R whereas ONO-4817 treatment preserved titin 

immunostaining to a level comparable to control (Figure 5.8D). 

5.3.5: Titin degradation is reduced in hearts from MMP-2 knockout mice subjected 

to I/R injury in vivo 

We next determined whether genetic ablation of MMP-2 could influence titin 

degradation in cardiac muscle. Mouse hearts subjected in vivo to left anterior descending 

coronary artery ligation for 30 min followed by 30 min reperfusion exhibited titin 

degradation which was significantly less in MMP-2 knockout hearts than in wild type 

control hearts (Figure 5.9). 
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5.3.6: MMP-2 localizes near the Z-disc region of titin in the human heart 

Immunostaining of sections prepared from the left ventricle of an explanted heart 

from a patient undergoing heart transplantation showed co-localization of MMP-2 and 

titin mainly near the Z-disc, with a weaker co-localization at the M-line. In comparison to 

the rat heart, MMP-2 immunostaining in the human heart was more diffuse yet still 

showed a sarcomeric staining pattern (Figure 5.10). 

 

5.4: Discussion 

In this study we demonstrated that the giant sarcomeric protein, titin, is a target of 

the proteolytic activity of MMP-2 in the setting of acute myocardial I/R injury. 

Immunohistochemical analysis shows that MMP-2 clearly co-localizes with titin near the 

Z-disc region of the sarcomere in both rat and human hearts. We established that under in 

vitro conditions MMP-2 is able to bind to and cleave titin in a concentration-dependent 

manner. The proteolytic action of MMP-2 is blocked by the selective MMP inhibitors, 

GM-6001 and ONO-4817, verifying that the cleavage is indeed due to MMP activity. 

ONO-4817 not only improves the functional recovery after I/R in isolated rat hearts but 

also prevents the significant increase in the titin degradation product T2 caused by I/R 

injury, indicating that titin degradation is reduced when MMP activity is inhibited. 

Furthermore, hearts from MMP-2 knockout mice subjected to in vivo I/R injury show 

less titin degradation in comparison to wild type controls. Titin proteolysis has been 

observed in various human heart diseases associated with increased myocardial oxidative 

stress including dilated cardiomyopathy, the terminally failing heart and Chagas’ 

cardiomyopathy 27, 28, 43, however the protease(s) responsible for this was not identified. 
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MMPs are best known as proteases responsible for the degradation and 

remodeling of extracellular matrix proteins in both physiological and pathological 

conditions, including various cardiac pathologies. However, the discovery of the 

intracellular localization 14, 16, 18, 22 and functions of MMP-2 to proteolyze TnI 14, 22 MLC-1 

15 and α-actinin 17 during myocardial oxidative stress injury challenged the canonical 

notion of extracellular-only actions of this enzyme. In previous studies we showed that 

ONOO¯ biosynthesis in I/R rat hearts peaks within the first minute of reperfusion 2 and 

the peak in MMP-2 activity follows at 2 to 5 minutes of reperfusion 11. Infusion of 

ONOO¯ into isolated perfused rat hearts 44 or isolated cardiomyocytes 45 caused a time- 

and concentration-dependent contractile dysfunction which was abrogated with MMP 

inhibitors.  In vitro, ONOO¯
 
was shown to directly activate MMP-2 via a non-proteolytic 

mechanism involving S-glutathiolation of the propeptide cysteine sulphydryl group 4. 

Indeed, this intracellular activity of MMP-2 upon I/R injury caused proteolytic 

degradation of specific sarcomeric (TnI 14 and MLC-1 15) and cytoskeletal (α-actinin 17) 

proteins which are susceptible to its proteolytic activity. 

MMP-2 is localized within the cardiac sarcomere including near to the Z-discs 14-

16. These previous observations are supplemented by the current data showing clear co-

localization of MMP-2 near the Z disc region of titin using the T12 clone in rat (Figure 

5.2) and human (Figure 5.10) hearts.  Several studies show that titin interacts with α-

actinin at the Z-disc of the sarcomere and this interaction plays a crucial role in Z-disc 

assembly and sarcomeric integrity 46-48. Interestingly, MMP-2 was found to not only co-

localize with α-actinin in the Z-disc of cardiac sarcomeres 16, 17 but also degrades it 

following ONOOˉ infusion into isolated rat hearts 17. The M8 titin antibody (raised 

against the M-line region of titin) shows a weaker localization of MMP-2 to this region of 
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titin. Although our data do not rule out the possible localization of MMP-2 also to other 

region(s) of titin, they do suggest that a main MMP-2 anchoring site is at/near the Z-disc 

of the sarcomere.  

Titin is the third myofilament (in addition to thick and thin myofilaments) of the 

sarcomere that plays an important role in sarcomere integrity and cardiac muscle 

contraction 23. Any alterations in its structure could severely affect the contractile 

performance of the heart. The increase in T2 titin and the decrease in titin 

immunostaining after I/R injury observed here (Figure 5.8) was associated with poor 

cardiac mechanical recovery during reperfusion (Figure 5.7). These effects are likely at 

least in part due to titin degradation by MMP-2, given the co-localization of MMP-2 with 

titin near the Z-disc of cardiac sarcomeres, the susceptibility of titin to degradation by 

MMP-2 and the reduction in I/R-induced titin degradation in hearts from MMP-2 

knockout mice or in rat hearts where MMP activity was selectively blocked with ONO-

4817. A significant increase in MMP-2 activity was seen in the heart after experimental 

Trypanosoma cruzi infection (the parasite responsible for Chagas’ disease) and mortality 

was markedly reduced upon treatment with an MMP inhibitor, suggesting a role of 

MMP-2 in mediating the acute Chagas’ cardiomyopathy 49. Putative titin degradation 

products were detected in the plasma of patients with Chagas’ disease 43, further 

supporting a role of MMP-2 in titin degradation. Moreover, myocardial infarction is 

associated with a significant right shift in the left ventricle pressure-volume relation (an 

observation which is consistent with titin degradation in the heart) and the broad 

spectrum MMP inhibitor  PD-166793 was shown to protect against this shift 50. Although 

cardiac mechanical function at the end of perfusion is inversely related with T2/MHC 

ratios in hearts (Figures 5.7B and 5.8C), caution is needed in relating this effect 

exclusively to titin degradation. As mentioned above, other sarcomeric/cytoskeletal 
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proteins including TnI, MLC-1 and α-actinin are also susceptible to degradation by 

MMP-2 under conditions of myocardial oxidative stress injury. However, our work 

clearly suggests that titin proteolysis is an important factor that negatively impacts 

myocardial contractility upon I/R injury. 

Titin content in rat ventricles was investigated here by SDS-agarose gel 

electrophoresis or immunofluorescence staining against titin epitopes at the PEVK 

domain. Our electrophoresis results showed the approximate 60% elevation in the 

T2/MHC ratio in the I/R group in comparison with aerobic control hearts. 

Immunofluorescence data also showed a reduction of titin immunostaining in I/R group 

using the 9D10 antibody. In addition to degradation, post-translational modifications of 

titin may have occurred upon I/R that led to diminished binding of titin antibodies to the 

specific epitopes. Post-translational modifications of many cardiac 

myofilament/cytoskeletal proteins during I/R, including actin 51 and MLC-1 52, have been 

reported in previous studies.  

Our study does not rule out the possible action of other proteases in titin 

degradation. Calpains are most likely involved in sarcomeric protein degradation after 

ischemic episodes more severe than that observed in our model 53. Indeed, calpain was 

shown to be able to cleave titin only after 24 h doxorubicin treatment of rat 

cardiomyocytes 54. The ubiquitin-proteasome system is another proteolytic pathway that 

may be involved in titin degradation. Increased proteasome activities have been reported 

in various models of I/R injury 55-57. Moreover, the E3 ubiquitin-ligase MURF1 is known 

to be associated with the M-line region of titin 58 and ubiquitinates titin in yeast two-

hybrid screens 59. In a rat heart failure model, both a loss of titin 60 and an increase in 

MMP-2 gene expression 61 were observed in diaphragm muscle. However, in our short-
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term experiments we did not observe a significant loss in intact titin upon I/R injury. We 

speculate that MMP-2 activation results not only in titin cleavage but it may also trigger a 

cascade of proteolytic events leading to titin loss several hours after reperfusion.  

In conclusion, the present results indicate that MMP-2 cleaves titin during either 

ex vivo or in vivo I/R injury. Furthermore, MMP-2 inactivation by pharmacologic or 

genetic approaches protects against titin degradation. Our previous findings of TnI 14, 

MLC-1 15 and α-actinin 17 cleavage by MMP-2, in addition to our current results with 

titin, suggest that MMP-2 plays a crucial role in the pathogenesis of acute I/R injury at 

the level of the sarcomere and cytoskeleton. Whether MMP-2 causes contractile protein 

alterations in other cardiac pathologies needs further investigation. Pharmacological 

inhibition of MMP activity could represent a useful strategy for the prevention and/or 

treatment of myocardial I/R injury.  
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Figure 5.1 A, Schematic representation of titin (N2B isoform) showing T12 and M8 

epitopes near the Z-disc and at the M-line regions, respectively. B, Three dimensional 

rendered images of T12 and M8 epitopes of titin in sarcomeres of the left ventricular 

myocardium in aerobic normal control. a-c show frontal views of distributions of T12 

(red) and M8 (green). d-f show clipping views of distributions of T12 (red) and M8 

(green). Nuclei are blue in all images. Experiments done by M. A. Ali and W. Cho.   
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Figure 5.2 Co-localization of MMP-2 and titin at the Z disc region of the left ventricular 

cardiac sarcomere in 10 min aerobically perfused rat hearts (longitudinal sections). MMP-

2 shows better co-localization with T12 than M8 epitope of titin in the sarcomere of left 

ventricular myocardium. MMP-2-immunoreactivity reveals at Z-lines with high density 

as well as M-lines with low density. T12 epitope reveals at only Z-lines and M8 epitope 

reveals at only M-lines. a-c shows that high density of MMP-2 (green) co-localizes 

(yellow) with T12 epitope (red) at the Z-lines. d-f shows that low density of MMP-2 (red) 

co-localizes (yellow) with M8 epitope (green) at M-lines. Scale bar is 5 m for all images 

except for the enlarged portion of c illustrating the Z- and M-lines. Experiments done W. 

Cho and M. A. Ali.   
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Figure 5.3 Possible MMP-2 cleavage sites within mouse and human N2B titin. A, Titin 

schematic indicating putative MMP-2 cleavage sites (*). Possible cleavage sites are 

located in both the I-band including near the Z-disc and the A-band of titin. Panel B lists 

the putative MMP-2 cleavage sites in mouse and human titin shown in A; data are based 

from three consensus cleavage motifs: PVSLRS, PVGLLA, and L/ISRLTA. Number 

correlates with the initial amino acid that is in parenthesis listed in the left column. 

Experiments done by M. A. Ali and B. Hudson. 
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Figure 5.4  MMP-2 binds to titin in vitro. A, Coomassie blue stain following 

electrophoretic separation of proteins from skinned muscle fibers treated for 10 min with 

trypsin, in order to increase T1 degradation to T2, and used for overlay/WB analysis seen 

in B. B, Overlay assay showing MMP-2 binding to both T1 and T2. C, Quantification of 

the overlay/WB analysis T1. p  0.001 (One-way ANOVA, n= 3), MHC (myosin heavy 

chain). Experiments done by B. Hudson. 
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Figure 5.5 In vitro degradation (60 min, 37°C) of rabbit longissimus dorsi titin by MMP-

2. A, MMP-2 cleaved titin in a concentration-dependent manner (1:500, 1:50 and 1:5 

MMP-2:titin molar ratios). B, The cleavage of titin by MMP-2 was prevented by 

inhibiting the activity of MMP-2 with GM-6001 (100 nM) or ONO-4817 (10 µM). 

Experiments done by M. A. Ali and B. Hudson. 
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Figure 5.6 In vitro incubation (60 min, 37°C) of skinned cardiomyocytes with MMP-2. 

A, MMP-2 cleaved cardiac titin in a concentration-dependent manner (4-120 nM). B, The 

cleavage of titin by MMP-2 was prevented by inhibiting the activity of MMP-2 with 10 

µM MMP inhibitors o-phenanthroline (o-ph) or ONO-4817. T1, full-length titin; T2, titin 

degradation product. The figure is a representative of three experiments with similar 

results. Experiments done by M. A. Ali and B. Hudson.     
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Figure 5.7 Mechanical recovery of isolated perfused working rat hearts subjected to 25 

min global, no-flow ischemia followed by 60 min reperfusion without (I/R) or with 50 

μmol/L ONO-4817 (I/R + ONO-4817) in comparison with aerobically perfused control 

hearts. A, Schematic representation of the perfusion protocols for Control (n=6), I/R 

(n=7) and I/R + ONO-4817 (n=8) groups. B, Time course of changes in cardiac work of 

isolated working rat hearts. ** p < 0.001, * p < 0.05 versus corresponding values of I/R 

group (Two-way ANOVA). Experiments done by M. A. Ali. 
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Figure 5.8 Titin degradation in ischemic-reperfused rat hearts. A, Representative SDS-

agarose gel for analysis of titin in ventricular extracts. Titin (T1) and titin degradation 

product (T2) in ventricular homogenates from control, I/R and I/R + ONO-4817 hearts 

analyzed using a 1% vertical SDS-agarose gel. MHC (myosin heavy chain). BLV (bovine 

left ventricle) was used as a standard and shows N2BA and N2B isoforms of titin; note 

that the majority of rat heart titin is the N2B isoform. Each lane is an extract from 

individually perfused hearts. B, Ratio of total titin (T1 + T2) to MHC content (n=6 in 

each group). C, Ratio of T2 titin to MHC content (n=6 in each group). * p < 0.05 versus 

control (One-way ANOVA, Tukey’s post hoc test). D, Representative left ventricular 

cryosections immunostained against titin epitope 9D10. Titin immunostaining using the 

9D10 antibody (raised against the proline-glutamate-valine-lysine, PEVK, domain) was 

decreased in I/R hearts compared to control, whereas staining intensity was comparable 

between I/R + ONO-4817 and control hearts. Scale bar is 10 m for all images. Images 

are representative of at least four individual hearts investigated under each condition. 

Experiments done by M. A. Ali, B. Hudson and W. Cho. 
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Figure 5.9 Titin degradation in MMP-2 knockout and wild type mouse hearts subjected 

to I/R in vivo. A, Representative 1% vertical SDS-agarose gel shows titin isoforms 

(N2BA and N2B) and titin degradation product T2 in left ventricle from Sham or in 

ischemic regions from I/R groups in either wild type or MMP-2 knockout mice. B, 

Quantification of T2 titin to total titin ratios (n=6 in each group). *p < 0.01 versus Sham 

control (One-way ANOVA, Tukey’s post hoc test). WT (wild type), KO (MMP-2 

knockout). Experiments done by Z. Kassiri and B. Hudson. 
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Figure 5.10 Co-localization of MMP-2 and titin near the Z-disc in diseased human heart. 

Left ventricle sections were used from the explanted failing heart from a patient receiving 

a heart transplant.  a-d shows that high density of MMP-2 (green) co-localizes (yellow) 

with T12 epitope (red) at the Z-lines. e-h shows that low density of MMP-2 (red) co-

localizes (yellow) with M8 epitope (green) at M-lines. BF (bright field images). Scale bar 

is 10 m. Experiments done by M. A. Ali and W. Cho. 
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6.1: Conclusions 

Coronary heart diseases are the leading cause of mortality and morbidity in 

Canada. Heart attacks (acute myocardial infarction) occur due to reduced coronary blood 

flow, thus the supply of oxygen and nutrients to the affected part of the heart is 

compromised (ischemic heart), as well as the removal of metabolic wastes. After an acute 

myocardial infarction, early restoration of blood supply to the ischemic heart (myocardial 

reperfusion) is, not surprisingly, the most effective rescue strategy for reducing infarct 

size and improving clinical outcome in patients. Myocardial reperfusion can be attained 

either pharmacologically (with thrombolytics), surgically (coronary artery bypass 

grafting) or by a minimally invasive approach (percutaneous coronary intervention). 

Surprisingly, myocardial reperfusion can cause further injury, termed I/R injury, which 

paradoxically reduces the beneficial effect of reperfusion therapy. I/R injury can arguably 

explain why despite successful reperfusion, the mortality rate and the incidence of heart 

failure after an acute myocardial infarction approach 10% and 25%, respectively 1. This 

necessitates development of strategies to ameliorate I/R injury which will have a great 

impact in improving clinical outcomes in acute myocardial infarction.  

Though important inroads have been achieved in studying myocardial I/R injury, 

its exact mechanism(s) has not been fully elucidated. Furthermore, pharmacological 

agents used clinically to amend I/R injury are almost lacking. 

In 2000, the Schulz lab published a key study implicating the proteolytic activity 

of MMP-2 in I/R injury of the heart and suggested the use of MMP inhibitors as a novel 

pharmacological therapy in reperfusion injury2. Despite its well-known role in 

extracellular matrix remodelling following an infarct, this study underscored that MMP-2 

role in I/R injury goes beyond its role in remodelling, and in a rapid time frame of 
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minutes as opposed to hours or days. MMP-2 activity was shown to be a causative factor, 

in part, in the acute myocardial contractile dysfunction seen early during reperfusion after 

ischemia, otherwise known as stunning injury. Although substrates of MMP-2 that could 

explain this effect were lacking in this study, evidence was provided excluding 

extracellular matrix degradation/remodelling. This further motivated rigorous research in 

the lab in order to identify potential novel substrates of MMP-2 in the heart which are 

proteolyzed as a result of acute I/R injury. Two years later, TnI, a protein in the thin 

myofilaments which regulates actin-myosin interaction, was discovered as a novel target 

of MMP-2 in myocardial I/R injury 3. To the surprise of many, in particular to MMP 

researchers, this substrate is an intracellular rather than an extracellular protein which 

challenged the paradigm of the actions of MMP-2 at that time. The fact that MMPs were 

first described as secreted proteases which bear a secretory signal sequence at their N-

termini, and the lack of molecular mechanism(s) to explain the intracellular localizations 

of MMP-2 which the Schulz laboratory subsequently discovered, created some resistance 

within the research community to further investigate the novel intracellular biology of 

MMP-2. 

In this thesis I provided at least two mechanisms by which MMP-2 can reside 

intracellularly. First, a splice variant of MMP-2 which lacks the secretory signal sequence 

is expressed in both neonatal and adult human cardiomyocytes which makes it 

exclusively present in the cytosol. In addition, the signal sequence of canonical MMP-2 is 

inefficient and does not restrict it only to the secretory pathway, resulting in a 

considerable portion of canonical MMP-2 which also resides in the cytosol. Given that 

the splice variant mRNA is expressed at only 10% of that of canonical MMP-2 in 

cardiomyocytes, it appears that canonical MMP-2 which is inefficiently targeted for 

secretion and thus remains in the cytosol, is likely the major intracellular moiety of 
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MMP-2. Moreover, in neonatal cardiomyocytes exposed to oxidative stress injury, the 

degradation of a known cardiac MMP-2 substrate, TnI, was particularly enhanced when 

the intracellular pool of MMP-2 was increased by increasing the expression of the splice 

variant MMP-2. Therefore, the work in Chapter 2 will bridge a large gap in our 

knowledge as it demonstrates how MMP-2 comes to reside within the cell. Accordingly, 

it should stimulate hosts of researchers to considerably broaden their horizons as to where 

MMP-2, and likely also other MMPs, can have biological actions, not only outside the 

cell. Likewise, Chapter 2 added another piece of puzzle to explain why despite the 50 

years of research providing evidence for the role of MMPs in various pathologies 

including atherosclerosis, osteoarthritis and cancer (to name a few), the clinical use of 

MMP inhibitors in such diseases (with the exception of a sub-antimicrobial dose 

formulation of doxycycline in chronic periodontitis (Periostat®) and rosacea (Oracea®)) 

seems still in its infancy. 

MMP-2 is suggested to play a role in cell death induced by oxidative stress injury 

in various cell types including cardiomyocytes 4-6. However, the mechanism(s) and/or the 

substrate(s) targeted by MMP-2 to induce cell death were missing in these studies. The 

aim of Chapter 3 was to further investigate the possible role of MMP-2 in cell death 

especially in cardiomyocytes. In light of the findings of Chapter 2, I hypothesized that 

MMP-2 targets intracellular rather than extracellular substrates to effect cell death. 

Treating neonatal cardiomyocytes with hydrogen peroxide led to elevated MMP-2 level 

and activity in a time-dependent manner with maximal effects seen within 4 h when using 

200 M. Hydrogen peroxide caused necrotic cell death by disrupting the plasmalemma as 

evidenced by the release of lactate dehydrogenase into the culture medium in a 

concentration- and time-dependant manner as well as by the necrotic signature of PARP-

1 cleavage. The absence of both caspase-3 cleavage/activation and apoptotic cleavage of 
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PARP-1 illustrated the weak contribution of apoptosis in hydrogen peroxide-induced 

cardiomyocyte death. Despite previous studies using hydrogen peroxide to stimulate 

cardiomyocyte apoptosis (e.g. see 7), that hydrogen peroxide is, in our hands, too strong a 

stimulus and promotes necrosis over apoptosis. However, I found that pretreatment with 

selective MMP inhibitors (GM-6001 or ONO-4817) did not protect against hydrogen 

peroxide-induced necrosis. Chapter 3 concluded that hydrogen peroxide increases the 

level and activity of MMP-2 and induces necrotic cell death in cardiomyocytes, yet, the 

later effect is independent of MMP-2 activity. This work cautions against the use of 

hydrogen peroxide to trigger apoptosis in neonatal cardiomyocytes. Thus, there is still a 

need for further investigations to unravel the exact role of MMPs or other proteases in 

mediating cell death following oxidative stress. 

  It has been found during myocardial I/R injury MMP-2 proteolyzes specific 

sarcomeric proteins, some of these are also known to be cleaved by a cytosolic Ca2+-

dependent protease, calpain-1. Cleavage of these sarcomeric proteins rapidly impairs 

cardiac contractile function. Despite the lack of evidence showing clear co-localization of 

calpain to these sarcomeric proteins in cardiomyocytes, some calpain inhibitors were 

shown to significantly improve the recovery of myocardial contractile function, in a 

similar manner to MMP-2 inhibitors. In Chapter 4, I demonstrated that the protective 

effects of some calpain inhibitors may be due in part to their ability to inhibit MMP-2 

activity. I tested four calpain inhibitors (calpain inhibitor III, ALLM, ALLN, and PD-

150606) for their ability to inhibit MMP-2 in comparison to the selective MMP inhibitor 

ONO-4817. At 100 μM, all calpain inhibitors except ALLM showed significant inhibition 

of MMP-2 gelatinolytic activity. On the other hand, ONO-4817 did not inhibit calpain-1 

activity in a concentration up to 100 M. When assessed using the TnI degradation assay, 

both ALLN and PD-150606, but not ALLM or calpain inhibitor III (all at 20 μM), 
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significantly inhibited MMP-2 catalytic activity. Using the OmniMMP substrate kinetic 

assay, I determined the IC50 values of PD-150606 and ALLN to be 9.3 µM and 21.9 µM, 

respectively (compared to 0.00025 µM for ONO-4817). These experiments showed that 

the calpain inhibitors PD-150606 and ALLN have significant additional pharmacological 

activity as MMP-2 inhibitors. This chapter suggests that the protective effects of some 

calpain inhibitors previously observed during I/R injury of the heart (and likely also in 

our injury models in other tissues and organs) may be due to their ability to inhibit MMP 

activity. Also, I showed that the selective MMP inhibitor ONO-4817 is devoid of any 

calpain-1 inhibitory activity. 

As mentioned above, previous studies from the lab reported that MMP-2 is 

localized to the cardiac sarcomere and upon activation in I/R injury proteolyzes specific 

myofilament proteins including TnI, MLC-1 and α-actinin. In the light of these studies, 

Chapter 5 determined that titin is another important sarcomeric substrate for MMP-2 and 

its degradation during I/R contributes to cardiac contractile dysfunction. Titin is the 

largest mammalian (~3000-4000 kD) and myofilament protein which also acts as a 

molecular spring, contributing to the passive tension of myofibrils and maintaining the 

structural and functional stability of the cardiac sarcomere. Titin is a crucial determinant 

of both systolic and diastolic function and the Frank-Starling mechanism of the heart. 

Loss of titin in ischemic hearts has been reported 8, 9, however, the protease(s) responsible 

for titin degradation was a missing piece of knowledge in those studies.  

I used immunohistochemistry and confocal microscopy in rat and human hearts 

and showed the discrete co-localization between MMP-2 and titin in the Z-disc region of 

titin and that MMP-2 is mainly localized to titin near the Z-disc of the cardiac sarcomere. 

Both purified titin and titin in skinned cardiomyocytes were proteolyzed when incubated 
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with MMP-2 in a concentration-dependent manner and this was prevented by MMP 

inhibitors. Isolated rat hearts subjected to I/R injury showed cleavage of titin in 

ventricular extracts by gel electrophoresis which was confirmed by reduced titin 

immunostaining in tissue sections. Inhibition of MMP activity with ONO-4817 prevented 

I/R-induced titin degradation and improved the recovery of myocardial contractile 

function. Titin degradation was also reduced in hearts from MMP-2 knockout mice 

subjected to I/R in vivo, compared to wild type controls. That chapter, therefore, shows 

that MMP-2 plays an important role in titin homeostasis, which directly affects the 

contractile function of the heart at the sarcomeric level. Moreover, that study highlights 

an interesting link between the two components responsible for myocardial stiffness: the 

extracellular matrix (also known to be degraded by MMPs including MMP-2) and titin 

filaments inside the cardiomyocyte. The remodeling of both components may now be 

deemed a characteristic of many heart diseases with detrimental effects on cardiac 

contractile function. 

Figure 6.1 depicts the new findings in this thesis regarding the mechanisms of 

cytosolic targeting of MMP-2 and its cardiac sarcomeric protein substrates in the context 

of previous observations of MMP-2 post-translational modification.   

6.2: Limitations 

 In general, there are some limitations to the experimental approaches which were 

taken that should be acknowledged and considered in future studies and in order to 

prevent over- or misinterpretation of the data. 

 In Chapter 2, in order to assess the differential subcellular localization of 

canonical and splice-variant MMP-2, chimeric proteins which are tagged with 
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hemagglutinin at the C-terminus were expressed in cultured cells instead of the native 

protein sequence. However, the tag enabled me to readily differentiate between the 

expressed and endogenous MMP-2 in cells. Also, although the expression levels of 

MMP-2 protein from all different constructs were similar, this level is still higher than 

that seen for the endogenous MMP-2 under normal physiological conditions. To quantify 

the amount of MMP-2 which resides in the cytosolic and membrane fractions, I 

performed subcellular fractionation followed by western blotting. However, the use of 

secondary antibodies and the ECL detection methods to amplify the signal to detectable 

levels render the western blotting technique a semi-quantitative method rather than a fully 

quantitative one. Additionally, post-translation modifications of MMP-2 may affect the 

primary antibody affinity in an unpredictable manner. This is relevant in this study 

especially since post-translation modifications of MMP-2 in the cytosol 10, 11 are predicted 

to be different than MMP-2 which is processed in the ER and Golgi system 12. I showed 

that around 40% of the intracellular canonical MMP-2 escaped the secretory pathway and 

remained in the cytosol. However, the study does not totally exclude the possibility 

whether this canonical MMP-2 found in the cytosol entered the ER secretory pathway 

and routed back into the cytosol by some unknown mechanism.  

 In Chapter 3, I demonstrated that apoptosis contributed minimally to hydrogen 

peroxide induced cardiomyocyte death. This conclusion was drawn due to the absence of 

caspase-3 cleavage and/or activation in this cell death model under my experimental 

conditions. However, it is worth mentioning that apoptosis can also occur in a caspase-

independent pathway that was not investigated here. Also, MMP inhibitors did not 

mitigate necrotic cell death in cardiomyocytes. Although, this indicates that hydrogen 

peroxide-induced necrosis occurs in an MMP-2 independent manner in cardiomyocytes, 

it does not totally exclude the possible role of MMP-2 in other types of cell death 
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including apoptosis or autophagy. MMP-2 activity was shown to significantly increase 

with 200 M hydrogen peroxide treatment in a time-dependent manner as assessed by 

gelatin zymography technique. This technique is highly sensitive and reproducible, 

however, several limitations can be accounted to it. More importantly, the non-reducing 

condition of the gel activates latent MMPs as well as dissociates MMPs from their 

protein inhibitor complexes (eg. TIMPs, caveolin-1 13, etc) during electrophoresis. This 

means that the increase in MMP-2 gelatinolytic activity in the cell lysate does not always 

mean an increase in the net MMP-2 activity within the cell. Therefore one should 

supplement assays of MMPs activity by zymography using other techniques such as 

substrate degradation assays including specific synthetic peptides. It is worth noting that a 

research is currently ongoing in the Schulz lab in order to develop FRET-based protease 

biosensors 14 specific for MMP-2 which will allow us to assess intracellular MMP 

activity in a real-time manner.  

 In Chapter 4, the 40 kD catalytic domain of MMP-2 which lacks the C-terminus 

hemopexin domain was used in in vitro degradation and OmniMMP kinetic assays. 

Providing that the hemopexin domain can bind to other proteins or substrates altering 

MMP activity, the above mentioned assays may need to be demonstrated using 64 kD 

MMP-2 which bears the hemopexin domain as well as 72 kD MMP-2 activated by 

peroxynitrite 11. The MMP-2 inhibitory effect of calpain inhibitors was assessed only 

using in vitro assays and is yet to be shown using an in vivo model. However, the in vitro 

assays are simple, effective and economical tools to use prior to initiating more resource-

intensive and time consuming in vivo experiments. 

 In Chapter 5, the use of isolated perfused working rat hearts has many 

advantages. It is a well-established simplified model that has been in use for almost 50 
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years as a tool to study cardiac mechanical function. This experimental model allows us 

to concomitantly measure myocardial contractile function as well as various metabolic 

parameters under physiological conditions of preload and afterload. However it also 

comes with its own limitations. The perfusion of isolated hearts with crystalloid buffers 

mimic but do not replace all the components of blood or in vivo experimental models. 

Likewise, the absence of neurohormonal regulation in isolated hearts brings difference to 

what may be observed in vivo. Therefore, extrapolation of these results to pathological 

events that occur in vivo must be done with caution. Also, operator skill plays a 

significant role in the use of this technique. Use of the isolated working heart model 

requires fine motor skills and keen eyesight. In addition to this is the necessity to work 

rapidly in order to prevent the nearly instantaneous deterioration or ischemic 

preconditioning of the heart especially at the onset of the procedure, thus, inter‐operator 

variability is considerable.  

 Immunohistochemisty has the advantage as it is able to detect the localization of 

proteins, however, like other techniques that rely heavily on antibodies, the interpretation 

of immunohistochemical results is reliant on the specificity and avidity of primary and 

secondary antibodies that are used. Non‐specific binding of an antibody could easily lead 

to misinterpretation of results. Additionally, immunohistochemistry is not readily 

quantifiable and thus is difficult to compare the levels of proteins between samples. In 

fact, interpretation of immunohistochemistry results can be highly dependent on the field 

of view that is chosen and therefore a large sample of tissue slices is required. Finally, 

despite that less titin degradation was seen in MMP-2 knockout mice exposed to in vivo 

I/R injury compared to wild type controls, functional data from these mice are lacking. 
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6.3: Future directions 

 My thesis presents exciting results which open an avenue for future studies not 

only in the area of cardiovascular research but also in the general field of MMP biology. 

However, caution should be taken in how these data are extrapolated to the human 

population.  

The finding that a transcript variant of MMP-2 is present in human 

cardiomyocytes leads me to consider future studies in order to clarify its exact role in 

both cellular physiology and pathology. The abundance of this splice variant of MMP-2 

needs to be investigated in other types of cells and tissues. Although my data shows that 

the level of MMP-2 transcript variant is around 10% of that of the canonical transcript, it 

is also tempting to study the effect of various pathophysiological conditions on MMP-2 

transcript splicing and protein expression. My thesis suggests that the secretory signal 

sequence of MMP-2 is inefficient in targeting to the secretory pathway, however, future 

directions may determine the exact domain of the signal sequence which is responsible 

for this effect. 

 The results of my studies exclude the role of MMP-2 in hydrogen peroxide 

induced cardiomyocyte necrosis, but still suggest that MMP-2 may have a role in other 

types of cell death (apoptosis, autophagy...) and this needs further investigation. In an in 

vitro preliminary study, I showed that MMP-2 cleaves and activates the pro-apoptotic 

factor, Bid, which induces cytochrome c release from isolated mitochondria preparation 

(see Appendix). MMP inhibitors were shown to improve the recovery of contractile 

function in isolated perfused hearts after I/R injury or ONOO¯ infusion 2, 3, 15, 16 and 

protected heart function in diabetic cardiomyopathy 17 or in endotoxin induced cardiac 

dysfunction 18, 19. On the other hand, hydrogen peroxide induced cardiac contractile 
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dysfunction in isolated rat hearts was not improved by inhibiting MMPs 20. In an 

interesting similarity, my data also showed that MMP inhibitors did not prevent hydrogen 

peroxide induced cardiomyocyte death. Accordingly, these results suggest that the 

magnitude and pathophysiological consequences of MMP-2 activation after oxidative 

stress challenge are different depending on the reactive oxygen/nitrogen species used. 

However, future studies directly comparing the differential effects of different reactive 

oxygen/nitrogen species on MMP-2 activity may address this question. 

Finding another novel intracellular target for MMP-2 during I/R such as titin is 

very exciting and it provides an insight into the pathophysiological role of MMP-2 in the 

heart. This finding also opens the opportunity to explore whether the same event occurs 

in the human heart subjected to oxidative stress injury such as during coronary artery 

bypass grafting surgery, pharmacological (using thrombolytics) or interventional 

(percutaneous coronary intervention) reperfusion. In addition, it underlines the need to 

evaluate the possible beneficial role of MMP inhibitors on heart function in clinical trials 

of patients who undergo coronary artery bypass grafting surgery or interventional 

reperfusion. For instance, it will be interesting to explore whether MMP inhibitors in the 

cardioplegic solution might bring beneficial effects such as the reduction of I/R injury.  

Finally, the observation that MMP-2 is co-localized to titin in human and rat 

hearts suggests a possible physiological role of MMP-2 in normal titin turnover. The 

latter is a crucial physiological process involved in sarcomerogenesis and sarcomere 

disassembly, both which actively occur during embryonic cardiac cell division 21. 
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6.4: Final words:  

In light of studies of my thesis, it has been shown that activation of MMP-2 

which has a unique subcellular distribution in cardiomyocytes could be one of the earliest 

pathophysiological events triggered downstream of enhanced oxidative stress. Despite 

most research to date has focused on the extracellular actions of MMPs, much more 

recent evidence suggests that MMP-2, and other MMPs, can also degrade specific protein 

targets inside the cell. Future studies will likely reveal other novel intra- and extra-

cellular targets of MMP-2 which will aid our understanding of the pathology underlying 

myocardial injury caused by enhanced oxidative stress. Finally, MMP inhibitors, 

including one selective for MMP-2, should be rigorously tested as a possible therapeutic 

strategy to prevent or treat oxidative stress injury of the heart and other organs 
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Figure 6.1: Cytosolic targeting and post-translational modifications of MMP-2 in the 

cardiac myocyte.  

MMP-2 is targeted to the cytosol via at least two mechanisms. First, there exists a splice 

variant of MMP-2 in cardiomyocytes that lack the secretory signal sequence. Secondly, 

the inefficient signal sequence of the canonical MMP-2 results in its targeting both to the 

endoplasmic reticulum lumen for secretion and to the cytosol. The 72 kD form of MMP-2 

can be activated extracellularly by MT1-MMP in the presence of TIMP-2, or by other 

proteases (e.g. plasminogen) via cleavage of its propeptide domain to yield 64 kD MMP-

2 which acts on targets outside the cell. 72 kD MMP-2 can also be activated 

intracellularly by S-glutathiolation when exposed to peroxynitrite (as caused by I/R 

injury, pro-inflammatory cytokines, etc.) in the presence of cellular glutathione without 

losing the propeptide domain. This activated 72 kD MMP-2 can target and proteolyze 

specific sarcomeric proteins causing myocardial contractile dysfunction as seen in I/R 

injury. MMP-2 is also a phosphoprotein with several identified phosphorylation sites and 

whose activity is further modulated by its phosphorylation status. The kinases and 

phosphatases involved in its regulation in vivo are yet to be discovered. GSH, 

glutathione; ONOO−, peroxynitrite; PKC, protein kinase C; SS, signal sequence. 
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A.1: Introduction 

During apoptosis, the mechanisms for cytochrome c release from the 

intermembrane space in mitochondria involve proteins of the Bcl-2 family. In the 

mitochondrial outer membrane, the proapoptotic functions of Bak and the related Bax 

protein depend at least in part on the presence of Bid, a cytosolic BH3-only protein of the 

Bcl-2 family. Proteolytic cleavage of full length Bid to the mitochondrially active, 

truncated form, t-Bid, is a feature of caspase-8-mediated apoptosis induced via death 

receptors 1. In addition to caspase-8, granzyme B 2 and calpain-1 3 are also reported to 

cleave Bid. Consequently, t-Bid translocates to mitochondria, where it is involved in 

oligomerization of Bak and/or Bax leading to cytochrome c release and apoptosis. 

In this preliminary study I sought to determine the susceptibility of Bid as a 

substrate of MMP-2 in vitro. 

 

A.2: Methods 

A.2.1: In vitro cleavage assays 

 Human recombinant Bid (~25 kD, Oncogene®) was incubated with human 

recombinant 64 kD MMP-2 (Calbiochem®) at different enzyme-substrate molar ratios at 

37°C for 1 h in 50 mM Tris buffer (5 mM CaCl2, 150 mM NaCl, pH 7.6). Upon 

completion of the incubation, the samples were heated for 5 min at 95 °C, 

electrophoresed on 10% SDS-polyacrylamide gels and immunoblotted following 

membrane transfer using mouse-monoclonal Bid antibody (abcam®). To demonstrate the 

specificity of MMP-mediated effects, certain incubations were performed in the presence 

of the MMP inhibitors (doxycycline, o-phenanthroline or TIMP-2). In parallel 

experiments calpain-1 (human erythrocytes, Calbiochem®) was incubated with Bid at 
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37°C for 1 h in 50 mM NaCl buffer (50 mM NaCl, 5 mM CaCl2, 1 mM EDTA, 1 mM 

EGTA, and 5 mM -mercaptoethanol, pH 7.4) for comparison purposes. 

A.2.2: Cytochrome c release  

 Full length human recombinant Bid (50 ng) was incubated with either caspase-8 

(12.5 U, human recombinant, Calbiochem®), 64 kD MMP-2 (15 ng) or calpain-1 (22.5 

ng) at 37°C in a reaction buffer consisting of 300 mM sucrose, 20 mM MOPS, 1 mM 

EGTA, and 0.1% bovine serum albumin, pH 7.4 in the presence of 2 mM Ca2+. After 4 h 

incubation mitochondria (60 µg of protein) prepared from mouse liver using 

commercially available kit (Mitoiso1, Sigma) were added to the reaction mixture and 

further incubated for 1 h at 30 °C. Mitochondria were pelleted by centrifugation at 

16,000 × g for 10 min at 4°C, and the supernatant and pellet were assessed by 

immunoblotting for cytochrome c. Two separate control samples were run for each assay 

in order to determine the total as well as spontaneous release of cytochrome c from 

treated and untreated mitochondria respectively 3. 

 

A.3: Results 

A.3.1: MMP-2 cleaves full length Bid into a 15 kD fragment 

Incubation of recombinant Bid with human recombinant 64 kD MMP-2 at 37°C 

with increasing MMP-2:Bid molar ratios caused Bid cleavage in a concentration-

dependent manner into lower molecular weights fragments, the most prominent of which 

is the band which appeared ~15 kD (Figure A.1). For comparison purposes, calpain-1 was 

also incubated with recombinant Bid and found to cleave Bid into 19 and 15 kD 

fragments, in accordance with previous findings 3. Inhibition of MMP-2 activity with 
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doxycycline, o-phenanthroline or TIMP-2 prevented the cleavage of Bid by MMP-2 

(Figure A.2). 

A.3.2: MMP-2-cleaved Bid induces cytochrome c release from isolated 

mitochondria.  

When incubated with mouse liver mitochondria for 1 h at 30°C, MMP-2 cleaved 

Bid caused a marked release of cytochrome c, in a similar fashion to both caspase-8 and 

calpain-cleaved Bid (Figure A.3). MMP-2 or calpain-1 did not induce cytochrome c 

release per se when incubated with isolated mitochondria in the absence of Bid (data not 

shown). 

     

A.4: Discussion 

The mitochondrial cell death pathway is regulated by the pro- and anti-apoptotic 

Bcl-2 proteins. These proteins share up to four conserved Bcl-2 homology (BH) domains. 

Anti-apoptotic Bcl-2 proteins, such as Bcl-2 and Bcl-XL, contain all four subtypes of BH 

domains (BH1-4) and promote cell survival. The pro-apoptotic Bcl-2 proteins contain one 

or three BH domains and therefore are divided into two structurally distinctive 

subfamilies: (1) multidomain proteins such as Bax and Bak that share three BH regions 

(BH1-3), and (2) BH3-only domain proteins such as Bnip3, Nix/Bnip3L, Bad, Bid, Noxa, 

and Puma 4. Bid (BH3-interacting domain death agonist), a proapoptotic protein of the 

Bcl-2 family, is cleaved and thereby proteolytically activated by caspase-8. In the 

intrinsic/mitochondrial pathway stimuli are transmitted to the mitochondria via the BH3-

only proteins (ie. Bid) which then translocate to the outer mitochondrial membrane 5. 

This causes the release of apoptogens such as cytochrome c and Smac/DIABLO. 
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Downstream from this the apoptosome is formed, leading to procaspase-9 activation, 

which then activates procaspase-3 6. Bid is an important link between the extrinsic and 

intrinsic pathways. Its cleavage by caspase-8 to t-Bid which then via the mitochondria 

triggers the activation of Bax and Bad and the release of cytochrome c 6. Bid can also be 

cleaved by calpain or a ‘calpain like activity’ in ischemic-reperfused rat hearts 3. In this 

preliminary study I showed that Bid can be cleaved by MMP-2 and more importantly the 

resultant fragments have the capacity, similar to that of caspase-8 cleaved Bid, to 

stimulate cytochrome c release from isolated mitochondria. Since some studies 

demonstrated a possible involvement of MMP-2 in lung epithelial cell 7 and 

cardiomyocyte 8 apoptosis, yet, the exact mechanisms implicating MMP-2 in apoptosis 

are poorly understood. This preliminary study suggests a possible mechanism via Bid 

cleavage.    
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Figure A.1: In vitro cleavage of Bid by MMP-2 

Immunoblot showing that MMP-2 cleaves 22 kD Bid into mainly a 15 kD fragment in a 

concentration-dependent manner. Bid was also cleaved, albeit to a lesser extent, with 

calpain-1. Molar ratios of enzyme to substrate are indicated (blot is representative of three 

independent experiments). Experiments done by M. A. Ali.   
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Figure A.2: MMP inhibitors prevent Bid cleavage by MMP-2 

Bid cleavage by MMP-2 was prevented by inhibiting the activity of MMP-2 with MMP 

inhibitors doxycycline (Doxy, 100 μM), o-phenanthroline (o-Phen, 100 μM) or TIMP-2 

(0.3 μM). The blot is representative of three independent experiments done by M. A. Ali. 
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Figure A.3: MMP-2-cleaved Bid induces cytochrome c release from isolated 

mitochondria preparation. 

Immunoblot for cytochrome c release from isolated mouse liver mitochondria exposed 

for 1 hr (30° C) to either full length Bid or Bid which had been cleaved by either caspase-

8, MMP-2 or calpain-1. Spontaneous release of cytochrome c was negligible but was 

slightly enhanced by intact Bid and significantly enhanced by Bid fragments. (blot is 

representative of three independent experiments). Experiments done by M. A. Ali and C. 

Rosenfelt.  
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