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Abstract

Matrix metalloproteinases (MMPs) are zinc-dependent proteases involved in
intra- and extra-cellular matrix remodeling. MMP-2 was the first to be localized to
the nucleus; however the biological functions and substrates of nuclear MMP-2 are
mostly unknown. We hypothesized that MMP-2 is present in the nucleus under nor-
mal physiological conditions but increases during myocardial ischemia-reperfusion
(I/R) injury induced oxidative stress, proteolyzing nuclear structural proteins (lam-
ins). Lamin A/C, a putative nuclear MMP-2 target, is an intermediate filament pro-
tein that provides structural support to the nucleus. Immunofluorescent confocal
microscopy and subcellular fractionation showed the presence of MMP-2 in cyto-
plasm and nuclei of neonatal rat ventricular myocytes. The distribution of MMP-2 in
cytoplasm and nuclei was verified by immunofluorescent confocal microscopy in the
human fibrosarcoma HT 1080 cells. Further analysis by flow cytometry determined
that 88.6% of a sample of ~10,000 HT 1080 cells had MMP-2 concentrated to the
nucleus. Rat hearts were isolated and perfused by the Langendorff method aerobi-
cally, or subjected to global, no-flow ischemia followed by aerobic reperfusion in the
presence or absence of an MMP inhibitor (100 uM o-phenanthroline). Nuclear frac-
tions extracted from the rat hearts showed increased MMP-2 activity, but not pro-
tein level in hearts subjected to I/R injury. To identify possible targets, an in vitro
proteolysis assay was performed with lamin A or B incubated with MMP-2. Lamin A,
but not lamin B, was proteolysed by MMP-2 in to a putative 50 kDa fragment, which
was also predicted by in silico cleavage site analysis. Protein levels of troponin I, a
known sarcomeric target of MMP-2 showed a trend for decrease in I/R hearts and
was normalized by o-phenanthroline, demonstrating efficacy of the MMP inhibitor.



However, lamin A and lamin C protein levels remained unchanged in I/R hearts.
PARP-1, a nuclear DNA repair protein, previously shown to be proteolysed by MMP-
2 in vitro was measured in I/R hearts. It was observed that PARP-1 protein levels
were decreased in I/R hearts treated with o-phenanthroline compared to I/R hearts
without o-phenanthroline. Nuclear MMP-2 is present in cardiomyocytes under
normal physiological conditions, and is increased as a result of I/R injury. This
increase of MMP-2 activity in extracts from I/R hearts leads to proteolysis of
troponin I, but not, PARP-1, lamin A or C. The activation of genes in myocardial I/R

injury suggests that other nuclear functions of MMP-2 are likely.
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CHAPTER 1 - INTRODUCTION

1.1 General introduction to MMPs

Matrix metalloproteinases (MMPs) are a family of zinc dependent endopepti-
dases. The first matrix metalloproteinase activity was reported in 1962 when colla-
genolytic acitivity was discovered in the tail of a tadpole undergoing metamorphosis
(Gross and Lapiere, 1962). Since then 23 different human MMPs have been identi-
fied (Cauwe and Opdenakker, 2010). Initially MMPs were classified as secreted pro-
teins and sub-divided according to their extracellular matrix substrates: collagenas-
es (MMP-1, MMP-8, MMP-13, and MMP-18), gelatinases (MMP-2 and MMP-9),
stromelysins (MMP-3, MMP-10, and MMP-11), matrilysins (MMP-7 and MMP-26),
and membrane-type MMPs (MMP-14, MMP-15, MMP-16, MMP-17, MMP-24 and MMP-
25) (DeCoux et al., 2014). It is now known that MMPs are involved in a variety of
physiological and pathological processes both outside and inside the cell. MMPs play
a role in angiogenesis, embryogenesis, inflammation, metastasis, arthritis and car-
diovascular disease (Verma & Hansch, 2007). The general MMP structure consists of
an autoinhibitory propeptide domain, a zinc-binding catalytic domain, and a linker

or hinge region (Ali et al., 2011).

1.1.1 Matrix metalloproteinase-2

MMP-2 is a ubiquitous enzyme which is best known for proteolysis of extra-
cellular matrix proteins. MMP-2 (and the closely related MMP-9) differ from other

MMPs with a unique structure in the catalytic domain with three fibronectin type II



repeats that are crucial for binding gelatin, shown in Figure 1.1 (Morgunova et al.,
1999). MMP-2 is now known not only for extracellular matrix remodelling, but intra-
cellular proteolysis as well (Wang et al., 2002). Biological activity of MMP-2 has
been detected in many cellular compartments such as: caveolae (Chow et al.,
2007), nucleus (Kwan et al., 2004), mitochondria (Wang et al., 2002) and the mi-
tochondria-associated membrane (Hughes et al., 2014).

MMP-2 is one of the most studied of all identified MMPs, since it is expressed
in all cardiac cells including cardiomyocytes, endothelium, vascular smooth muscle
cells and fibroblasts (DeCoux et al., 2014). MMP-2 plays various roles in cardiac
physiology and pathology. It is important for extracellular matrix remodelling during
embryonic heart development, especially during heart tube formation (Linask et al.,
2005). On the other hand, increased activity of MMP-2 has been detected in cardio-
vascular diseases including: hypertension, heart failure, and ischemic heart diseas-
es (Youssef & Schulz, 2011). The intracellular targets as well as intracellular locali-
zation and functions of MMP-2 in ischemia-reperfusion (I/R) injury are discussed in

section 1.2.

1.1.2 Activation pathways of MMP-2

MMP-2 is transcribed as an inactive zymogen of 72 kDa. The N-terminus hy-
drophobic autoinhibitory propeptide blocks the catalytic site that contains a zinc ion
(Youssef and Schulz, 2011). The “cysteine switch”, a mechanism of MMP activation
described in 1990, refers to the highly conserved cysteine sulfhydryl residue at po-
sition 102 that coordinates the active site (Van Wart and Birkedal-Hansen, 1990).

The coordination hydrogen bond between the cysteinyl sulfhydryl and the zinc ion

2



prevents the enzymatic activity of MMP-2. The disruption of this bond or absolute
removal of this residue by proteolytic removal of the propeptide results in an active
enzyme (Kandasamy et al., 2010). The propeptide domain is removed extracellular-
ly by combined action of membrane bound MMP-14 and tissue inhibitor of metallo-
proteinases-2 (TIMP-2) resulting in a 64 kDa enzymatically active MMP-2, shown in
Figure 1.1 (Strongin et al., 1995).

Reactive oxygen-nitrogen species (RONS) activate MMP-2 by the “cysteine
switch” mechanism as well, while leaving the prodomain of MMP-2 intact (Gu et al.,
2002). Peroxynitrite (ONOQ) is an oxidizing agent formed from nitric oxide and su-
peroxide anion radicals. A low concentration of peroxynitrite (0.3-1 uM) activates
72 kDa MMP-2 (Viappiani et al., 2009). Peroxynitrite in combination with glutathi-

one leads to the S-glutathiolation of the cysteine'®?

residue, resulting in the for-
mation of a disulfide S-oxide in the prodomain, which allows substrate access to the
catalytic site. Other MMPs that can also be directly activated by peroxynitrite in-
clude MMP-1, 8 and 9 (Okamoto et al., 2001).

Non-physiological chemicals can activate MMP-2 by disrupting the same cys-
teine responsible for the “cysteine switch”. For example, 4-aminophenyl mercuric
acetate (APMA) is commonly used experimentally to activate MMP-2 (Cauwe and

Opdenakker, 2010), and denaturing agents such as sodium dodecyl sulfate (SDS)

activate the enzyme through conformational changes (Sung et al., 2007).

1.1.3 Regulation of MMP-2 activity

The activity of MMP-2 is regulated at gene transcriptional and translational

levels, as well as by posttranslational modifications such as phosphorylation and S-
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glutathiolation, or binding to tissue inhibitors of metalloproteinases (TIMPs)
(Youssef and Schulz, 2011). MMP-2 gene transcription was shown to be upregulat-
ed in neonatal rat cardiomyocytes and fibroblasts under hypoxic conditions, as well
as by angiotensin II, endothelin I and interleukin 1B. This was mediated by the
functional activating protein-1 JunB-FosB heterodimers (Bergman et al., 2003).

Human MMP-2 was confirmed to have at least five phosphorylation sites
(S32, S160, S365, T250, and Y271) accessible at the surface of the protein. It was
discovered that dephosphorylation of MMP-2 with alkaline phosphatase lead to an
increase in activity in vitro (Sariahmetoglu et al., 2007). The kinase involved in
phosphorylation in vivo is still being investigated. There is evidence that both pro-
tein kinase C (Sariahmetoglu et al., 2007) and protein kinase CK2 (Filipiak et al.,
2014) down-regulate MMP-2 activity in vitro. The changes in activity as a result of
dephosphorylation of MMP-2 may be due to a conformational change that results in
increased number of a-helices and decreased number of B-strands in comparison to
phosphorylated form of MMP-2 (Jacob-Ferreira et al., 2013).

TIMPs (TIMP-1 through TIMP-4) are small 21 kDa proteins that modulate
MMP activity by binding to them at a 1:1 stoichiometric ratio. These endogenous
inhibitors of MMPs do not have specificity towards a particular MMP (Baker et al.,
2002). All four TIMPs were found in heart cells, with TIMP-4 being the most abun-
dant of them all and also shown to be localized inside cardiomyocytes (Schulze et

al., 2003).

1.1.4 Subcellular localization of MMP-2

The intracellular localization of MMP-2 is now a well-recognized phenomenon.

Its intracellular localization is due to the fact that canonical MMP-2 has a N-terminal

4



signal sequence that only inefficiently targets it to the endoplasmic reticulum for
secretion. Furthermore, cardiomyocytes have been shown to express a splice vari-
ant of MMP-2 that is entirely lacking the signal sequence for secretion (Ali et al.,
2012). We now know that in cardiomyocytes MMP-2 is localized to the sarcomere
(Wang et al., 2002), cytoskeleton (Sung et al., 2007), nucleus (Kwan et al., 2004),
caveolae (Chow et al., 2007), mitochondria (Wang et al., 2002), and the mitochon-
dria-associated membrane (Hughes et al., 2014).

Caveolae are plasma membrane invaginations that regulate activity of signal-
ling proteins. MMP-2 was found to colocalize with caveolin-1 (Cho et al., 2007),
which reduced MMP-2 activity in vitro, furthermore caveolin-1 knockout mice had
higher MMP-2 activity in whole heart homogenates than the wild type mice (Chow
et al., 2007). It was concluded that MMP-2 activity is inhibited by cellular compart-
mentalization in caveolae (Chow et al., 2007). Another intracellular locale of MMP-2
is the mitochondria-associated membrane which is a subdomain of the endoplasmic
reticulum. The 72 kDa MMP-2 localized mainly to the mitochondria associated
membrane and to a lesser degree to the mitochondria (Hughes et al., 2014). The
first ever MMP to be localized to the nucleus, MMP-2, will be discussed in more de-

tail in section 1.4.2.

1.1.5 MMP inhibitors

MMPs are involved in various diseases such as arthritis, periodontal disease,
atherosclerosis, heart disease and cancer (Yamada et al., 2000). Many pharmaceu-
tical companies were motivated to develop MMP inhibitors; however at the time

they did not know which MMP to specifically target. Zn?* chelating agents are a
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common type of MMP inhibitor which act by binding to the zinc ion in the catalytic
site (eg. batimastat, marimastat, GM-6001 , o-phenanthroline). These are not spe-
cific inhibitors as they act on wide range of MMPs (Peterson, 2004). Some tetracy-
cline antibiotics also inhibit MMPs, doxycycline being the most potent among them
followed by minocycline (Golub et al., 1998). Doxycycline is able to inhibit MMP ac-
tivity at sub-antimicrobial plasma concentrations (Golub et al., 1998). It preferen-
tially inhibits MMP-2, -9, and -8, and does not inhibit MMP-3 or -7 (Smith et al.,
1999). Doxycycline is the first MMP inhibitor that was approved for clinical use by
the US Food and Drug Administration and by Health Canada to be used at 20 mg,

two times daily, for periodontal inflammation and rosacea (Novak et al., 2002).

1.2 Myocardial ischemia-reperfusion injury and MMP-2

Ischemia-reperfusion injury is defined as a deficient blood supply to tissue
which results in the continued loss of oxygen, followed by reperfusion, which both
trigger oxidative stress (Sawicki et al., 2005). Most of the oxidative stress injury to
tissue happens in the first few minutes of reperfusion following ischemia. Depend-
ing on the duration of ischemia the extent of the damage will vary, irreversible
damage will result from longer periods of ischemia inducing cell death (Kalogeris et
al., 2012). A shorter period of ischemia will result in myocardial stunning injury that
is reversible, where a short lived loss of contractile function, without necrotic cell
death, will occur (Chow et al., 2007). Reperfusion re-establishes the delivery of ox-
ygenated blood and rapidly restarts the electron transport chain in mitochondria,

consequently producing RONS. Shear stress in the coronary circulation as well as



elevated intracellular Ca®* resulting from ischemia stimulate nitric oxide production
(Yasmin et al., 1997).

This leads to the biosynthesis of peroxynitrite from nitric oxide and superox-
ide anion (DeCoux et al., 2014). The amount of peroxynitrite peaks within the first
30 seconds of reperfusion (Yasmin et al., 1997), and as already discussed, in com-

2 occurs and MMP-2 is acti-

bination with glutathione the S-glutathiolation of Cys®°
vated (Wang et al., 2002). The increase in MMP-2 activity negatively correlates with
recovery of contractile function (Cheung et al., 2000), this will be discussed in more
detail in section 1.2.1 and 1.2.2. An imbalance between TIMPs and MMPs contrib-
utes to myocardial I/R injury (Schulze et al., 2003). The myocardial levels of TIMP-
1 (Lalu et al., 2005) and TIMP-4 (Schulze et al., 2003) were decreased in hearts

that underwent I/R injury.

1.2.1 Role of MMP-2 in I/R injury

Coronary effluent analysis from rat hearts subjected to I/R injury showed an
increase in MMP-2 in the first to fifth minutes of reperfusion. This increase in MMP-2
negatively correlated with the recovery of contractile function (Cheung et al.,
2000). The use of MMP inhibitors (o-phenanthroline or doxycycline) resulted in bet-
ter recovery of hearts that underwent I/R injury, suggesting that MMPs are contrib-
uting to myocardial I/R injury (Cheung et al., 2000). Later it was discovered that
MMP-2 is activated by peroxynitrite and glutathione, suggesting an intracellular pro-
teolytic role of this protease. Indeed it was determined that intracellular MMP-2 co-
localizes with and proteolyses sarcomeric proteins including troponin I (Wang et al.,

2002), myosin light chain 1 (Sawicki et al., 2005), a-actinin (Sung et al., 2007) and
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titin (Ali et al., 2010), which contributes to the acute contractile dysfunction of my-

ocardial I/R injury.

1.2.2 MMP-2 intracellular targets in heart

MMP-2 degrades intracellular proteins during ischemia-reperfusion injury
(DeCoux et al., 2014). Tropinin I (TnI), a biomarker of cardiac injury and regulator
of cardiac contractile function, was found to be proteolyzed by MMP-2 in vitro. Fur-
ther experiments showed that troponin I decreased in I/R hearts and this was at-
tenuated by MMP inhibitors, leading to better contractile performance of the hearts
(Wang et al., 2002).

Titin is the biggest protein in the human body at 3 megadaltons. This sar-
comeric protein is a MMP-2 target. Titin and MMP-2 were found to co-localize near
the Z-disk of cardiac sarcomere. Proteolysis of titin in I/R hearts was prevented by
the MMP inhibitors o-phenanthroline or ONO-4817 (Ali et al., 2010). Another sar-
comeric protein, myosin light chain-1, was proteolyzed by MMP-2, resulting in a loss
of the C-terminal helix. The proteolysis of myosin light chain-1 in I/R hearts was
attenuated by MMP inhibitors (Sawicki et al., 2005). a-Actinin, a protein that plays
role in maintaining sarcomere structure, was found to be proteolysed in hearts in-
fused with peroxynitrite. The MMP inhibitor PD-166793 prevented the reduction in

mechanical function and the proteolysis of a-actinin (Sung et al., 2007).



1.3 Biology of the nucleus

The nucleus is one of the identifying features of eukaryotes (Osorio and
Gomes, 2013). The first observation of the nucleus dates back to 1700s when
Dutch microscopy pioneer Leeuwenhoek observed them in fish erythrocytes (van
Leeuwenhoek, 1700). To this day the nucleus, its functions, components and struc-
tures remains a highly examined area in science.

The nucleus is the largest organelle in the cell that contains most of the ge-
netic material of a cell (Dahl et al., 2008). DNA is packed tightly by wrapping
around histones (H2A, H2B, H3 and H4). Two copies of each histone protein come
together to form a histone octamer structure that is defined as a nucleosome.
These nucleosomes are further packaged and coiled into a higher-order structure to
form the chromosomes (Linnemann and Krawetz, 2009). Chromosomes are orga-
nized within the nuclear space, occupying distinct territories. Within these territo-
ries there are transcriptionally active chromatin neighborhoods and transcriptionally
silent heterochromatin regions (Cremer and Cremer, 2001). The chromatin has to
de-condense from the tightly coiled structure in order to be accessed and tran-
scribed (Linnemann and Krawetz, 2009). The nuclei are highly organized but yet

dynamic organelles, with an intricate nuclear architecture.

1.3.1 Nuclear structure

The structure of the nucleus is contained within a double phospholipid bilayer
that consists of an outer membrane layer connecting with the endoplasmic reticu-

lum, and an inner membrane (Dahl et al., 2008) The nuclear lamina lines the inner



nuclear membrane and acts as structural support; this is discussed in more detail in
section 1.3.3 (Liu and Zhou, 2008). The nuclear membrane is perforated by pores
which control all nucleocytoplasmic transport (McLane and Corbett, 2009).
Transport signals such as the nuclear localization signal (NLS) and nuclear export
signal (NES) are amino acid sequences that act as import and export signals of pro-
teins through the nuclear pore, respectively (Ferrai et al., 2010). When the protein
signal is recognized by the transport receptors the translocation of macromolecules
is mediated accordingly. As already mentioned, the genetic material is packed and
organized into territories within the nucleus, and the remaining nuclear space is
taken up by proteinaceous nuclear bodies. The entire nuclear interior is subdivided
into compartments with specific functions. These sub-compartments include the nu-
cleolus, splicing speckles, cajal bodies, promyelocytic leukemia bodies and poly-
comb group bodies (Dahl et al., 2008).

The nucleolus is the largest sub-compartment in the nucleus with 700 identi-
fied human proteins that reside in this space. The nucleolus contains transcription
and processing machineries of ribosome-subunit production and is responsible for
ribosome biogenesis (Boisvert et al., 2007). Splicing speckles contain the splicing
machinery required for pre-mRNA processing (Ferrai et al., 2010). Cajal bodies are
the sites of modification and production of the spliceosomal small nuclear ribonu-
cleoprotein particles (Gall, 2003). Polycomb group complexes contain regulatory
proteins that control gene expression through repression and chromatin modifica-
tion (Ferrai et al., 2010). Despite being tightly packed and containing all the ge-
nomic information and proteinaceous bodies, the nucleus still requires structural

support to be able to withstand mechanical stress.
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1.3.2 Nuclear matrix

The nuclear matrix was first observed in 1949 by two Russian scientists
(Zbarsky and Debov, 1949) that introduced a whole new concept of nuclear archi-
tecture and has been a topic of huge debate in cell biology ever since. The fi-
brogranular, non-chromatin structures observed in the mammalian nucleus sug-
gested the existence of a protein skeleton analogous to the cytoskeleton
(Nickerson, 2001). It is yet unknown which protein(s) form the primary structure of
the nuclear matrix (Albrethsen et al., 2009). Some of the major components of the
nuclear matrix include: nuclear mitotic apparatus protein, heterogeneous nuclear
ribonucleoprotein, matrins, actin and lamins (Nickerson, 2001; Razin et al., 2014).
There is evidence that the nuclear matrix is interconnected with the cytoskeleton
and the extra-cellular matrix through complex structures (Albrethsen et al., 2009).
Therefore, mechanical feedback can be relayed from the extracellular matrix,
through the intracellular cytoskeleton all the way to the nuclear matrix. The cells
are able to adjust their internal stiffness with increased mechanical stress
(Albrethsen et al., 2009; Dahl et al., 2008). The cytoskeleton link to the nuclear
matrix forms through lamins and LINC (linker of nucleoskeleton and cytoskeleton)

complex (Carmosino et al., 2014).

1.3.3 Nuclear lamins

Lamins are type V intermediate filament proteins further subdivided into A-
type lamins (lamin A & C) and B-type lamins (lamin B1 & B2). Lamin A and C are

alternative splice products of the same gene (LMNA) (Schreiber and Kennedy,
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2013). Lamin A and C share the first 566 amino acids of their sequence, out of a
total of 664 and 572 amino acids for lamin A and C, respectively (Carmosino et al.,
2014). Lamin B1 & B2 are products of two genes (LMNB1,2) (Sieprath et al., 2012).
B type lamins are essential for cell survival and embryogenesis, while A type lamins
are essential for development and differentiation (Pekovic et al., 2011). Lamin A
and C knock out mice were reported to have stunted growth, muscle weakness and
died by 6 weeks of age, and the isolated fibroblasts had misshapen and weakened
nuclei (Fong et al., 2006). Lamin B knock out mice survived embryonic develop-
ment, however, died at birth. The fibroblasts of lamin B knock out mice had grossly
misshapen nuclei, impaired differentiation, increased polyploidy, and premature se-
nescence (Vergnes et al., 2004).

The structure of lamin consists of a globular N-terminal domain, the central
a-helical rod domain containing four coiled-coil repeats, and a C-terminal globular
domain. The lamins dimerize and polymerize into more complex structures
(Stuurman et al., 1998) incorporating lamin-binding proteins and supporting a wide
range of functions (Schirmer et al., 2003), including chromatin organization (Liu et
al., 2000), gene expression (Spann et al., 2002), cell cycle control (Lopez-Soler et
al., 2001), DNA repair mechanisms (Hutchison, 2011) and positioning of the nucle-
us in the cell (Starr and Fridolfsson, 2010).

In cardiomyocytes, lamin A and C in conjunction with other proteins, forms a
link from the nuclear matrix to the cytoskeleton connecting with the sarcomere and
plays a role in protecting the nucleus from rupture under mechanical stress. Lamin
A and C are able to control the structural stiffness or weakness of the nuclear enve-

lope. It has been suggested that beyond structural control, lamin is also able to al-
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ter gene expression when the cell is under mechanical stress. The loss of lamin A or
C in heart cells by proteolytic cleavage can cause weak nucleus prone to damage
and rupture under physical stress (Carmosino et al., 2014). Oxidative stress during
the reperfusion phase of I/R injury in hearts can cause changes in lamin structure
without proteolysis. It has been shown that lamin A and C undergo irreversible oxi-
dation of the cysteine residues in their tail domains that result in dysmorphic nucle-
us, cellular senescence and lead to further susceptibility to RONS-induced damage
(Pekovic et al., 2011; Sieprath et al., 2012). Therefore the decrease in lamin A or C
in cardiomyocytes due to proteolysis could result in growth arrest and an altered

cell cycle.

1.4 Possible roles of MMPs in the nucleus

The discovery of the first nuclear MMP, MMP-2 (Kwan et al., 2004), has
opened up a whole new research area. The summary of all known nuclear MMPs
with their possible functions are listed in Table 2. Kwan et al. (2004) identified that
MMP-2 possesed the nuclear localization sequence that suggested that it can be
transported to the nucleus. The nuclear localization sequence is found on the C-
terminus of the enzyme, which means it can easily be accessed by the receptor so
that MMP-2 can be transported through the nuclear pore. Many other MMPs possess
a nuclear localization sequence: MMP 1, 3, 8, 10, 13, 14, 16, 17, 19, 20, 23A, and
24 (Si-Tayeb et al., 2006). Thus far, nuclear MMPs have been shown to play a role
in processes such as proteolysis of DNA repair proteins (Hill et al., 2012; Kwan et
al., 2004; Yang et al., 2010), transcription (Eguchi et al., 2008; Zuo et al., 2014)

apoptosis (Pirici et al., 2012) and participate in mitotic events leading up to cellular

13



proliferation (Zimowska et al., 2013). Our improved understanding of the novel lo-
calization and functions of MMPs under conditions of both homeostasis and stress
will allow us to develop better, more specific MMP inhibitors, by targeting them to

specific cellular compartments.

1.4.1 MMP-1

MMP-1, a collagenase was reported to be localized to the nucleus (Limb et
al., 2005). MMP-1 was previously known to be involved in inflammation, wound
healing, tumor invasion, and metastasis. It was found that MMP-1 protein levels
were highest in fragmented nuclei as well as during metaphase of the cell cycle.
Therefore MMP-1 was suggested to be involved in the dissociation of nuclear mem-
brane proteins during the mitotic phase of the cell cycle or the breakdown of the
nuclear membrane during apoptosis (Limb et al., 2005). However, no direct evi-
dence, beyond its nuclear localization, was presented for the assessment of MMP-1
function. MMP-1, along with MMP -2 and -10, were later reported to be localized to
the nucleus of breast cancer tumor cells by immunostaining (Kohrmann et al.,

2009). The function of nuclear MMP-1 still requires further studies.

1.4.2 MMP-2

MMP-2 was the first ever MMP reported to have nuclear localization (Kwan et
al., 2004). MMP-2 protein levels and activity were discovered in commercial nuclear
extracts from human hearts and rat liver. Immunogold electron microscopy was

used to show the localization of MMP-2 to the nucleus of cardiac myocytes. Poly-
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ADP-ribose polymerase -1 (PARP-1) detects oxidized DNA and plays an important
role in DNA repair and cell survival. MMP-2 proteolyzed PARP-1 in vitro, providing a
clue about its possible nuclear function(s) (Kwan et al., 2004).

Nuclear MMP-2 was investigated further in pulmonary artery endothelial cells
that were subjected to cigarette smoke. Cytosolic and nuclear fractions were col-
lected from resting cells, which had low gelatinolytic activity, and cells subjected to
cigarette smoke (15 min of smoke followed by 45 min recovery, perfomed 6 times)
which showed higher gelatinolytic activity in the nuclear fraction. Immunoprecipita-
tion and western blot analysis confirmed that it was from MMP-2. Increased activi-
ty of MMP-2 in the nucleus was suggested to be due to RONS produced from ciga-
rette smoke, leading to activation of MMP-2 by S-glutathiolation (Ruta et al., 2009)

Nuclear MMP-2 function was further explored by Yang et al. (2010) in rat
brains that were subjected to 90 min of middle cerebral artery occlusion and reper-
fusion either for 3, 24 or 48 hr. Nuclear MMP-2 and MMP-9 activities were increased
3 hr after reperfusion, and human tissue from stroke patients showed increased ge-
latinolytic activity. PARP-1 and X-ray cross-complementary factor 1 (XRCC1), which
is @ DNA base excision repair protein, were both decreased in ischemic rat brains.
BB1101, an MMP inhibitor, attenuated PARP-1 and XRCC1 proteolysis, as well as
decreased early oxidative DNA damage in ischemic rat brains (Yang et al., 2010),
and decreased neuronal apoptosis at 48 hr reperfusion in rat ischemic hemispheres
(brain contains a right and left cerebral hemispheres separated by a groove) (Hill et
al., 2012).

Oxygen-glucose deprivation, which is an in vitro model of ische-

mia/reperfusion, was performed with primary cortical rat neurons, subjected to 2 hr
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of oxygen-glucose deprivation followed by 24 hr re-oxygenation. Increased nuclear
gelatinase activity was measured at the end of reperfusion and it co-localized main-
ly with MMP-2. Both MMP-2 and -9 were detected in nuclear extracts. PARP-1 and
XRCC1 protein levels were decreased, as well as PARP1 activity was decreased.
Neurons pre-treated with MMP-2/9 inhibitor II ((2R)-[(4-
Biphenylylsulfonyl)amino]-N-hydroxy-3-phenylpropionamide) decreased gelatinase
activity, normalized PARP-1 and XRCC1 protein levels, decreased oxidative DNA
damage and improved neuronal survival after oxygen-glucose deprivation (Hill et
al., 2012).

Other studies have focused on finding the tissues where intranuclear MMP-2
is most abundant. Mouse tissues under normal physiological conditions were visu-
alized with a combination of in situ gelatin zymography and immunohistochemistry.
Most prominent gelatinolytic activity and MMP-2 staining was in kidney tubular cells
(Solli et al., 2013). MMP-2 activity was found in the nucleus of human vascular en-
dothelial cells and primary neonatal rat neurons, but not in glial cells or a Schwan-
noma cell line. The distribution of MMP-2 was described to be localized with nuclear
speckles, and co-localized with TIMP-1 (Sinha et al., 2014).

Cauwe and Opdenakker (2010) have performed a high throughput, non-
biased, degradomic screen that identified many possible intracellular protein targets
for MMPs. In Table 1 I have summarized the confirmed and possible nuclear targets

of MMP-2.
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1.4.3 MMP-3

MMP-3, also known as stromelysin-1, proteolyses various extracellular matrix
proteins, and proteolytically activates some MMPs. MMP-3 was reported to be local-
ized to the nucleus in cultured cells but also in human liver tissue and may be asso-
ciated with the onset of apoptosis. The rate of apoptosis was reduced by transfec-
tion of cells with a mutant MMP-3 without catalytic activity, and confirmed once
again by use of an MMP inhibitor, GM6001 (Si-Tayeb et al., 2006).

Eguchi et al. (2008) pursued a study of nuclear MMP-3 through a chance dis-
covery of transcriptional factor-like activity on the connective tissue growth factor
gene. MMP-3 was found in the nucleus of chondrocytes in vitro and in vivo, and it
could bind the enhancer sequence of connective tissue growth factor, promote and
trans-activate gene transcription (Eguchi et al., 2008).

Another study found that MMP-3 was translocated into the nucleus upon
dengue virus infection of cells. MMP-3 co-localized with nuclear factor kappa-light-
chain-enhancer of activated B cells (NFkB) in the nucleus. Interaction between
MMP-3 and the NFkB complex was via the C-terminal hemopexin-like domain of
MMP-3, which resulted in enhanced transcriptional factor activity of NFKB (Zuo et
al., 2014). The nuclear functions of MMP-3 appear to be related in some way to

transcription, and this should be explored for other MMPs.

1.4.4 MMP-9

MMP-9, also known as gelatinase B, is a close relative of MMP-2. Kwan et al.

(2004) also found nuclear MMP-9 activity in human heart and rat liver nuclear ex-
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tracts. MMP-9 was reported to be localized to the nucleus of aging human brain
cells, or brain tissue after a stroke. 95% of the MMP-9 localization was in neuronal
cells, the remaining was in astrocytes. MMP-9 was suggested to be involved in
apoptosis of neuronal and glial cells, since cells with nuclear MMP-9 showed pres-
ence of activated caspase 3, an important protein for the execution of cell apoptosis
(Pirici et al., 2012).

In a different study nuclear MMP-9 was suggested to play a role in skeletal
muscle myoblast proliferation and in DNA replication during the cell cycle. MMP-9
was found to localize to the nucleus of myoblasts by immunolocalisation and in situ
zymography during S-phase of the cell cycle, when DNA is replicated in preparation
for cell division. The inhibition of MMP activity by doxycycline, TIMP-1 or neutralis-
ing, MMP-9 antibody reduced the proliferation of myoblasts (Zimowska et al.,

2013).

1.4.5 MMP-13

MMP-13 (collagenase 3) was found to be localized to the nucleus and in-
creased in neuronal nuclei after acute cerebral ischemia. Similar results were seen
in human post-mortem brain tissue with cerebal ischemia. In vitro experiments with
rat cortical neuron cultures that underwent oxygen and glucose deprivation had in-
creased nuclear MMP-13. However, the function of nuclear MMP-13 during ischemia

was not identified and further research is required (Cuadrado et al., 2009).
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1.4.6 MMP-12

MMP-12, also known as macrophage metalloelastase, plays an important role
in inflammatory processes. MMP-12 was shown to have a nuclear localization in
mouse cardiac and epithelial cells that normally posess little to no MMP-12. The
mice were infected with coxsackievirus type B3, an unenveloped virus which causes
systemic infection in mice and humans. MMP-12 was taken up from the extracellu-
lar space and transported into the nucleus of the cell during viral infection. MMP-12
was shown to bind the promoter and engage in transcription of the gene of nuclear
factor of kappa light polypeptide gene enhancer in B-cells inhibitor. This resulted in
secretion of interferon-a. Further analysis revealed the nuclear localization of MMP-
12 in human myocardial biopsies with enteroviral myocardial infection. It was
therefore confirmed that nuclear MMP-12 plays a transcriptional role in virus infect-

ed cells, and is vital for antiviral immunity (Marchant et al., 2014).

1.4.7 MMP-14

MMP-14 is a membrane type 1-matrix metalloproteinase that contains a
transmembrane domain and a short cytoplasmic C-terminal tail which anchors it to
the cell membrane. MMP-14 plays a role in the proteolytic activation of MMP-2 with
TIMP-2 (Mannello and Medda, 2012). MMP-14 along with MMP-2 were localized to
the nucleus of the same hepatoma cells by immunohistochemistry. It was suggest-
ed that MMP-14 plays a role in MMP-2 activation in the nucleus, which might lead to
a proteolytic cascade in the nucleus as a result of active MMP-2. However, this

function still requires further studies to fully confirm this phenomenon. In the same

19



study fibronectin, a nuclear matrix protein, was suggested to be a possible proteo-
lytic target for MMP-2 (Ip et al., 2007). However, further studies are required to
look at the relationship between nuclear MMP-14 and MMP-2, and identify if MMP-2

can proteolyze fibronectin.

1.5 Hypothesis

I hypothesize that MMP-2 is present in the nucleus of cardiac myocytes under
normal physiological conditions and its activity and protein levels increase during
oxidative stress induced by myocardial I/R injury, proteolyzing structural (lamin A,

B and C) and DNA repair proteins (PARP-1).

1.6 Study Objectives

The first study objective is to show that MMP-2 is localized to the nucleus of
myocytes under normal physiological conditions. I will use immunofluorescence
confocal microscopy to visualize MMP-2 in neonatal rat cardiomyocytes, and com-
pare the nuclear activity and protein levels of MMP-2 to the isolated subcellular
fractions from these cells. The sub-populations of cells with or without nuclear MMP-
2 will be visualized and analyzed by live cell imaging flow cytometry.

The hypothesized MMP-2 substrates will be tested with in vitro degradation
assays, in which the purified recombinant proteins are incubated with activated
MMP-2. The changes in protein levels and the appearance of lower molecular weight

products using Coomassie blue-stained SDS-PAGE gels will be performed.
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Myocardial I/R injury increases MMP-2 activity and protein levels. I will use
isolated rat hearts perfused by the Langendorff method in one of three ways: aero-
bically (control), inducing I/R injury by global, no-flow ischemia followed by reper-
fusion, and inducing I/R injury in the presence of an MMP inhibitor (o-
phenanthroline). The subcellular fractions will be isolated from ventricular rat heart
tissue to obtain purified cytosolic, membrane and nuclear protein fractions. MMP-2
activity will be determined via gelatin zymography, while Western blotting will be
used to detect protein levels of MMP-2 in all fractions. The protein levels of MMP-2
substrates (lamin A/C, PARP-1 and Tnl as a positive control) will be measured in

homogenates of aerobic and I/R hearts, with or without MMP inhibitor.
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Table 1.1: Potential and confirmed nuclear MMP-2 substrates identified by

degradomics screen, in vitro proteolysis and other means

Name of protein Function Localization Reference
PARP-1 Repair of single-stranded DNA (ssD- Nucleus Kwan et al.,
NA) breaks, involved in Base Excision 2004
Repair (BER) during oxidative stress
Yang et al.,
2010
XRCC1 Efficient repair of DNA single-strand Nucleus Yang et al.,
breaks formed by exposure to ioniz- 2010
ing radiation and alkylating agents,
involved in BER
ADAR1 Responsible for pre-mRNA editing by  Nucleus In vitro pro-
site-specific deamination of adeno- teolysis
sine to inosine in both coding and Schulz lab
noncoding regions unpublished
Lamin A/C Involved in nuclear stability, support Nucleus In vitro pro-
of nuclear envelope, chromatin struc- teolysis
ture, and necessary to direct the
proper function of transcription fac- Schulz lab
tors unpublished
Nucleophosmin* Involved in diverse cellular processes Nucleus ND
such as ribosome biogenesis, centro-
some duplication, protein
chaperoning, histone assembly, cell
proliferation, and regulation of tumor
suppressors; associated with nucleo-
lar ribonucleoprotein structures and
binds nucleic acids
Cyclophilin A,E* Acceleration of protein folding, Nucleus ND
catalysis of cis-trans isomerization of
peptidyl-prolyl bonds in oligopep-
tides;
binding of RNA with potential role in
pre-mRNA splicing
Calreticulin * Molecular calcium binding chaperone Cytoplasm, Hughes et
promoting folding, oligomeric assem- ER lumen, al., 2014
bly and quality control in the ER via nucleus, cell
the calreticulin/calnexin cycle; extra- surface,
cellular modulation of cell motility secreted,
and promotion of tumor progression ECM

and metastasis
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Nucleolin * Regulation of RNA polymerase I Nucleus, cy- ND
transcription; folding and maturation toplasm, cell
of pre-ribosomal RNA; ribosome as- surface
sembly; nucleo-cytoplasmic
transport; histone chaperone activi-
ty;
interaction with viruses at the cell
membrane
Nucleoside Major role in the synthesis of nucleo- Cytoplasm, ND
diphosphate side cytoskeleton,
kinase B* triphosphates other than ATP; nega- nucleus
tive regulation of Rho activity;
transcriptional activator of the Myc
gene
Ubiquitin- Activates ubiquitin by first adenylat- Cytoplasm, ND
activating ing nucleus
enzyme E1* its C-terminal glycine residue with
ATP, and thereafter linking this resi-
due to the side chain of a cysteine
residue in E1, yielding an ubiquitin-
El thioester
Ubiquitin Catalyzes the covalent attachment of Cytoplasm, ND
conjugating ubiquitin to other proteins, mediating nucleus
enzyme the selective degradation of short-
E2 L3* lived proteins
Elongation factor | Promotion of the GTP-dependent Nucleus ND
1-alpha2* binding of aminoacyl-tRNA to the
A-site of ribosomes during protein
biosynthesis
Trangelin 2* Putative actin cross-linking/gelling Nuclear ND
protein membrane,
cell mem-
brane
Moesin* Cross-linking of cortical actin fila- Cytoplasm, ND
ments cell mem-
and plasma membranes; roles in brane, cell
ECM interactions, cell-cell communi- projections,
cation, nucleolus,
apoptosis, carcinogenesis and metas- extracellular
tasis
Enolase-a * Glycolytic enzyme; role in growth Cytoplasm, ND
control, hypoxia tolerance and cell mem-
allergic responses; receptor and brane,
activator of plasminogen myofibril,
sarcomere,
M-band, nu-
cleus,

extracellular
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Cofilin-1* Actin filament depolymerization Cytoplasm, ND
and severing protein. Promotion of cytoskeleton,
apoptosis by translocating to mito- nuclear ma-
chondria and delivering actin trix, extra-

cellular

Actin regulatory Reversible blocking of actin filament  Cytoplasm, ND

protein CAP-G* barbed ends without filament sever- melanosome,
ing; may have important roles in nucleus, se-
macrophage function and regulation  creted
of cytoplasmic and/or nuclear struc-
tures through interactions with actin;
potential DNA binding

Filamin A* Promotion of actin filament branching Cytoplasm, ND
and connection of the actin cytoskel- cytoskeleton,
eton to various transmembrane pro- nucleus, cell
teins; scaffold for a wide range of cy- membrane,
toplasmic signaling proteins; tethers
cell surface-localized furin, modu-
lates its rate of internalization and
directs its intracellular
trafficking; defects are the cause of
many developmental diseases

Hepatoma- Heparin-binding protein with mito- Cytoplasm, ND

derived genic activity for fibroblasts; acts as  nucleus,

growth factor a transcriptional repressor extracellular

(HDGF)*

High-mobility Intracellular function: stabilization Nucleus, cy- ND

group protein B1 | of nucleosome formation and facilita- toplasm,

(HMGB1)* tion extracellular
of transcription factor binding by
bending DNA, role in DNA repair; cy-
tosolic nucleic acid sensor; extracel-
lular
function: pro-inflammatory cytokine,
alarmin

High-mobility Intracellular function: stabilization Nucleus, cy- ND

group protein B2 | of nucleosome formation and facilita- toplasm,

(HMGB2)* tion extracellular

of transcription factor binding by
bending DNA, role in DNA repair; cy-
tosolic nucleic acid sensor
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High-mobility
group protein B3
(HMGB3)*

Intracellular function: stabilization

of nucleosome formation and facilita-
tion of transcription factor binding

by bending DNA, role in DNA repair;

cytosolic nucleic acid sensor; regula-
tion

of proliferation and differentiation of

common lymphoid and myeloid pro-

genitors

Nucleus

ND

Histone H1.2*

Histones H1 are necessary for the
condensation of nucleosome chains
into higher order structures

Nucleus

ND

Histone H1.3*

Histones H1 are necessary for the
condensation of nucleosome chains
into higher order structures

Nucleus

ND

Histone H2A*

Core component of nucleosome; cen-
tral role in transcription regulation,
DNA repair, DNA replication and
chromosomal stability

Nucleus, ex-
tracellular

ND

Histone H2B*

Core component of nucleosome;
central role in transcription regula-
tion, DNA repair, DNA replication and
chromosomal stability

Nucleus, ex-
tracellular

ND

Histone H4*

Core component of nucleosome; cen-
tral role in transcription regulation,
DNA repair, DNA replication and
chromosomal stability

Nucleus, ex-
tracellular

ND

Lupus La protein*

Plays a role in the transcription of
RNA polymerase III, most probably
as a transcription termination factor
as it binds to the 3’ termini of virtu-
ally all nascent polymerase III tran-
scripts; major autoantigen in SLE

Nucleus, cell
surface

ND

14-3-3 protein
n/¢/o6*

Adapter protein implicated in the
regulation of a large spectrum of sig-
naling pathways by binding and
modulating the activity of a large
number of partners, usually by
recognition of a phospho-Ser or
phospho-Thr motif

Cytoplasm,
nucleus,
extracellular

ND

* denotes proteins that were identified through degradomic screens as
summarized by Cauwe and Opdenakker (2010)
ND: not determined
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Table 1.2: Summary of all known nuclear MMPs and their possible functions

MMP Function Biological action
Protein / Gene References
Transcription
MMP-1 Suggested to be involved in Unknown Limb et al., 2005
cell cycle/ nuclear membrane Kohrmann et al.,
breakdown 2009
MMP-2 Suggested to proteolyse DNA PARP-1, XRCC1 Kwan et al., 2004
repair proteins and induce Yang et al., 2010
apoptosis Hill et al., 2012
MMP-3 Transcription factor Connective tissue Eguchi et al., 2008
growth factor
MMP-9 Suggested to be involved in Unknown Kwan et al., 2004
apoptosis Pirici et al., 2012
Suggested to be involved in Zimowska et al.,
myoblast proliferation 2013
MMP-13 | Not yet identified Unknown Cuadrado et al.,
2009
MMP-12 | Transcription factor Nuclear factor of Marchant et al.,
kappa light polypep- 2014
tide gene enhancer
MMP-14 | Activation of nuclear MMP-2/ MMP-2/ Ip et al., 2007

Transcription factor like ac-
tivity

phosphoinositide 3-
kinase &

(Shimizu-Hirota et
al., 2012)
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Figure 1.1: Domain structures of 72 and 64 kDa MMP-2.

The structure of human MMP-2 consists of an N-terminal domain containing the sig-
nal sequence for extracellular export, the propeptide domain containing the cyste-
ine switch, the catalytic domain containing a catalytic Zn** ion and three fibron-
ectin repeats, the flexible hinge region, the haemopexin domain, and the C-terminal
tail. The numbered residues pertaining to the domains of human MMP-2 are shown.

The following diagram was adapted from Kandasamy et al., (2010).
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CHAPTER 2 - MATERIALS AND METHODS

2.1 Materials
2.1.1 Reagents

The main reagents used in this study were purchased from Sigma-Aldrich
(Oakville, ON), unless otherwise specified. UltraPure™ Tris (Tris-HCl) was pur-
chased from Invitrogen (Burlington, ON). NaCl, NaNs, CaCl,-2H,0 and HEPES were
all purchased from Fisher Scientific (Ottawa, ON). The cell culture reagents were all
purchased from Gibco Life Technologies (Grand Island, NY), unless otherwise speci-
fied.

Detailed instructions for the preparation of all buffers and gels can be found

in Appendix A.

2.1.2 Antibodies

The antibody used to detect MMP-2 in western immunoblotting and immuno-
fluorescence microscopy was a polyclonal antibody against the catalytic domain of
recombinant rat 72kDa MMP-2 that was expressed in Escherichia coli and raised in
rabbit as the host animal (Ab19015, Millipore, Oakville, ON). The MMP-2 antibody
used to confirm immunofluorescence results was a kind gift from Dr. David Lovett
(UCSF, San Francisco, USA). This polyclonal antibody was produced in a goat from
a 16 amino acid peptide of the MMP-2 S1’ binding loop within the catalytic domain.

The lamin A/C antibody used was a polyclonal antibody produced in a rabbit

injected with a peptide comprised of residues surrounding Asp230 of human lamin
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A (2032S, Cell Signaling Technology, Beverly, MA). This antibody can therefore de-
tect full length 70 kDa lamin A (and lamin C), as well as a small 28 kDa fragment of
lamin A (and lamin C) resulting from its cleavage by caspase-6 at Asp230-Asn231.
The PARP-1 antibody used was a monoclonal antibody produced in a mouse injected
with purified PARP from calf thymus (AM-30, Millipore, Oakville, ON). The troponin I
antibody, also known as 8I-7, was a monoclonal antibody produced in a mouse
from the human cardiac troponin I 100-108 sequence (MA1040, International Point
of Care Inc., Toronto, ON).

To assess the purity of the nuclear fractions prepared from rat hearts, a vari-
ety of antibodies were used. For cytosolic contamination a GAPDH antibody was
used. The monoclonal GAPDH antibody was produced in rabbits with a synthetic
peptide near to the carboxy terminus of human GAPDH (14C10, Cell Signaling
Technology, Beverly, MA). Antibodies for SERCA 2 and VDAC were used as mem-
brane markers in the test of nuclear fraction purity. The monoclonal SERCA2
ATPase antibody was produced in rabbits with a synthetic peptide corresponding to
residues near the carboxy terminus of human SERCA 2 (ab137020, Abcam, Toron-
to, ON). The polyclonal anti-VDAC1/porin antibody, produced in rabbits with a syn-
thetic peptide derived from residues 150-250 of human VDAC1/ Porin is able to de-
tect all three isoforms of VDAC (ab15895, Abcam, Toronto, ON).

The secondary polyclonal anti-rabbit IgG for immunoblotting was produced in
goat. It was conjugated with horseradish peroxidase, followed by treatment to pre-
vent cross reactivity with human immunoglobulins (CLCC42007, Cedarlane, Burling-
ton, ON). The secondary polyclonal anti-mouse 1gG was produced in goat, purified

by column chromatography and conjugated with horseradish peroxidase, followed
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by treatment to prevent cross reactivity with human immunoglobulins (CLCC30007,
Cedarlane, Burlington, ON).

The secondary antibodies used for immuno-fluorescence microscopy were a
polyclonal goat anti-rabbit IgG conjugated to alexa fluor 488 (A11034, Invitrogen,
Burlington, ON) or alexa fluor 594 (A11012, Invitrogen, Burlington, ON). Both were
cross-adsorbed against bovine, goat, mouse, rat and human IgGs to prevent cross
reactivity. The polyclonal rabbit anti-goat IgG was conjugated with alexa fluor 488
(A11078, Invitrogen, Burlington, ON) and was adsorbed against human and rat se-

rum proteins to prevent cross reactivity.

2.1.3 Markers and standards

Recombinant human lamin A (PRO-690, Prospec Protein Specialists, East
Brunswick, NJ) was used in the in vitro proteolysis assay. It was purchased from a
company that produced the single non-glycosylated polypeptide in Escherichia coli.
The recombinant human lamin B (TP301604, Origene, Rockville, MD) was produced
with a TrueORF clone with a C-terminal MYC tag (EQKLISEEDL) and was expressed
in human embryonic kidney 293 cells and purified with an anti-MYC affinity column.

The molecular weight ladder used in gel electrophoresis experiments was the
Blueye prestained protein ladder (GeneDireX, Dubai, UAE) that is a three color set
of protein standards with a range from 10 to 245 kDa.

The marker for MMP-2 activity used on gelatin zymography was serum-free
conditioned media collected from the human fibrosarcoma (HT1080) cell line
(American Type Culture Collection, Manassas, VA) that was produced in the Schulz

lab.
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2.2 Animal Protocol

This study was done according to the Guide to the Care and Use of Experi-
mental Animals published by the Canadian Council on Animal Care (Olfert et al.,
1993), and all animal procedures were approved by the University of Alberta Animal

Care and Use Committee.

2.3 Isolated rat heart perfusions

Male Sprague-Dawley rats (250-300 g) were anesthetized by intraperitoneal
injection of sodium pentobarbital (240 mg/kg) as previously described (Cheung et
al., 2000). The heart was carefully removed from the rat and rinsed in Krebs-
Henseleit solution at 4°C. The heart was mounted via the aorta to the cannula of
the Langendorff heart perfusion apparatus (LH-04, Experimetria Ltd., Budapest,
Hungary) and tied with half of a surgeon’s knot using a silk string. The hearts were
perfused at constant pressure of 60 mmHg with Krebs-Henseleit solution at 37°C
which was continuously gassed with 95% 0O,/ 5% CO..

The heart was cleaned of any excess epicardial fat tissue, pulmonary veins or
arteries. Then deflated latex left ventricular pressure balloon was inserted into the
left ventricle of the heart in order to measure the pressure developed during cardiac
contraction. The balloon was filled with H,O with a glass spindle syringe in order to
set the left ventricular diastolic pressure to 10 mmHg. The heart was allowed to
equilibrate for 15 mins. The experimental time point zero commenced after this
equilibration phase. Coronary flow, heart rate and left ventricular pressures were
measured during the experiment using SPEL Advanced Haemosys software (Exper-

imetria Ltd.). The difference between left ventricular systolic and diastolic pressures
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was defined as left ventricular developed pressure. The rate-pressure product was
calculated as the product of heart rate and left ventricular developed pressure.

The three different experimental heart groups were perfused for a total of 75
min (after time zero). The diagram in Figure 2.1 shows the protocols of the differ-
ent heart perfusions. The aerobic hearts were perfused aerobically for 75 min. The
ischemic-reperfused hearts were first perfused aerobically for 20 min, followed by
20 min of global, no-flow ischemia (when the delivery of perfusate was stopped)
and then 35 min of aerobic reperfusion (by restoring the flow of perfusate).

The hearts either received the vehicle dimethyl sulfoxide (DMSO, 0.0625%
v:v) or MMP inhibitor O-phenanthroline (100 uM final concentration) through a drug
infusion line feeding into the Krebs-Henseleit solution aortic delivery line using a
Gilson peristaltic mini-pump (MINIPULS 3, Mandel Scientific, Guelph, ON). The drug
or vehicle were infused at flow rate which varied between 50-100 pL/min. The flow
rate of drug infusion was dependent on the coronary flow rate of each heart. The
vehicle or drug were infused for a period of 10 min immediately before ischemia,
and for the first 10 min after the end of ischemia. It is important to note that aero-
bic hearts received the vehicle 10 min after the start of perfusion, continuously for
a total of 40 min, until the 50 min time point. O-phenanthroline was prepared fresh
each day and was dissolved in dimethyl sulfoxide and diluted in 0.9% saline. A
similar procedure was followed for the preparation of the vehicle sans drug.

After the perfusion was completed the whole heart was removed from the
apparatus, and placed into a 100mm Petri dish filled with ice-cold Krebs-Henseleit

solution and left on ice for immediate processing.
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2.4 Preparation of subcellular fractions from tissue and cells
The flow chart for isolation of subcellular fractions from tissue and cultured

cells is summarized in Figure 2.2.

2.4.1 From perfused rat hearts

Using a scalpel the ventricular heart tissue was minced into small pieces (2-3
mm), collected in a 2 mL Eppendorf tube, and washed with 1 mL of ice cold phos-
phate buffered saline (PBS) by inverting the tube. Using a new, pre-tared tube 40-
60 mg of heart tissue was transferred into it for preparation of heart homogenate.
500 pL of ice cold cytosolic buffer was added. This was supplemented with 5 uL of
protease inhibitor cocktail (P8340, Sigma-Aldrich, Oakville, ON; inhibits serine, cys-
teine, and acid proteases, and aminopeptidases).

The heart tissue was then homogenized using a tissue homogenizer (Bio-Gen
PR0O200, PRO Scientific, Inc., Oxford, CT) for 5 s or until most of the tissue pieces
were disrupted. The tissue homogenate was transferred into a QIAshredder (Qi-
agen, Toronto, ON) microcentrifuge spin-column (1 mL). This device has a unique
biopolymer shredding system that homogenizes cell or tissue lysates to reduce vis-
cosity, and to filter any remaining pieces of tissue. In order to form the filtrate the
spin-column was centrifuged at 510 g for 5 min at 4°C. The small pellet that formed
as a result was re-suspended in the filtrate by pipetting, and 500 uL of ice cold cy-
tosolic buffer with 5 uL of protease inhibitor cocktail were added to the tube. This
solution was transferred into a clean 1.5 mL Eppendorf tube, and incubated on an

end-over-end shaker for 10 min at 4°C. To obtain the cytosolic fraction, the homog-
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enate was centrifuged at 4000 g for 10 min at 4°C, and the supernatant containing
cytosolic proteins was collected and kept on ice for the duration of the procedure.

The pellet from this was resuspended in 1 mL of ice cold membrane buffer
supplemented with 10 pL of the protease inhibitor cocktail, and incubated on an
end-over-end shaker for 30 min at 4°C. The suspension was centrifuged at 6000 g
for 10 min at 4°C to obtain proteins from membrane bound organelles (contained in
the supernatant) and those from nuclei (contained in the pellet), along with cell de-
bri. The digestion of DNA in the nuclear pellet was done by addition of 500 units of
benzonase (E1014, Sigma-Aldrich Oakville, ON) in 20 pyL of H,0. By gently flicking
the tube with one’s finger the pellet was resuspended and incubated for 15 min at
room temperature to allow the reaction to proceed. To purify nuclear proteins, 500
ML of ice cold nuclear buffer was added, and the mixture was incubated on an end-
over-end shaker for 10 min at 4°C, followed by centrifugation at 6800 g for 10 min
at 4°C. The supernatant containing nuclear proteins was collected and kept on ice
for the duration of the procedure. The pellet containing insoluble nuclear proteins
was resuspended in nuclear buffer supplemented with 8M urea.

Once all subcellular fractions were collected, they were frozen in liquid nitro-
gen, and kept at -80°C for further analysis. These fractions were later thawed for

gelatin zymography and western blotting.

2.4.2 From cultured cells

A 100 mm diameter Petri-dish of confluent HT1080 or neonatal rat ventricu-
lar myocytes (NRVM) were used in this protocol (refer to isolation protocol in sec-

tion 2.9). The cells were washed with PBS and detached using 0.25% trypsin- 0.53
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mM EDTA. The cells were collected and centrifuged at 500 g for 10 min at 4°C to
pellet the cells, as previously described (Holden and Horton, 2009). The superna-
tant was discarded, and the pellet was resuspended and washed with 500 pL of ice
cold PBS, and pelleted at 500 g for 10 min at 4°C. The supernatant was discarded
and the pellet was resuspended by pipetting in 800 uL of ice cold cytosolic buffer
containing 8 pL of protease inhibitor cocktail that was added fresh on the day of the
fractionation. The suspension was incubated on an end-over-end shaker at 4°C for
10 min to allow the cells to lyse, and the lysate was centrifuged at 2000 g for 10
min at 4°C. The supernatant containing the cytosol enriched fraction was collected
and kept on ice, and the pellet was resuspended in 800 pL of ice cold membrane
buffer with 8 pL of protease inhibitor cocktail and then incubated for 30 min on ice.
To collect the proteins from membrane bound organelles and to pellet nuclei, the
suspension was centrifuged at 7000 g for 10 min at 4°C. The supernatant was col-
lected and kept on ice, while the pellet was washed and pelleted once with 500 pL
of ice cold PBS to obtain clean nuclear samples. The supernatant was discarded and
the pellet was resuspended in 400 pL of ice cold nuclear buffer, containing 500
units of benzonase to digest DNA in the nuclear pellet. It was incubated for 1 h on
an end-over-end shaker at 4°C. The cell debris was pelleted at 7800 g for 10 min at
4°C and the supernatant containing nuclear proteins was collected.

Once all subcellular fractions were collected, they were frozen in liquid nitro-
gen, and kept at -80°C for further analysis. These fractions were later thawed for

gelatin zymography and western blotting.
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2.5 Preparation of frozen tissue homogenates

The unused minced ventricular tissue (after 2.4.1 preparation) of the per-
fused rat hearts was collected with tweezers (without being blotted dry) in a 2 mL
Eppendorf tube, and frozen in liquid nitrogen and kept at -80°C for further use. The
entire procedure of crushing the frozen heart tissue was done with liquid nitrogen
cooled equipment. The ventricular tissue segments were removed from the tubes
with tweezers and placed into a mortar and crushed into powder with a pestle. To
the crushed heart powder ~5 mL of liquid nitrogen was added and boiled off, which
caused the heart powder to congregate into a pile. The powder was immediately
disturbed by tapping the mortar on the bench, and transferred by scooping into a
1.5 mL cryovial through a funnel. The collected cyovial with the heart powder was
kept in liquid nitrogen until the homogenization step.

In a pre-tared tube the heart powder was weighed out and radioimmunopre-
cipitation assay (RIPA) buffer supplemented with 8M urea was added (the volume
of RIPA+8M urea added was four times the heart powder weight). The suspension
was homogenized using a tissue homogenizer (Bio-Gen PRO200) and centrifuged at
10,000 g for 10 min at 4°C. The supernatant was collected, aliquoted, frozen in lig-

uid nitrogen and kept at -80°C.

2.6 Protein quantification assay

The tissue homogenate and cell lysate protein concentrations were measured
using the bicinchoninic acid assay. Bovine serum albumin (Pierce Life Technologies,
Rockford, IL) was used as the reference protein to prepare a standard curve with a

concentration range of 31.25-1000 pg/mL. 10 pL of the reference protein standard
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was loaded into a 96 well plate in triplicate. Unknown samples diluted 1:10 with
H,O and 10 pL of this was loaded in duplicate. Bicinchoninic acid solution (Sigma-
Aldrich, Oakville, ON) and copper (II) sulfate solution 4% (w/v) (prepared from
copper (II) sulfate pentahydrate) were mixed at a 50:1 ratio. 200 yL of this mixture
was added to each well. The plate was incubated for 30 min at 37°C, and the color-
imetric change due to the reduction of copper (Cu II - Cu I) was measured at 560
nm with a UVmax Kinetic microplate reader. The data were analyzed using SoftMax

Pro (v 5.2 rev C) software.

2.7 Western blotting

Gels for 8% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) gels were prepared according to the protocol given in the Appendix A. 15 g
total protein equivalent of the tissue homogenate, or an equal percent (6%) of the
total volume of each subcellular fraction were added to SDS-PAGE loading buffer
and heated to 95°C for 5 min to denature the proteins. The samples were loaded
into individual wells along with a lane loaded with human recombinant MMP-2 or
human recombinant lamin A/C as a standard. 5 pL of Blueye prestained protein
ladder was used in the first lane to estimate molecular weights. The gel was run at
100 V for 120 min at room temperature. Proteins were transferred by the semi-dry
method from gels onto presoaked (in 100% methanol) 0.2 pm polyvinylidene
difluoride membranes (Bio-Rad, Mississauga, ON) at 100 V for 60 min at 4°C in
Towbin buffer. The membranes were blocked for 2 h at room temperature in 5%
w/v skim milk powder (Carnation, Markham, ON) prepared in TTBS buffer. Then the

membranes were transferred into clean containers with a solution containing the
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primary antibody for either MMP-2, lamin A/C, SERCA or GAPDH which were diluted
(at 1:10,000) in 5% w/v skim milk powder in TTBS and incubated overnight at 4°C
on an end-over-end shaker.

The next morning the membranes were washed 5 times for 7 min each with
TTBS buffer at room temperature to remove any excess primary antibody.
Immediately threafter they were incubated for 1 h in 5% w/v skim milk powder in
TTBS with the appropriate secondary antibody (goat anti-rabbit, 1:10,000; goat
anti-mouse, 1:5,000) on a shaker at room temperature. The membranes were
washed 5 times for 7 min each with TTBS and the bands were visualized by
chemiluminescent detection reagent (Amersham ECL Prime, GE Healthcare,
Buckinghamshire, UK). The membranes were exposed to blue medical X-ray film
(Fujifilm, Tokyo, Japan), from 1 s to 20 min, depending on the strength of the
signal. The film was developed using an OPTIMAX X-Ray film processor (PROTEC
GmbH & Co, Oberstenfeld, Germany) and scanned using a GS-800 calibrated
densitometer (Bio-Rad, Mississauga, ON). The band densities were analyzed using
QuantityOne (Bio-Rad, v 4.6.6) and Image] (NIH, v 1.48) software.

In some cases where checking the overall protein load was important in the
experiment, the membranes were stained with Ponceau S (0.1 % w/v in 5% acetic
acid, Sigma-Aldrich, Oakville, ON) for 15 min. The membranes were then washed
with an aqueous solution of 10% v/v acetic acid for 5 min at room temperature.

The membranes were immersed in 100% methanol for 5 min, dried and visualized.
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2.8 Gelatin zymography

Equal percent (4%) of the total volume of each subcellular fraction was
prepared with zymography loading buffer. The samples were loaded into individual
wells on an 8% polyacrylamide gel which incorporated 2 mg/mL of gelatin (Sigma-
Aldrich, Oakville, ON). 5 pyL of Blueye prestained protein ladder, and 1.5 pL of
conditioned media from HT1080 cells (used as an MMP-2 standard) were also
loaded onto the gel. Electrophoresis was perfomed for 120 min at 100 V at room
temperature. The gels were washed in separate plastic containers with 2.5% (v/v)
Triton X-100 (Fisher Scientific, Fair Lawn, NJ) in H,O three times for 20 min at room
temperature to remove sodium dodecyl sulphate and to allow proteins to renature.

The gels were then placed into zymography incubation buffer and incubated
for approximately 42-46 h at 37°C. After incubation, the buffer was removed and
the gels were stained with Coomassie zymography staining solution for 3 h at room
temperature, and destained with destaining solution (2% methanol, 4% acetic acid
v/v in H,0) to remove excess stain (3 times for 30 min at room temperature).

The gels were scanned using a GS-800 calibrated densitometer. The band
densities were analyzed using QuantityOne (Bio-Rad, v 4.6.6) and Image] (NIH, v

1.48) software.

2.9 Immunofluorescence confocal microscopy

The circular coverslips (#1.5, Electron Microscopy Sciences, Hatfield, PA) 25
mm in diameter, 0.16-0.19 mm thickness, were washed with 70% v/v ethanol for 5
min, and dried before being placed in a 35 mm diameter Petri dish. The coverslips

were covered with 1 mL of Dulbecco's modified eagle medium supplemented with
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10% v/v fetal bovine serum and 1% penicillin-streptomycin mixture. HT 1080 cells,
mouse neonatal fibroblasts or NRVMs were seeded onto the cover slips (300 uL or
1.0x10° cells for each well). The staining procedure below was done in the same
way with NRVM, HT 1080 and mouse neonatal fibroblasts isolated from wild type
and MMP-2 knock out mice.

The next day the cells were washed with PBS and fixed for 5 min with 1 mL
4% w/v paraformaldehyde prepared in PBS. The cells were washed once with PBS
and permeabilized for 5 min with 0.5% v/v Triton X-100 in PBS to allow intracellular
and intranuclear antigens to diffuse inside the cells. The permeablized cells were
washed twice with PBS, and the coverslips were incubated face down on parafilm,
cells touching the 25 uL drop of antibody solution (diluted in PBS to 1:200) in the
dark for 30 min. The coverslips were placed back in the 35 mm Petri dish and
washed once with 0.1% v/v Triton X-100 in PBS, and twice with PBS for one min
each, only to remove any excess primary antibody. The coverslips were incubated
in a similar manner face down on parafilm, the cells touching the 25 uL drop of
conjugated fluorescent secondary antibody solution (diluted in PBS to 1:500) in the
dark for 30 min. The coverslips were then washed with 0.1% v/v Triton X-100 in
PBS, and twice with only PBS for one min each, and then mounted onto slides with
10 pL of Fluoro-gel II mounting media containing 4',6-diamidino-2-phenylindole
(DAPI; Electron Microscopy Sciences, Hatfield, PA) in order to stain DNA of the
nucleus. The cells were visualized 30 min after allowing DAPI to equilibrate. Leica
SP5 microscope was used to collect the images and they were analyzed using Leica

LAS AF software and further analyzed by Image J.
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2.10 Isolation and culture of neonatal rat ventricular myocytes

Neonatal rat ventricular myocytes were isolated from 1 day old Sprague-
Dawley rats (Karnabi et al., 2009). The heart ventricles were carefully excised with
as little of the atria attached as possible and washed with ice cold PBS for several
washes until clear. In a Petri dish placed on ice any attached atria was removed,
and the ventricles were cut into small pieces with a scalpel. The pieces were
transferred into a 25 mL flask with a sterile pipette. The tissue was digested by
adding 10 mL of PBS containing 0.5 mL of each of the following enzyme solutions:
0.10% w/v collagenase, 0.05% w/v trypsin and 0.025% w/v deoxyribonuclease I
(Worthington Biochemical Corporation, Lakewood, NJ]). This was then incubated on
a shaker at 37°C for 5 min and then transferred into a 50 mL conical tube. 10 mL of
Dulbecco's modified Eagle medium with 20% v/v FBS (Gibco Life Technologies) was
added and centrifuged at 500 g for 1 min at 37°C. The supernantant was discarded
and the pellet was resuspended in 15.5 mL of PBS with 1.5 mL each of collagenase,
trypsin and deoxyribonuclease I at the same concentration as above.

The cell suspension was transferred into a 25 mL flask and incubated on a
shaker at 37°C for 20 min. After digestion the solution was transferred into a 50 mL
conical tube with 20 mL of Dulbecco's modified Eagle medium 20% v/v FBS, and
centrifuged for 1 min at 500 g at 37°C. The supernatant was transferred into a
clean tube, while the pellet was digested further by the addition of the enzymes at
the same concentration as above and incubated on a shaker at 37°C for 20 min.
The collected supernatant from the digestions was centrifuged at 1000 g for 7 min
at 4°C. The supernatant was discarded and the pellet was resuspended in 15 mL of

Dulbecco's modified Eagle F-12 medium supplemented with 1% v/v penicillin-
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streptomycin and 10% v/v FBS. The cells were plated to a 150 mm diameter Petri
dish, and placed into cell culture incubator (37°C, 5% CO,) for 2 h. Since the
fibroblasts attach faster to the dish than the cardiomyocytes, the media containing
the myocytes was collected and plated onto a clean Petri dish as needed.

The next day after isolation of NRVMs, the culture medium was removed and
the cells were washed with PBS to remove any unattached cells. New Dulbecco's
modified Eagle F-12 medium supplemented with 1% v/v penicillin streptomycin and
10% v/v FBS was added to the plates. The experiments were performed with
primary cultures, a few days after isolation to allow the cells to recover from the
stresses and damage that occurs during the enzymatic digestion. The
cardiomyocytes were considered to be ready for experiments once they began to

spotaneously contract when observed under the microscope.

2.11 Cell Culture

Both HT1080 cells, mouse neonatal fibroblasts and NRVMs were incubated at
normal conditions of 37°C, 5% CO, in a humidified incubator. The media used was
Dulbecco’s modified Eagle medium F-10 (or F-12 with NRVMs), supplemented with

100 U/mL penicillin, 100 pg/mL streptomycin and 10% v/v FBS.

2.11.1 HT1080 cells

The HT1080 cell line was obtained from the American Type Culture Collection
(Manassas, VA). The cryogenically frozen cells were thawed and plated into a T25
flask. The cells were incubated in Dulbecco’s modified Eagle medium F-10,

supplemented with 100 U/mL penicillin, 100 pg/mL streptomycin and 10% v/v FBS.
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The next day the cells were passaged at a 1:10 ratio. The cells were passaged twice
per week or until they reached 70% confluency. A new batch of cells was prepared
from frozen stock after 20 passages of the cell line.

HT1080 conditioned medium was used as a standard for MMP-2 and MMP-9
gelatinolytic activity in gelatin zymography experiments. Once cells were ready,
they were washed three times with serum-free medium and incubated in serum-
free medium with 0.1 uM phorbol ester 12-o-tetradecoyl-phorbol-13-acetate for 24
hours. The next day the medium was collected, centrifuged at 1500 g for 10 min at
room temperature, the supernantant was collected, aliquoted and flash frozen in

liquid nitrogen, and stored at -80°C.

2.12 In silico cleavage site analysis for lamin A or B

The primary amino acid sequence of human lamin A or B was inputted in

FASTA format (single letter amino acid code text-based format) into the Protease

specificity prediction server (PROSPER, https://prosper.erc.monash.edu.au/). This
webserver analyses the sequence submitted and predicts the cleavage sites for
twenty four different protease types. Once the analysis was complete an e-mail was

sent with the link to the results.

2.13 In vitro proteolysis assay
2.13.1 4-aminophenylmercuric acetate activation of MMP-2

The 72 kDa zymogen form of MMP-2 can be chemically activated by 4-
aminophenylmercuric acetate (APMA). APMA disrupts the Cys73 sulfhydryl and Zn?*

hydrogen bond through perturbation of the proMMP-2 molecule, and the
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conformational change results in disruption of the hydrogen bond (Itoh et al.,
1995). Purified human recombinant 72 kDa MMP-2 (prepared in our lab) at a
concentration of 200 pg/mL was mixed with 1 mM of APMA in activation buffer with
the final volume of 200 pyL. The mixture was gently flicked to mix and incubated for
2 h at 37°C. This reaction mixture as well as unreacted MMP-2 were diluted with
H,O to give a final concentration of 1 ng/pL and an aliquot of each was subjected to
gelatin zymography. Succesfully activated MMP-2 was aliquoted and kept at -20°C

for any further experiments.

2.13.2 Lamin A proteolysis

Human recombinant lamin A (0.09 pg/pL) was mixed with APMA-activated
MMP-2 in incubation buffer with an increasing enzyme:substrate molar ratio from
(1:500 to 1:10) to give a final volume of 22 uL. O-phenanthroline was used to see
if the proteolysis of lamin A was due to MMP-2 activity. MMP-2 at 1:10 ratio (0.008
Mg/pL) was pre-incubated with O-phenanthroline (100 uM, dissolved in DMSO) for
15 min at 37°C before adding lamin A. The proteolysis of purified human
recombinant troponin I (prepared in our lab) by MMP-2 was used as positive control
(Wang et al., 2002). 0.05 pg/uL of troponin I was incubated with 0.001 pg/pL of
APMA-activated MMP-2 (enzyme:substrate molar ratio 1:125). All samples were
incubated for 2 h at 37°C. The resulting samples from the proteolysis assay were

immediately prepared and run on a 10% SDS PAGE gel.
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2.13.3 Lamin B proteolysis

Human recombinant lamin B (0.05 pg/pL) was mixed with APMA-activated
MMP-2 in incubation buffer with an increasing enzyme:substrate molar ratio from
(1:500 to 1:10) to give a final volume of 22 pL. The proteolysis of purified human
recombinant troponin I (prepared in our lab) by MMP-2 was used as positive control
(Wang et al., 2002). 0.05 pg/uL of troponin I was incubated with 0.001 pg/pL of
APMA-activated MMP-2 (enzyme:substrate molar ratio 1:125). All samples were
incubated for 2 h at 37°C. The resulting samples from the proteolysis assay were

immediately prepared and run on a 10% SDS PAGE gel.

2.14 SDS PAGE gel electrophoresis

SDS-PAGE electrophoresis was performed to determine the cleavage of
lamins by MMP-2. SDS loading buffer (4 uL) was added to MMP-2 proteolysis assay
samples for a total volume of 26 puL. These were heated to 95°C for 5 min to dena-
ture the proteins. The samples (26 pL each) were loaded into individual lanes along
with lamin A or B markers and 5 pL of Blueye prestained protein ladder. The gels
were run at 100 V for 120 min at room temperature. The gels were stained with
0.25% w/v Coomassie solution for 3 h to visualize the bands. They were washed
three times for 30 min with destaining solution to remove excess stain. The gels
were scanned using a GS-800 calibrated densitometer and band densities were

analyzed with QuantityOne (Bio-Rad, v 4.6.6) and Image] (NIH, v 1.48) software.
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2.15 Flow cytometry

4.0x10° HT1080 cells (equivalent to two 100 mm Petri dishes) were grown to
80% confluency for this experiment. The cells were detached from their plates as
previously described in section 2.4.2, trypsinized and centrifuged at 500 g for 10
min at 4°C. The pelleted cells were resuspended by pipetting up and down with 1
mL tip in 2 mL of PBS, and divided equally into two 1.5mL Eppendorf tubes
containing approximately 1.0x10° cells each. The cells were centrifuged and
pelleted at 500 g for 5 min at 4°C. The pellet was resuspended in 100 pL of 4% w/v
paraformaldehyde in PBS, and incubated for 15 min at 4°C to fix the cells. The fixed
cells were centrifuged at 700 g for 5 min at 4°C, as fixed cells require greater
centrifugal force to sediment. The pellet was washed once with PBS, and the fixed
cells were permeabilized for 15 min at 4°C with 0.5% v/v Triton X-100 in PBS and
pelleted at 700 g for 5 min at 4°C. Once the cells were permeabilized the pellets
were gently resuspended by manually flicking the Eppendorf tubes. This is
important as the cell membranes are fragile and the cells have to be kept intact for
the experiment. The permeabilized cells were washed once with PBS, pelleted and
resuspended in 100 uL of PBS containing the primary antibody solution diluted at
1:200 in PBS. This was incubated first for 20 min on ice, followed by 20 min at
room temperature. The cells were pelleted at 700 g for 5 min at 4°C and
resuspended in 0.1% v/v Triton X-100 in PBS for one wash, followed by one wash
in PBS. After the last wash the pelleted cells were resuspended in 2% w/v
paraformaldehyde in PBS, and left overnight at 4°C.

The next morning the cells were pelleted at 700 g for 5 min at 4°C. 100 L of

secondary antibody solution diluted 1:500 in PBS was added to the pellet and
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resuspended by manual flicking, and incubated for 20 min on ice, followed by 20
min at room temperature. The secondary antibody incubation steps were performed
in the dark. The cells were pelleted at 700 g for 5 min at 4°C and were resuspended
in 0.1% v/v Triton X-100 in PBS for one wash, followed by one wash in PBS. To
stain the nucleus DAPI (Sigma-Aldrich, Oakville, ON) was used, as it binds strongly
to AT rich regions of DNA. DAPI (0.1 ug/mL in 100 uL of PBS) was added to the
cells and this was incubated for 30 min at room temperature. Compensation control
samples are single fluorophore stained samples that are required for the calculation
of fluorescence compensation that corrects for any false positive signals resulting
from the spectral overlap of two or more fluorochromes. One sample that was
stained with secondary antibody (the compensation control sample) did not have
DAPI added, and was used in the experiment to calculate the compensation matrix.
The cells were sorted using a Mark II Amnis Image Stream flow cytometer (Amnis
Corporation, Seattle, WA).

The sample data was acquired with the help of Aja Rieger at the Faculty of
Medicine and Dentistry Flow Cytometry Facility. The start up on the Mark II Amnis
Image Stream was performed, and samples were loaded into the chamber. Using
the ISS IDEAS software the population was gated to collect only single cell events.
The software was set up the following way: channel 01 (bright field) and channel 06
(scattering channel), plus fluorescence channels as required. 10,000 events at 40X

magnification each were collected for the experiment and the compensation matrix.
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2.16 Correlational analysis of protein levels versus recovery of heart

contractile function

The percentage recovery of mechanical function was defined as the ratio of
ventricular developed pressure at the end (75 min) of perfusion over the same
parameter at the start of perfusion (0 min during aerobic perfusion). Spearman’s
rank-order correlation was used to measure the statistical dependence between the
protein levels of PARP-1 or troponin I and the percentage recovery of heart

contractile function.

2.17 Statistical analysis

Results are expressed as mean £ SEM for n individual experiments. One-way
or two-way ANOVA followed by Fisher’s LSD test were used to analyze differences
between groups. Differences were considered significant at p < 0.05. Statistical

analysis was performed using Prism 5 (v5.01) software.
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Figure 2.1: The schematic diagram of the three groups of isolated rat
hearts perfused aerobically or subjected to ischemia-reperfusion (I/R)
injury.

All three groups of hearts were perfused for a total of 75 min which is shown by
blue bars. The vehicle or drug infusion is denoted by the dashed line in orange.
The period of global, no-flow ischemia is shown by the red bar in I/R hearts. The
aerobic control hearts were perfused for 75 min.The I/R hearts were first perfused
aerobically for 20 min followed by 20 min global, no-flow ischemia and a 35 min
period of aerobic reperfusion. The ventricular tissue from these hearts were used
fresh for subcellular fractionation, and the rest of the ventricular tissue was frozen

with liquid nitrogen and strored at -80°C until the frozen tissue was homogenized.
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Figure 2.2: Schematic summary diagram of the protocol of subcellular
fractionation from either isolated perfused rat hearts or from cultured

cells.
The flow chart shows the summary of the protocols for subcellular fractionation
from tissue and cultured cells. The differences between the two methods for tissue

and cultured cells are easily identified in this visual diagram.
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CHAPTER 3 - RESULTS

3.1 Subcellular distribution of MMP-2
3.1.1 NRVM

The first objective of this study was to determine the localization of MMP-2 to
the nucleus of myocytes under normal cell culture conditions. The subcellular distri-
bution of MMP-2 in NRVM was assessed by immunofluorescence confocal microsco-
py (Figure 3.1). MMP-2 was, as expected, dispersed diffusely throughout the cyto-
plasm and also found in the nucleus of the cells. Colocalization of the DAPI (blue)
and MMP-2 (red) signals resulted in purple staining in the merged images. The con-
centrated nuclear localization of MMP-2 signal was seen in most but not all cells.
Staining with the two antibodies against MMP-2, Ab19015 (Figure 3.1, A) and the
S1’ loop antibody (Figure 3.1, B) yielded a similar distribution. Non-specific fluores-
cence was not observed in NRVM incubated with either primary or secondary anti-
body alone (data not shown).

Then we assessed the relative amount of MMP-2 protein level and activity in
the nucleus compared to the remainder of the cell. The subcellular fractions from
cytosol, membrane and nucleus (C, M and N respectively) were isolated from
NRVM. The fraction purity was assessed by western blotting for cellular markers
(Figure 3.2, A) specific to certain subcellular locations. Lamin A/C was the nuclear
marker and was primarily found in the nuclear fraction as expected, with only a
small amount appearing in the membrane fraction. GAPDH was the cytosolic marker
and was primarily found in the cytosolic fraction, with markedly less in the mem-
brane fraction and none in the nuclear fraction. Thus, the nuclear fraction was free

of any cytosolic contamination.

54



The nuclear protein levels and activity of MMP-2 were calculated as a percent
of the combined total protein level or activity of all three fractions. The protein level
of MMP-2 was measured by western blotting (Figure 3.2, B). The percent total pro-
tein levels of MMP-2 were highest in the cytosol followed by membrane fraction
(45% and 40%, respectively), with 15% of MMP-2 protein levels being in the nucle-
us (Figure 3.2, C). Gelatin zymography was used to measure the enzymatic activity
of MMP-2 in each fraction (Figure 3.3, A). The total percent activity of MMP-2 was
highest in the membrane and then cytosol fractions (70% and 20%, respectively),

10% of MMP-2 activity was in the nuclear fraction (Figure 3.3, B).

3.1.2 HT 1080 cells

The subcellular distribution of MMP-2 was also visualized in HT 1080 cells by
immunofluorescence confocal microscopy with Ab19015 (Figure 3.4, A) and the S1’
loop antibody (Figure 3.4, B). Colocalization of the DAPI (blue) and MMP-2 (red)
signal resulted in purple staining in merged images. MMP-2 was dispersed through-
out the cytoplasm, as well as being concentrated to the nucleus. Once again con-
centrated nuclear localization of MMP-2 signal was not seen in all cells. The distribu-
tion pattern observed was alike for either of the antibodies. There was no fluores-
cence observed in HT 1080 cells incubated with either primary or secondary anti-
body alone (data not shown).

In order to determine what percentage of the HT 1080 cell population had
concentrated nuclear MMP-2, imaging flow cytometry was performed on cells
stained for MMP-2 (S1’ loop antibody) and DAPI (Figure 3.5). In the following ex-

periment 11,889 HT 1080 cells were sorted and imaged; these cells were defined as
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the total population. This cell population was further analyzed to see the colocaliza-
tion of MMP-2 and DAPI signals. The degree of correlation between the nuclear
stain and the MMP-2 immunostain from each cell was calculated and defined as a
similarity score (Barteneva et al., 2012). The similarity score of >1.5 in this exper-
iment was chosen to define the colocalization of MMP-2 and DAPI spectral signals in
the nucleus. The representative images of selected cells that had mainly cytoplasm
(Figure 3.5, A) or nuclear (Figure 3.5, B) distribution of MMP-2 in HT1080 cells are
shown. The histogram (Figure 3.5, C) showed a normal distribution of the similarity
score among the cells analyzed, and the majority of the cells had a similarity score
>1.5. From this, it was determined that 11.4% of the cells had MMP-2 concentrated

to the cytoplasm, while 88.6% of the cells had MMP-2 concentrated to the nucleus.

3.1.3 Wild type and MMP-2 knock out neonatal fibroblasts from mice

The distribution of MMP-2 in subcellular fractions of NRVM differs from those
seen by immunofluorescence. The western blots of subcellular fractions from NRVM
showed that 15% of total MMP-2 protein levels were in the nucleus, while the im-
munofluorescence showed a much greater amount of MMP-2 localized to the nucle-
us. The immunofluorescence and western blot experiments were performed using
the same antibody (Ab19015); therefore this disparity was not due to a difference
in antibodies used between experiments. In order to confirm that this apparent nu-
clear signal was not due to non-specific binding of the antibody to other nuclear
proteins, neonatal fibroblasts isolated from both wild type and MMP-2 knock out

mice were examined.
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Firstly, antibody Ab19015 (Figure 3.6) was tested on wild type (WT) and
MMP-2 knock out (KO) cells. The immunostaining procedure and concentration of
primary and secondary antibody used was identical to the procedure performed
with NRVM, to validate that the antibody indeed recognized MMP-2 at the concen-
tration used in the original experiment. In wild type cells, stained with Ab19015 for
MMP-2 (red) and DAPI (green), MMP-2 was diffusely distributed throughout the cy-
toplasm and more concentrated in the nucleus. The merged images showed yellow
colocalization of the MMP-2 and DAPI signals, indicating that these cells had nuclear
MMP-2, consistent with our observations in HT 1080 and NRVM. In contrast, little
staining for MMP-2 was observed in MMP-2 knock out cells, indicating that this anti-
body was not recognizing a non-specific nuclear protein in wild type, NRVM or HT
1080 cells.

Secondly, S1’ loop antibody (Figure 3.7) was tested on wild type and MMP-2
knock out cells. The immunostaining procedure and concentration of primary and
secondary antibody used was again as used for NRVM. In wild type cells, stained
with S1’ loop antibody for MMP-2 (red) and DAPI (green), MMP-2 was diffusely dis-
tributed throughout the cytoplasm and slightly more concentrated in the nucleus.
The merged images showed yellow colocalization of the MMP-2 and DAPI signals,
indicating that these cells had nuclear MMP-2, consistent with our observations in
HT 1080 and NRVM. In contrast, very little staining for MMP-2 was observed in
MMP-2 knock out cells, indicating that this antibody was not recognizing a non-

specific nuclear protein in wild type, NRVM or HT 1080 cells.
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3.2 Functional performance of rat hearts subjected to I/R injury

The isolated rat hearts were perfused by the Langendorff method in one of
three ways: a) aerobically (AE, control), b) inducing I/R injury by global, no-flow
ischemia followed by reperfusion (I/R), and c¢) I/R injury with an MMP inhibitor, o-
phenanthroline (I/R+0). The contractile performance of isolated rat hearts subject-
ed to I/R injury was measured and the protective effect of o-phenanthroline was
confirmed by measured or derived functional parameters (Figure 3.8). Heart rate
(Figure 3.8, A), coronary flow (Figure 3.8, B), left ventricular developed pressure
(Figure 3.8, C) and the product of heart rate and developed pressure (Figure 3.8,
D) were used to determine the vascular and contractile function of these hearts.
The AE hearts received vehicle; the coronary flow and contractile function of these
hearts was not impaired by the vehicle treatment. The I/R hearts that only received
vehicle had reduced heart rate, coronary flow, developed pressure and rate-
pressure product during the reperfusion phase after global, no-flow ischemia.
Treatment of I/R hearts with o-phenanthroline conserved coronary flow and left
ventricular developed pressure (difference between left ventricular systolic and di-
astolic pressures) during the reperfusion phase (50 min - 75 min). Heart rate and
the rate-pressure product (product of heart rate and left ventricular developed
pressure) were improved in I/R+0 hearts at 60 and 70 min time points, compared
to I/R hearts. Thus, inhibition of MMP activity with o-phenanthroline improved the

contractile function of I/R hearts, as previously shown (Wang et al., 2002).
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3.3 Subcellular fractions isolated from rat hearts
3.3.1 Subcellular fraction purity

The ventricular tissue from isolated rat hearts (AE, I/R and I/R+0) were used
to isolate cytosol, membrane bound organelle and nuclear fractions. The purity of
subcellular fractions prepared from normal rat heart ventricular tissue was analyzed
by western blot against specific subcellular markers (Figure 3.9). The cytosol mark-
er was GAPDH, membrane bound organelle markers were SERCA2 and VDAC, and
the nuclear marker was lamin A/C. The absence of GAPDH, SERCA2 and VDAC
bands in the nuclear fraction demonstrated that it was free of cytosol and mem-

brane contamination.

3.3.2 Changes in MMP-2 protein levels and activity with myocardial
I/R injury

Myocardial I/R injury activates MMP-2 in heart tissue (Cheung et al., 2000);
however it is not known what happens in the subcellular compartments to MMP-2
protein levels and activity. Therefore, the protein level and activity of MMP-2 for
each fraction were analyzed and calculated as a percent of total protein levels or
activity in all three fractions (cytosol, membrane and nucleus). The changes in
MMP-2 protein levels (Figure 3.10) or activity (Figure 3.11) in cytosol, membrane
and nuclear fractions in AE, I/R and I/R+0 hearts were assessed by western blot-
ting or gelatin zymography, respectively. In I/R+0O hearts, nuclear MMP-2 protein
level made up a greater proportion of total cellular MMP-2 than in AE hearts (Figure
3.10, B). Likewise, MMP-2 activity in the nuclear fraction of I/R+0 hearts made up

a greater proportion of total cellular MMP-2 activity than in AE hearts (Figure 3.11,

59



B). Surprisingly, even though the percent total nuclear protein levels of MMP-2
(Figure 3.10, B) in I/R hearts was not significantly increased relative to AE control
hearts, the percent total nuclear activity of MMP-2 (Figure 3.11, B) was significantly
increased in I/R hearts. Thus, a factor besides increased protein levels was respon-

sible for the increase in nuclear MMP-2 activity in I/R hearts.

3.4 Identifying nuclear targets of MMP-2
3.4.1 In silico analysis of lamin A or B proteolysis by MMP-2

One of the objectives of this study was to identify potential nuclear sub-
strates of MMP-2. It was hypothesized that lamins, structural nuclear proteins,
could be a proteolytic target of MMP-2 in the nucleus under I/R conditions. In order
to identify if MMP-2 can proteolyse nuclear lamins, I first performed an in silico
analysis which predicts MMP-2 proteolytic sites within the lamin A or lamin B se-
quence (Table 3.1) using the online protease specificity prediction tool PROSPER
(De Bock et al., 2015). This analysis showed that both lamin A and B may be pro-
teolysed by MMP-2 at two sites. MMP-2 could potentially proteolyse lamin A at posi-
tions 76 and 308, leading to formation of C-terminal fragments of 70 and 43 kDa,
respectively. MMP-2 could also potentially proteolyse lamin B at positions 309 and

562, leading to formation of C-terminal fragments of 33 and 3 kDa, respectively.

3.4.2 In vitro proteolysis assay of lamin A or B by MMP-2

In order to confirm the in silico results, an in vitro degradation assay was
performed where human recombinant lamin B (Figure 3.12) or A (Figure 3.13) were

individually tested for their susceptibility to proteolytic cleavage by purified human
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recombinant MMP-2. The known MMP-2 substrate troponin I (Wang et al., 2002)
was used as a positive control for MMP-2 activity (Figure 3.12, A). Incubation of
troponin I with MMP-2 yielded several degradation products after 2 hours incubation
with MMP-2 at 37°C (1:125 molar ratio of enzyme to substrate). Incubation of in-
creasing concentrations of MMP-2, from 1:500 to 1:10, with lamin B for 2 hours at
37°C did not show evidence for its proteolysis (Figure 3.12). The band densities of
lamin B, and a faint 48 kDa band did not change with increasing concentrations of
MMP-2 (Figure 3.12, B). In contrast, lamin A incubated with increasing concentra-
tions of MMP-2 for 30 minutes at 37°C yielded a ~50 kDa fragment which became
apparent at a molar ratio of MMP-2:lamin A as little as 1:125 (Figure 3.13, A). The
band density of lamin A decreased with increasing concentrations of MMP-2, and
resulted in increased band density of ~50 kDa proteolysis product (Figure 3.13, B),

clearly showing the ability of MMP-2 to proteolyse lamin A.

3.5 Effect of myocardial I/R injury on putative nuclear MMP-2
targets
3.5.1 Troponin I

It was previously described by Wang et al. (2002) that troponin I protein lev-
els are decreased in I/R hearts, and attenuated with MMP inhibitor treatment. In
order to confirm the proteolytic activity of MMP-2 in I/R hearts, I measured TnI by
western blot in heart homogenates (Figure 3.14). There was a trend (p=0.091) to
reduced protein levels of Tnl in I/R hearts compared to AE hearts. I/R+0O group had
a significantly greater Tnl content than I/R hearts (Figure 3.14, B). Similar results

were seen with the Tnl lower band that is recognized by this antibody (Figure 3.14,
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C). Thus, the hearts in this experiment partially replicated this important indicator
of the detrimental activity of MMP-2 in I/R injury.

The decrease in myocardial Tnl content after ischemia and reperfusion could
potentially result in impaired mechanical function of the hearts. Therefore, the rela-
tionship between myocardial contractile function and the protein levels of Tnl post
I/R were explored (Figure 3.15). The percentage recovery of mechanical function
was defined as the ratio of left ventricular developed pressure at the end (75 min)
of perfusion over the same parameter at the start of perfusion (0 min during aero-
bic perfusion). There were no significant correlations between Tnl protein levels and
percentage recovery of heart contractile function in all the different groups of

hearts.

3.5.2 PARP-1

Kwan et al. (2004) showed that MMP-2 can proteolyse PARP-1 in vitro result-
ing in the formation of an ~48 kDa fragment. I measured PARP-1 in homogenates
prepared from AE, I/R and I/R+0O hearts by western blotting (Figure 3.16, A). The
densities of 116 kDa (full-length) PARP-1 band (Figure 3.16, B) and 85 kDa PARP-1
fragment band (Figure 3.16, C) were measured. Full-length 116 kDa PARP-1 protein
levels were not significantly different in I/R hearts compared to control AE hearts.
In contrast the protein level of PARP-1 was significantly lower in I/R+0O relative to
I/R hearts. No significant change was observed in the 85 kDa PARP-1 fragment
band (Figure 3.16, C).

In a similar fashion to the TnI analysis, the relationship between the left ven-

tricular contractile function and protein levels of 116 kDa PARP-1 was explored
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(Figure 3.17). The percentage recovery of mechanical function was defined as the
ratio of ventricular developed pressure at the end (75 min) of perfusion over the
same parameter at the start of perfusion (0 min during aerobic perfusion). There
was a significant inverse correlation between full length PARP-1 and the percentage
recovery of contractile function among the I/R group hearts and all hearts subject-

ed to I/R (I/R and I/R+0).

3.5.3 Lamin Aand C

The protein levels of lamin A and C were measured in the insoluble cellular
fraction isolated from AE, I/R and I/R+0O hearts (Figure 3.18). The insoluble cellular
fraction is collected after the nuclear fraction, and contains insoluble structural pro-
teins including the lamins. There was no significant changes in lamin A or C protein
levels, nor in the lamin A to C ratio (Figure 3.18, B). To further solidify these results
the protein levels of lamin A or C were measured in total homogenates from isolat-
ed perfused rat hearts subjected to I/R injury (Figure 3.19). Neither lamin A, C
(Figure 3.19, B) nor the lamin A to C ratio were affected by I/R injury. Thus, the
increase of MMP-2 in the nuclear fraction during I/R injury did not result in the pro-

teolysis of lamin A or C, despite its ability to proteolyse lamin A in vitro.
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Table 3.1: In silico analysis of proteolytic cleavage sites by MMP-2 of lamin A/C

and B performed by PROSPER

Amino Segment N- C- Score

Acid fragment  fragment
Lamin A 76 EVSG--IKAA  8.91kDa 70.03kDa 1.07
308 QLSQ--LaQKQ 36.36kDa 42.57 kDa 7.07
Lamin B 309 QLSN--LQKE 36.36kDa 32.76kDa 1.18
562 EAAG--VVVE 66.33kDa 2.79 kDa 1.02
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Figure 3.1: Nuclear localization of MMP-2 in neonatal rat ventricular myo-
cytes by confocal immunofluorescence microscopy.

Immunofluorescence confocal microscopy was used to show that MMP-2 localizes to
the nucleus in neonatal rat ventricular myocytes. Nucleus was stained with DAPI
(blue).

(A) The MMP-2 antibody Ab-19015 or the

(B) MMP-2 antibody against the S1’ loop were used to stain for MMP-2 (red).
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Figure 3.2: Distribution of intracellular MMP-2 protein levels in subcellular
fractions of neonatal rat ventricular myocytes.

Western blot showing the distribution of MMP-2 protein levels in cytosolic, mem-
brane and nuclear fractions of neonatal rat ventricular myocytes under normal cell
culture conditions. Equal percent volume of each fraction collected was loaded for
cytosol (15 pL), membrane (15 pL) and nuclear fractions (30 pL). The cytosol,
membrane bound organelle and nuclear fractions are denoted by C, M and N, re-
spectively. The MMP-2 antibody used was Ab19015.

(A) A representative Western blot of fraction purity. Cytosol marker: GAPDH; Nu-
clear marker: lamin A/C.

(B) A representative Western blot of MMP-2 protein levels in cytosol, membrane
and nuclear fraction. Purified human recombinant MMP-2 was used as a standard
(Std).

(C) Quantitative analysis of the MMP-2 band by densitometry.

The protein levels were comparable in cytosolic and membrane fractions, with less
in the nuclear fraction.

Representative of n=5 individual experiments.

* p<0.05, *** p <0.001, one-way ANOVA followed by Fisher’s LSD test
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Figure 3.3: Distribution of intracellular MMP-2 activity in subcellular frac-
tions prepared from neonatal rat ventricular myocytes.

Gelatin zymography was used to assess MMP-2 activity in cytosol, membrane and
nuclear fractions of neonatal rat ventricular myocytes under normal cell culture
conditions. Equal percent volume of each fraction collected was loaded for cytosol
(15 pL), membrane (15 pL) and nuclear fractions (30 pL). The cytosol, membrane
bound organelle and nuclear fractions are denoted by C, M and N, respectively.

(A) A representative gelatin zymogram examines MMP-2 and MMP-9 activities in
cytosol, membrane and nuclear fractions. Conditioned media from HT1080 cells was
used as a standard for MMP-2 and MMP-9.

(B) Quantitative analysis of the MMP-2 band by densitometry.

Activity was highest in the membrane fraction, followed by the cytosolic and nuclear
fractions; no nuclear MMP-9 activity was detected.

Representative of n=5 individual experiments.

* p<0.05, *** p <0.001, one-way ANOVA followed by Fisher’s LSD test
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Figure 3.4: Nuclear localization of MMP-2 in HT1080 cells by confocal im-
munofluorescence microscopy.

Fluorescence confocal microscopy was used to show that MMP-2 localizes to the nu-
cleus in HT1080 cells. Nucleus was stained with DAPI (blue).

(A) The MMP-2 antibody Ab-19015 or the

(B) MMP-2 antibody against the S1’ loop were used to stain for MMP-2 (red).
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Figure 3.5: Nuclear localization of MMP-2 in HT1080 cells analyzed by im-
aging flow cytometry.

Imaging flow cytometry was used to show the percentage of HT1080 cells that have
primarily nuclear or cytoplasmic localization of MMP-2. Nuclei were stained with
DAPI (blue), MMP-2 antibody against the S1’ loop was used to stain for MMP-2
(red).

(A) Representative images of cells that had primarily cytoplasmic MMP-2 l|ocaliza-
tion.

(B) Representative images of cells that had primarily nuclear MMP-2 localization.
(C) Histogram of frequency of events showing cytosolic and nuclear localization of
MMP-2.

Representative of n=3 individual experiments.
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Cytosolic localization

Bright-field DAPI MMP-2 Merge

&

se08

~
—

Nuclear localization

Brlght-fleld DAPI MMP-2 Merge

E?EOG

5
)
= 4
@
=
o
£ 3- 88.6%
L 07
E i Nuclear
N 5 11.4% localization
™ Cytosolic R4
E Iocahzatlon
D 1- ﬂ
2

0

4 6

Similarity Bright Detail



Figure 3.6: MMP-2 staining by Ab19015 MMP-2 antibody in wild type and
MMP-2 knock out mouse neonatal fibroblasts visualized by confocal immu-
nofluorescence microscopy.

Immunofluorescence confocal microscopy with MMP-2 antibody Ab19015 shows
that MMP-2 is recognized in the nucleus of wild type (WT) mouse neonatal fibro-
blasts. Non-specific binding of MMP-2 antibody was not seen in neonatal fibroblasts
from MMP-2 knock out (KO) mice. Nuclei were stained with DAPI (green) and the

MMP-2 antibody Ab-19015 (red). Representative of one experiment.
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Figure 3.7: MMP-2 staining with MMP-2 S1’ loop antibody in wild type and
MMP-2 knock out mouse neonatal fibroblasts visualized by confocal immu-
nofluorescence microscopy.

Immunofluorescence confocal microscopy with MMP-2 S1’ loop antibody shows that
MMP-2 is recognized in the nucleus of wild type (WT) mouse neonatal fibroblasts.
Non-specific binding of MMP-2 S1’ loop antibody was not seen in neonatal fibro-
blasts from MMP-2 knock out (KO) mice. Nuclei were stained with DAPI (green) and

the MMP-2 S1’ loop antibody (red). Representative of one experiment.
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Figure 3.8: Functional performance of isolated rat hearts subjected to is-
chemia-reperfusion (I/R) injury and the effect of the MMP inhibitor o-
phenanthroline (O).

Isolated rat hearts were perfused either aerobically for 75 mins as control hearts
(AE, black), or subjected to 20 mins of aerobic perfusion followed by 20 mins of
global, no-flow ischemia and 35 mins of aerobic reperfusion with 100 pM of o-
phenanthroline (I/R+0O, blue) or its vehicle (I/R, red). Note that vehicle (DMSO,
0.0625% v:v) was also infused in the control group. The light grey areas of the
graph represent the length of time the vehicle or drug was infused, 10 mins before
and after ischemia. Note that the control hearts received the vehicle for a total of
40 mins. The dark grey areas represent the global, no-flow ischemia that was per-
formed only on I/R hearts. Physiological parameters measured include:

(A) Heart rate,

(B) coronary flow,

(C) left ventricular developed pressure and

(D) the product of heart rate and developed pressure.

n=7 hearts/group.

* p< 0.05 between I/R and I/R+0O groups, two-way repeated measures ANOVA fol-
lowed by Fisher’s LSD test.

Heart perfusions were performed by Mathieu Poirier.
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Figure 3.9: Purity of subcellular fractions prepared from normal rat heart
ventricular tissue.

Western blots for specific cellular markers demonstrated that the nuclear fraction
was free of cytosol and membrane contamination. Equal percent volume of each
fraction collected was loaded for cytosol (15 pL), membrane (15 upL) and nuclear
fractions (30 pL). The cytosol, membrane bound organelle and nuclear fractions are
denoted by C, M and N, respectively. Cytosol marker: GAPDH; Membrane bound
organelle markers: SERCA2, VDAC; Nuclear marker: lamin A/C.

Representative of n=3 individual experiments.
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Figure 3.10: MMP-2 protein levels in subcellular fractions prepared from
isolated rat hearts subjected to I/R injury.

The changes in protein levels of MMP-2 in cytosol (C), membrane (M) and nuclear
(N) fractions in AE, I/R and I/R+0O hearts were assessed by Western blot. A signifi-
cant increase in MMP-2 protein levels was found in I/R+0 hearts compared to AE
hearts.

(A) Representative western blot showing MMP-2 protein levels in the subcellular
fractions prepared from the hearts. The MMP standard (Std) used was purified hu-
man recombinant MMP-2.

(B) Quantitative analysis of the MMP-2 band in all subcellular fractions by densi-
tometry.

The MMP-2 protein levels in the nuclear fraction from the three groups of hearts are
shown separately in the enlarged graph.

n=7 hearts/group.

* p <0.05, one-way ANOVA followed by Fisher’s LSD test.
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Figure 3.11: MMP-2 activity in subcellular fractions prepared from isolated
rat hearts subjected to I/R injury.

The changes in MMP-2 activity in cytosol (C), membrane (M) and nuclear (N) frac-
tions in AE, I/R and I/R+0 hearts were assessed by gelatin zymography. A signifi-
cant increase in MMP-2 activity was found in I/R hearts compared to the AE hearts.
(A) Representative gelatin zymogram showing the differences in activity of MMP-2
in the subcellular fractions prepared from the hearts. The MMP-2 standard (Std)
used was conditioned media from HT1080 cells.

(B) Quantitative analysis of the MMP-2 band in all subcellular fractions by densi-
tometry.

The change in MMP-2 activity in the nuclear fraction from the three groups of hearts
are shown separately in the enlarged graph.

n=7 hearts/group.

* p <0.05, one-way ANOVA followed by Fisher’s LSD test.

86



Fig 3.11

I/R+0

I/R

AE

Aiady Z-dIAIN [B10) %

(= o (= o
o w b o~

100

AlAndY Z-dIAIAL 103 %%

87



Figure 3.12: Nuclear protein lamin B is not proteolysed by MMP-2 in vitro.
Human recombinant MMP-2 was incubated with human recombinant lamin B (1 ug)
for 2 hours at 37°C. MMP-2 did not proteolyse lamin B in vitro. This is revealed by
the 68 kDa lamin B band intensity and 48 kDa band intensities remaining un-
changed with increasing MMP-2 concentration. Troponin I (TnI) was used as a posi-
tive control for MMP-2 proteolysis activity. Tnl was proteolysed at a MMP-2:TnI ra-
tio of 1:125.

(A) Representative SDS PAGE gel of incubated samples stained with Comassie
Blue.

(B) Quantitative analysis of Lamin B and 48 kDa band density.
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Figure 3.13: Nuclear protein lamin A is proteolysed by MMP-2 in vitro in a
concentration dependent manner.

Human recombinant MMP-2 was incubated with human recombinant lamin A (0.5
pMg) for 30 mins at 37°C in the presence or absence of the MMP inhibitor, o-
phenanthroline (o-phen, 100 pM). MMP-2 proteolyses lamin A in vitro in a concen-
tration dependent manner with the indicated molar ratios of MMP-2:lamin A. This is
revealed by the loss of 75kDa lamin A band intensity and the appearance of a 50
kDa putative lamin A fragment. Both were prevented by the addition of o-
phenanthroline.

(A) Representative SDS PAGE gel of incubated samples stained with Comassie
Blue.

(B) Quantitative analysis of lamin A and 50 kDa fragment band density.

This experiment was performed by Marcia Y. Kondo.
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Figure 3.14: Troponin I protein levels in homogenates prepared from rat
hearts subjected to ischemia-reperfusion injury.

Troponin I (Tnl) protein levels in homogenates prepared from AE, I/R and I/R+0O
hearts as measured by Western blot.

(A) Representative Western blot of troponin I (20 ug total protein/lane) and Pon-
ceau S stained area of the blot used to normalize data. The boxed area shown was
averaged over each individual lane for the denominator. The standard (Std) used is
purified human recombinant Troponin I.

(B) Quantitative analysis of the troponin I upper band.

(C) Quantitative analysis of the troponin I lower band.

n= 7 hearts/group.

* p<0.05, # p=0.091, one-way ANOVA followed by Fisher's LSD test.
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Figure 3.15: Correlational analysis between TnI protein levels and recovery
of heart contractile function in isolated rat hearts subjected to ischemia-

reperfusion (I/R) injury.

The relationship between the percentage recovery of heart contractile function and
protein levels of TnI was explored using linear regression analysis. The percentage
recovery of mechanical function was defined as the ratio of left ventricular devel-
oped pressure at the end of perfusion (75 min) over the same parameter at the
start of perfusion (0 min during aerobic perfusion) — see Fig 3.9. There was no sig-

nificant correlation between these parameters in I/R hearts.

(A) Scatterplot of Tnl protein levels and % recovery of contractile function. AE
hearts shown in black, I/R hearts shown in red, I/R+0 shown in blue, combination
of all data from hearts that underwent I/R shown in purple, combination of all data

for all hearts shown in orange.
(B) The tabulated n-number, p-value and r? values of the scatterplot data.
n=6-7 hearts/group.

Spearman's rank-order correlation.
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Figure 3.16: 116 kDa PARP-1 protein levels in homogenates prepared from
rat hearts subjected to ischemia-reperfusion injury.

116 kDa PARP-1 protein levels in AE, I/R and I/R+0 hearts was measured by west-
ern blot. The level of 116 kDa PARP-1 was decreased in I/R+0 hearts compared to
I/R hearts. There were no significant changes in the 85 kDa PARP-1 fragment.

(A) Representative western blot of 116 kDa PARP-1 (30 ug total protein/lane) and
Ponceau S stained area of the blot used to normalize data. The boxed area shown
was averaged over each individual lane for the denominator.

(B) Quantitative analysis of the 116 kDa PARP-1 band by densitometry normalized
to Ponceau S.

(C) Quantitative analysis of the 85 kDa PARP-1 fragment band by densitometry
normalized to Ponceau S.

n= 5-7 hearts/group.

* p<0.05, one-way ANOVA followed by Fisher’s LSD test.
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Figure 3.17: Correlational analysis between PARP-1 protein levels and re-
covery of heart contractile function in isolated rat hearts subjected to is-
chemia-reperfusion (I/R) injury.

The relationship between the percentage recovery of myocardial contractile function
and protein levels of PARP-1 was explored using linear regression analysis. The per-
centage recovery of mechanical function was defined as the ratio of left ventricular
developed pressure at the end of perfusion (75 min) over the same parameter at
the start of perfusion (0 min during aerobic perfusion) - see Fig 3.9. There was a
significant correlation between these parameters in I/R hearts.

(A) Scatterplot of PARP-1 protein levels and % recovery of contractile function. AE
hearts shown in black, I/R hearts shown in red, I/R+0 shown in blue, combination
of all data from hearts that underwent I/R shown in purple, combination of all data
for all hearts shown in orange.

(B) The tabulated n-number, p-value and r? values of the scatterplot data.

n=6-7 hearts/group.

Spearman's rank-order correlation.
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Figure 3.18: Lamin A and lamin C protein levels in the insoluble cellular
fraction prepared from rat hearts subjected to ischemia-reperfusion injury.
Lamin A and lamin C protein levels in the insoluble cellular fraction prepared from
AE, I/R and I/R+0 hearts as measured by Western blot. No significant change in
either lamin A or lamin C protein levels were found.

(A) Representative Western blot of lamin A or lamin C (30 uL each) and Ponceau S
stained area of the blot used to normalize protein concentration. The boxed area
shown was averaged over each individual lane for the denominator. The standard
(Std) used was commercially purchased human recombinant lamin A and C.

(B) Quantitative analysis of the lamin A and lamin C bands as well as the lamin A
to C ratio.

n= 7 hearts/group.

One-way ANOVA followed by Fisher’s LSD test, p>0.05.
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Figure 3.19: Lamin A and lamin C protein levels in homogenates prepared
from rat hearts subjected to ischemia-reperfusion injury.

Lamin A and lamin C protein levels in homogenates prepared from AE, I/R and
I/R+0 hearts as measured by Western blot. No significant change in either lamin A
or lamin C protein levels were found.

(A) Representative Western blots of lamin A or lamin C (50ug total protein/lane)
and Ponceau S stained area of the blot used to normalize data. The boxed area
shown was averaged over each individual lane for the denominator. The standard
(Std) used was commercially purchased human recombinant lamin A.

(B) Quantitative analysis of the lamin A and lamin C bands as well as the lamin A
to C ratio.

n= 7 hearts/group.

One-way ANOVA followed by Fisher’s LSD test, p>0.05.
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CHAPTER 4 - DISCUSSION

4.1 Nuclear MMPs

The intracellular localization and activity of MMPs is now well recognized and
well-studied. In cardiomyocytes MMP-2 has been localized to the sarcomere (Wang
et al., 2002), cytoskeleton (Sung et al., 2007), caveolae (Chow et al., 2007), mito-
chondria (Wang et al., 2002), mitochondria-associated membrane (Hughes et al.,
2014) and nucleus (Kwan et al., 2004). The first observation of nuclear MMP-2
sparked many other studies investigating nuclear functions of these proteases.
MMPs have been shown to play a role in nuclear processes, where they proteolyse
DNA repair proteins (Hill et al., 2012; Kwan et al., 2004; Yang et al., 2010), act as
transcription factors (Eguchi et al., 2008; Zuo et al., 2014) play a role in apoptosis
(Pirici et al., 2012), and participate in mitotic events leading up to cellular prolifera-
tion (Zimowska et al., 2013). Even with all the knowledge that has been accumu-
lated over the past decade since the discovery of the first nuclear MMP, there still
remains a lot to be discovered. Improved understanding of the novel localization
and functions of MMPs under conditions of both homeostasis and stress is im-
portant, as it will allow us to develop better, more specific MMP inhibitors via tar-
geting them to specific cellular compartments.

In this study I found that MMP-2 is localized to the nucleus of unstimulated
NRVMs and human fibrosarcoma HT 1080 cells by immunofluorescence confocal mi-
croscopy. Nuclear activity and protein levels were measured in highly pure nuclear
fractions isolated from NRVMs. The protein levels and activity of nuclear MMP-2

were measured in isolated rat hearts subjected to I/R injury in the presence or ab-
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sence of o-phenanthroline. MMP-2 activity, but not its protein level was significantly
increased in I/R rat hearts. The ability of MMP-2 to proteolyse lamins in silico and in
vitro was tested. Lamin A was proteolysed into an ~50 kDa fragment by MMP-2.
Protein levels of known intracellular MMP-2 targets such as Tnl and putative nuclear
MMP-2 targets such as PARP-1, lamin A and C were measured in I/R hearts. Tnl
protein levels decreased in I/R hearts, and were rescued by o-phenanthroline as
previously shown (Wang et al., 2002). No changes in lamin A or C protein levels
were observed in hearts subjected to I/R injury. PARP-1 protein levels were de-
creased in I/R+0 hearts compared to I/R hearts, and PARP-1 protein levels corre-

lated inversely with the recovery of myocardial contractile function.

4.2 Nuclear localization of MMP-2

Immunofluorescence confocal microscopy was used to visualize the distribu-
tion of MMP-2 in NRVMs (Figure 3.1) and HT 1080 (Figure 3.4) cells. In both the
former and cancer cell line I saw a distribution of MMP-2 throughout the cytoplasm
and in the nucleus of these cells. Nuclear localization of MMP-2 was seen in some
but not all cells, which could be attributed to a natural nucleocytoplasmic flux of
proteins prior to cells being fixed and stained. However, it has previously been re-
ported that nuclear MMP-2 remains stable, with little export from the nucleus in
human coronary artery endothelial cells (Sinha et al., 2014). This would suggest
that MMP-2 is recruited to the nucleus for a specific function, and a certain amount
of MMP-2 continuously remains in the nucleus for normal physiological activity.

Imaging flow cytometry was used to identify the percentage of the popula-

tion of HT 1080 cells that had nuclearly translocated MMP-2 (Figure 3.5). This tech-
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nigue combines regular flow cytometry with immunofluorescence microscopy.
Thousands of cells can be imaged and analysed, making it easy to identify immuno-
stained protein co-localization with the nuclear stain. The degree of correlation be-
tween the nuclear stain and the immuno-stained protein from each cell is calculat-
ed, which is defined as a similarity score (Barteneva et al., 2012). In our experi-
ment a similarity score of >1.5 was defined as nuclearly translocated MMP-2.
~10,000 cells were analyzed and it was determined that 11.4% of the cells had
MMP-2 concentrated to the cytoplasm, while 88.6% of the cells had MMP-2 concen-
trated to the nucleus. This experiment confirmed that the majority of the HT 1080
cell population have MMP-2 localized to the nucleus.

Subcellular fractions were isolated from NRVMs and subcellular fraction purity
was determined by western blot of specific cellular markers (Figure 3.2, A). The ab-
sence of the GAPDH band in the nuclear fraction confirmed the nuclear fraction pu-
rity from cytosolic contamination. MMP-2 protein levels (Figure 3.2) as well as ac-
tivity (Figure 3.3) were measured in subcellular fractions by western blot and gela-
tin zymography, respectively. It was determined that 15% of the total cellular
MMP-2 protein levels and 10% of total cellular MMP-2 activity was found in the nu-
clear fraction. The activity of MMP-2 measured by gelatin zymography is not repre-
sentative of the actual activity one might expect to see in vivo. SDS in the gel de-
natures MMP-2 and -9; only after removal of SDS from the gel the partially
renatured enzymes remain activated, since the active site is exposed. Potential ge-
lantinolytic activity of MMP-2 and -9 is measured by this technique (Toth and
Fridman, 2001). Gelatin zymography does not account for ways MMP-2 activity

might be regulated in the cell, especially by TIMPs. TIMP-1 and TIMP-4 have been
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found in the nucleus, which suggests that under homeostasis proteolysis of nuclear
targets by MMPs is regulated (Ritter et al., 1999; Si-Tayeb et al., 2006; Zhao et al.,
1998). TIMP-1 has been reported to colocalize with MMP-2 in the nucleus by immu-
nofluorescence (Sinha et al., 2014). The activity of nuclear MMP-2 could be regu-
lated by TIMP-1, which should be verified in future studies.

When comparing the overall protein levels in the nucleus as measured by
Western blot and immunofluorescence microscopy it seemed that the protein densi-
ty appeared greater by immunofluorescence. In order to identify if our observations
were due to some type of immunologic artifact, such as non-specific binding, we
tested the antibodies used in immunofluorescence experiment on fibroblasts isolat-
ed from neonatal wild type and MMP-2 knock out mice. There was little to no stain-
ing observed with Ab19015 antibody (Figure 3.6) or the antibody against S1’ loop
(Figure 3.7) in MMP-2 knock out fibroblasts, confirming that the antibodies indeed
specifically recognize MMP-2. Therefore, it is likely that during the subcellular frac-
tionation some of the MMP-2 leaked out of the nucleus, making it difficult to accu-
rately measure the protein levels and activity of the enzyme. The cytosolic buffer
used to lyse the cells had digitonin as the main component. Digitonin is a steroidal
saponin that permeabilizes the plasma membrane by binding with cholesterol and
other B-hydroxysterols, thereby leading to the formation of pores in the membrane
and its subsequent disruption (Schulz, 1990). The plasma membrane does contain
higher amounts of cholesterol compared to the nuclear membrane (Kleinig et al.,
1971). However, since the nuclear membrane contains some cholesterol digitonin
could potentially bind it to cause the formation of pores and release of nuclear pro-

teins. The protocol for subcellular fractionation was optimized to reduce the loss of
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nuclear proteins by using very low concentrations of digitonin, however, it seems

that the loss of nuclear proteins is not entirely unavoidable.

4.3 Nuclear MMP-2 in I/R hearts

One of the objectives of this study was to investigate nuclear MMP-2 activity
and protein levels in hearts that underwent I/R injury. Isolated rat hearts were per-
fused for a total of 75 min by the Langendorff method in one of the following ways:
75 min of aerobic perfusion (AE, control), 20 min of aerobic perfusion followed by
20 min of global, no-flow ischemia and 35 min of aerobic reperfusion (I/R) without
or with o-phenanthroline, an MMP inhibitor (I/R+0). The heart rate, coronary flow,
developed pressure and heart rate pressure product were measured in all hearts
(Figure 3.8). Control AE hearts that received the drug vehicle had no loss in con-
tractile function, indicating that the vehicle on its own was not having an effect on
the hearts. I/R hearts had significantly reduced recovery in contractile function after
global, no-flow ischemia compared to I/R hearts that received o-phenanthroline. O-
phenanthroline improved the contractile function of hearts after I/R injury, indicat-
ing that inhibiting the activity of MMPs functionally protects rat hearts that undergo
I/R injury. The protective effect of o-phenanthroline and doxycycline were previous-
ly shown on hearts that underwent I/R injury (Wang et al., 2002). Oxidative stress
in the first few min of reperfusion following ischemia results in the activation of 72
kDa MMP-2 by S-glutathiolation, leading to proteolysis of sarcomeric and cytoskele-
tal proteins (Ali et al., 2011).

The cytosol, membrane and nuclear fractions were isolated from rat hearts.

The purity of the fractions was assessed by western blot against specific markers
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(Figure 3.9). GAPDH was used as the major cytosolic marker (Tristan et al., 2011),
SERCA2 and VDAC were used as membrane markers since they are associated with
the sarco/endoplasmic reticulum and mitochondria, respectively (Raturi and
Simmen, 2013), and lamin A/C was used as a nuclear marker. The bulk of GAPDH
was found in the cytosolic fraction, with a lower amount in the membrane fraction.
GAPDH can be found in the mitochondria and small vesicular structures of the cell
when exposed to stressors which cause a dynamic subcellular redistribution of
GAPDH (Tristan et al., 2011). Both SERCA2 and VDAC were present in the mem-
brane fraction and absent from the cytosolic and nuclear fractions. Lamin A/C was
found exclusively in the nuclear fraction isolated from hearts. This confirmed that
the subcellular fractions and especially the nuclear fraction were pure and free of
contamination.

MMP-2 protein levels (Figure 3.10) and activity (Figure 3.11) were measured
in all fractions. The percent total nuclear MMP-2 protein levels (Figure 3.10, B) and
percent total MMP-2 activity (Figure 3.11, B) were significantly increased in I/R+0O
compared to AE control hearts. There was no increase in percent total nuclear MMP-
2 protein levels in I/R hearts, in contrast percent total nuclear MMP-2 activity in-
creased in I/R hearts. The increase in nuclear MMP-2 activity was not accompanied
by an increase in protein levels, suggesting that post-translational modifications

2 residue as a result of increased RONS is the

such as S-glutathiolation of the Cys®®
cause. The addition of o-phenanthroline to I/R hearts functionally protected the
hearts although this was not accompanied by reduction of protein levels or activity

of nuclear MMP-2. This is due to the fact that o-phenanthroline does not interfere

with the increased expression or activation of MMP-2 by RONS. It was previously
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shown that MMP-2 activity is increased in the nucleus due to RONS activating MMP-
2, by S-glutathiolation, in pulmonary artery endothelial cells that were subjected to
cigarette smoke (Ruta et al., 2009). Increased nuclear MMP-2 activity was also ob-
served in rat brains subjected to 90 min of middle cerebral artery occlusion followed
by reperfusion, which resulted in reduced protein levels of PARP-1 and XRCC1 in
ischemic rat brains. BB1101, an MMP inhibitor, attenuated PARP-1 and XRCC1 pro-
teolysis, and reduced the early oxidative DNA damage in ischemic rat brains (Yang

etal., 2010).

4.4 Proteolysis targets of MMP-2 in cytoplasm and nucleus

The nucleus has a protein skeleton for support and organization, known as
the nuclear matrix, that is interconnected with the cytoskeleton and the extra-
cellular matrix through complex structures (Albrethsen et al., 2009). Scientists are
still in the process of discovering the nuclear matrix proteins, but so far some of the
major components include: the nuclear mitotic apparatus protein, heterogeneous
nuclear ribonucleoprotein, matrins, actins and lamins (Nickerson, 2001; Razin et
al., 2014). The filamentous network of lamins acts as a structural support of the
nuclear membrane. The lamins are subdivided into A-type lamins (lamin A & C) and
B-type lamins (lamin B1 & B2) (Aebi et al., 1986). In ischemia-reperfusion injury
MMP-2 has been shown to proteolyse structural proteins of the sarcomere and cyto-
skeleton (Ali et al., 2011). Lamins are major structural support proteins of the nu-
cleus, thus they were investigated further as possible nuclear MMP-2 targets.

In silico proteolysis by MMP-2 of lamin A and B protein sequence (Table 3.1)

showed that MMP-2 could potentially proteolyse A or B at two distinct sites. The
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ability of MMP-2 to proteolyse lamins was tested further by an in vitro proteolysis
assay, where MMP-2 was incubated with lamin A (Figure 3.12) or B (Figure 3.13).
Tnl was used as positive control of MMP-2 proteolysis (Figure 3.13). Lamin B was
not proteolysed by MMP-2 in vitro, consequently the assay allowed us to eliminate
lamin B as a possible MMP-2 target. Alternatively, lamin A was proteolyzed by
MMP-2 in vitro, in a concentration dependent manner. The proteolysis yielded a
fragment that was observed at 50 kDa molecular weight marker, and approximately
matched a fragment (43 kDa) predicted by the in silico analysis. This fragment con-
tains the C-terminal globular domain, the Ig-like structure and nuclear localization
signal. The N-terminal fragment predicted by in silico analysis at 36 kDa, would
then contain the globular domain, the central a-helical rod-like domains that are
believed to mediate the dimerization of lamin A/C and hence formation of the com-
plex structure that supports the inner nuclear membrane (Liu and Zhou, 2008).
Thus, the proteolysis of lamin A/C by MMP-2 could potentially result in deformed or
weak nuclei.

The protein levels of lamin A or C were measured in homogenates (Figure
3.14) and in the insoluble cellular fraction (Figure 3.15) from isolated perfused rat
hearts subjected to I/R injury. There was no significant change in protein levels of
lamin A or C or the lamin A to C ratio between the three heart groups. Lamin A or C
protein levels were not affected by I/R injury or by o-phenanthroline treatment in
our experimental model. MMP-2 is able to proteolyse lamin A in vitro, however the
increase of nuclear MMP-2 activity did not result in reduction of lamin A or C in I/R

injury.
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Loss of lamin has been previously shown by immunohistochemistry in heart
tissue that underwent 90 min irreversible ischemia with 6 hours of reperfusion that
resulted in apoptosis. In contrast, in reversible I/R injury apoptosis was not trig-
gered and no changes in lamin protein levels were detected. Lamin breakdown is
required for release of nuclear contents during apoptosis (Freude et al., 2000). In
our experimental model I/R injury is reversible, therefore, no changes in lamin pro-
tein levels were observed. Oxidative stress during the reperfusion phase of re-
versible I/R injury can result in changes in lamin structure without proteolysis. Oxi-
dation of the conserved C-terminal cysteine residues in the tail domain of lamin A
has been shown to cause dysmorphic nuclei, cellular senescence and lead to further
susceptibility to RONS-induced damage (Pekovic et al., 2011; Sieprath et al.,
2012). Therefore, lamin A might still be playing a role in cardiac I/R injury, even if
its overall protein levels are not altered.

The enhanced biosynthesis of RONS in I/R injury is known to result in DNA
oxidation that can lead to single strand DNA breaks and further damage in the cell
(Sieprath et al., 2012). Single strand DNA breaks activate nuclear PARP-1 which
repairs the damage (Pacher and Szabo, 2007). PARP-1 plays an important role in
cell survival and was previously reported to be proteolysed by MMP-2 in vitro (Kwan
et al., 2004; Yang et al., 2010). PARP-1 protein levels were measured in heart ho-
mogenates from AE, I/R and I/R+0O hearts by western blot (Figure 3.17). The pro-
tein levels of 116 kDa full length PARP-1 were significantly decreased in I/R+0
hearts compared to I/R hearts. No significant changes were measured in the 85
kDa PARP-1 fragment, a caspase-3 generated fragment during apoptosis (Freude et

al., 2000).
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Further analysis was performed on the relationship between the heart con-
tractile function and the nuclear protein levels of 116 kDa PARP-1 (Figure 3.18).
PARP-1 was increased in hearts that had a lower percent recovery of contractile
function. Increased PARP-1 during I/R injury was previously shown in many in vitro
and in vivo studies (Szabados et al., 1999; Virag and Szabo, 2002). Overactivation
of PARP-1 was shown to reduce contractile function of hearts, by depleting the en-
ergy stores (Virag and Szabo, 2002). Pharmacological inhibition of PARP-1 (Pacher
and Szabo, 2007) or knock out of PARP-1 have been shown to have cardio-
protective effects (Zingarelli et al., 2004).

In order to validate the activity of intracellular MMP-2 in I/R injury, troponin
I, a known sarcomeric target, was measured by western blot (Figure 3.16). Tro-
ponin I protein levels were reduced in I/R hearts this was attenuated by o-
phenanthroline. These results confirmed that MMP-2 was proteolysing known sar-
comeric targets intracellularly (Wang et al., 2002), however intra-nuclearly we were

not able to discover the target(s) of the proteolytic activity of MMP-2.

4.5 Limitations

Many limitations of the scientific methods used in this study have been al-
ready addressed throughout this chapter. In this section a more detailed discussion
of some of the major limitations are presented. The assay used to assess MMP-2
and -9 activities was gelatin zymography, which uses a normal acrylamide separat-
ing gel of SDS-PAGE that is embedded with gelatin (Vandooren et al., 2013). The
non-reducing conditions help to maintain activity of the enzyme; however SDS in

the gel causes the proteins to denature. SDS is removed from the gel with a non-
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ionic detergent, allowing the enzymes to partially refold before testing the activity
(Toth and Fridman, 2001). Once partially refolded previously inactive enzymes in
the sample become activated, as well as any MMP-TIMP complexes are disrupted.
Therefore, activity measured by gelatin zymography is not biologically representa-
tive, but a measure of potential gelatinolytic activity (Vandooren et al., 2013). In
addition to that while gelatin is a good indicator of extracellular MMP-2 activity, it is
likely not the ideal substrate for measuring intracellular and intranuclear proteolytic
activity of MMP-2.

In this study the isolated heart perfusion were performed by the Langendorff
method at constant pressure. This method is very useful as it allows studying the
contractile function of hearts at physiological and pathological conditions, with or
without pharmacological manipulations. After perfusion biochemical analyses can be
performed with fresh or frozen heart tissue homogenates, to investigate biological
changes of proteins. While a lot can be learned by using this technique it comes
with its own set of limitations worth mentioning. First, the heart is studied in isola-
tion from the animal without hormonal and neuronal regulations present in vivo
(Skrzypiec-Spring et al., 2007). Second, the perfusions are performed with Krebs
Henseleit solution which is supposed to mimic the ionic composition of the blood as
well as provide fuel to support myocardial contraction; however it lacks many vital
components of blood. Perfusion with Krebs Henseleit solution has been reported to
result in accumulation of water in tissue (oedema), especially in I/R hearts. Third,
the temperature has to be maintained at physiological 37°C, however heat loss dur-
ing ischemia is unavoidable, and low coronary flow-rate set ups are even more

prone to heat loss (Bell et al., 2011). These limitations should be kept in mind when
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interpreting the results. The findings with ex vivo experiments have to be followed
up with in vivo animal models, to make these findings more translational and clini-
cally relevant (Bell et al., 2011).

O-phenanthroline, an MMP inhibitor, is a zinc chelating agent that was used
in the experimental model of isolated rat heart perfusions, and in the in vitro prote-
olysis assay to inhibit MMP-2. O-phenanthroline inhibits a broad range of MMPs, but
it has been reported to have other possible effects such as the scavenging of RONS
(Peterson, 2004). The in vitro proteolysis assay o-phenanthroline is quite useful, as
it can only inhibit MMP-2 activity within the experiment. In isolated rat hearts, o-
phenathroline being a zinc chelating agent, it can inhibit other MMPs, and metallo-
proteinases of different families (Peterson, 2004). Therefore, the results should
take into account the effects that o-phenanthroline can have beyond inhibiting

MMPs.

4.6 Future directions

This study examined nuclear localization of MMP-2 and the increase of MMP-2
activity during I/R injury. Novel and known targets were tested for proteolysis by
MMP-2 in silico, in vitro and in heart tissue after I/R injury. This study built on the
existing knowledge of nuclear MMPs, but more questions remain to be answered.
Lamin A or C protein levels did not change in I/R injured hearts, leaving the nuclear
targets and functions of MMP-2 in I/R hearts to be determined. Future studies
should examine in more detail what happens to nuclear MMP-2 after longer I/R in-

jury, and the effect this would have on the putative targets. Nuclear actin and fi-
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bronectin have been suggested as possible targets of nuclear MMP-2, and should be
investigated in future studies.

Little is still known when, how, or why MMP-2 enters the nucleus. The stimuli
that cause MMP-2 to translocate to the nucleus should be further explored, and
whether or not translocation of MMP-2 requires any post-translational modifications,
such as phosphorylation. More careful investigation into the exact nuclear localiza-
tion, and co-localization with nuclear bodies would provide more clues as to the nu-
clear function of MMP-2. In this study we determined that the majority of unstimu-
lated HT 1080 cell population has nuclear MMP-2. It seems that nuclear MMP-2 is
there under normal physiological conditions; however the role it plays is still unde-
termined. Having more nuclearly translocated MMP-2 might relate to different stag-
es of the cell cycle. It is possible that more nuclear MMP-2 is found in cells undergo-
ing replication, or in cells that are preparing for cell division. Nuclear matrix remod-
eling is required to prepare the cell for division, and the role of nuclear MMP-2 in
cell cycle, therefore, has to be carefully examined.

TIMPs (-1 and -4) the endogenous inhibitors of MMPs are present in the nu-
cleus as well. Nuclear MMP-2 can be regulated by TIMPs to prevent proteolysis of
targets during homeostasis, but the relationship between nuclear TIMPs and MMPs
has yet to be determined. MMP-14, a major activator of MMP-2, has been found to
co-localize with MMP-2 in ischemic nuclei and in nuclear extracts. MMP-2 endoge-
nous inhibitors are present in the nucleus, and the mechanisms of nuclear MMP-2
regulation under homeostasis and stress remain to be explored.

Although MMPs are commonly thought of in terms of their proteolytic abili-

ties, proteolysis of nuclear proteins is not the only possible function of nuclear
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MMPs. For example, MMP-3 (Eguchi et al., 2008) and MMP-12 (Marchant et al.,
2014) have been shown to act as transcription factors. MMP-3 regulates the ex-
pression of the connective tissue growth factor gene, binding the enhancer se-
guences of the connective tissue growth factor promoter and activating gene tran-
scription (Eguchi et al., 2008). The transcriptional role of MMP-12 was identified in
virus infected cells, binding the promoter of the nuclear factor of kappa light poly-
peptide gene (Marchant et al., 2014). Thus, nuclear MMP-2 may play a yet undis-

covered role in the activation of genes in myocardial stunning injury.
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Appendix A - Buffers and Gel Protocols

2.3 Isolated rat heart perfusions
Krebs-Henseleit solution: 118 mM NaCl, 25 mM NaHCOs, 4.7 mM KCI, 1.2 mM
MgSQ,4,1.2 mM KH,PO4, 11 mM glucose and 3 mM CacCl,

2.4 Preparation of subcellular fractions from tissue and cells

Cytosolic buffer: 150 mM NaCl, 50 mM HEPES, 25 ug/mL digitonin, 1 M Hexylene
Glycol, pH 7.4

Membrane buffer:150 mM NaCl, 50 mM HEPES, 1% (v/v) Igepal, 1 M Hexylene
Glycol, pH 7.4

Nuclear buffer: 150 mM NaCl, 50 mM HEPES, 0.5% (w/v) Sodium Deoxycholate,
0.1% (w/v) SDS, 1 M Hexylene Glycol, pH 7.4

2.5 Preparation of frozen tissue homogenates
RIPA buffer: 150 mM NaCl, 1.0% (v/v) Igepal, 0.5% (w/v) sodium deoxycholate,
0.1% (w/v) SDS, and 50 mM Tris, pH 8.0

2.7 Western blotting

6x SDS PAGE Loading buffer: 7 ml 0.5 M Tris-HCI, pH 6.8, 0.4% (w/v) SDS, 30%
(v/v) glycerol, 10% (w/v) SDS, 0.6 M DTT, 0.012% (v/v) bromophenol blue
Towbin buffer: 20% (v/v) methanol, 25 mM Tris, 192 mM glycine, 0.05% (w/v)
SDS

TTBS buffer: 0.01 M Tris pH 7.6, 0.1% (v/v) Tween, 0.1 M NaCl

2.8 Gelatin zymography

Zymo loading buffer: 0.5 M Tris-HCI, pH 6.8, 30% (v/v) glycerol, 0.4% (w/v) SDS,
0.012% (v/v) bromophenol blue

Zymography incubation buffer: 50 mM Tris-HCIl pH 7.6, 150 mM NaCl, 5 mM CacCl,,
0.05% (w/v) NaNs;

Coomassie zymography staining solution: 0.05% (w/v) Coomasssie Brilliant Blue G-
250, 25% (v/v) methanol, 10% (v/v) acetic acid
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2.13 In vitro proteolysis assay
Activation Buffer: 100 mM Tris-HCI, 10 mM CaCl,, pH 7.6
Incubation buffer: 50 mM Tris-HCI, 5 mM CaCl2, 150 mM NaCl, pH 7.6

SDS PAGE 8% separating gel

This recipe makes two 1.5 mm gels.

The solutions that make up the gel are:

40% (w/v) acrylamide / 3.3% (w/v) bis-acrylamide (Bio-Rad, Mississauga, ON)
0.5 M Tris-Cl/ 0.4% (w/v) SDS made in H20

10% (w/v) Ammonium Persulfate made in H20
TEMED (Millipore, Oakville, ON)

Solution Volume (mL)
40% (w/v) acrylamide / 3.3% (w/v) bis-acrylamide 29:1 3.000
0.5 M Tris-Cl/ 0.4% (w/v) SDS, pH 6.8 3.750
H.0 8.250
10% (w/v) Ammonium Persulfate 0.050
TEMED 0.010

SDS PAGE 10% separating gel

This recipe makes two 1.5 mm gels.

Solution Volume (mL)
40% (w/v) acrylamide / 3.3% (w/v) bis-acrylamide 29:1 3.750
0.5 M Tris-Cl/ 0.4% (w/v) SDS, pH 6.8 3.750
H,O 7.500
10% (w/v) Ammonium Persulfate 0.050
TEMED 0.010
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Gelatin zymography 8% separating gel

This recipe makes four 0.75 mm gels.

Solution Volume (mL)
40% (w/v) acrylamide / 3.3% (w/v) bis-acrylamide 29:1 3.000
0.5 M Tris-Cl/ 0.4% (w/v) SDS, pH 6.8 3.750
Gelatin (20 mg/mL) 1.500
H,O 6.750
10% (w/v) Ammonium Persulfate 0.050
TEMED 0.010

SDS PAGE and Gelatin zymography stacking gel

This recipe makes four 0.75 mm gels or two 1.5 mm gels.

Solution Volume (mL)
40% (w/v) acrylamide / 3.3% (w/v) bis-acrylamide 29:1 0.975
0.5 M Tris-Cl/ 0.4% (w/v) SDS, pH 6.8 2.500
H.0 6.525
10% (w/v) Ammonium Persulfate 0.050
TEMED 0.010
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