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Abstract

Background. The Cysteine-rich protein, Connective tissue growth factor, and Nephroblastoma
overexpressed protein (CCN) family of matricellular proteins are signaling molecules found in
the extracellular space, which can have pro-angiogenic, anti-inflammatory and anti-fibrotic
properties. Their expression and role in repair and remodeling after myocardial infarction (MI)
remains to be better elucidated. In this study, the age-associated expression of Nov (CCN3) and
Wispl (CCN4) were examined post-MI in mice. Methods and Results. /n vivo, MI was induced
in young (6 week) and old (12-14 months) mice. Cardiac function was assessed by
echocardiography, showing that LVEF was reduced in old mice (33.9%) at 14 days post-MI
compared to young mice (43.9%; p=0.002). RT-qPCR analysis of harvested myocardial tissue
revealed that mRNA expression of several matricellular proteins in healthy tissue was decreased
by 2.5- to 5-fold in old compared to young mice (p=0.03 for Nov, p=0.04 for Wisp1, p=0.0002
for TnC, p=0.04 for TSP-1). Post-MI, mRNA expression of Nov was reduced in the infarct (by
up to 13-fold; p<0.03) and border zone (by up to 16-fold; p<0.002) in old compared to young
mice. Nov and Wispl protein expression was also reduced in old compared to young mice in the
infarct and border zones; specifically, for Nov in the infarct zone (p=0.01) and the border zone
(p=0.009) at 2 days post-MI and for Wisp1 in the infarct zone at 2 days (p=0.0003) and 14 days
(p=0.003), along with 7 days post-MI in the border zone (p=0.0003). To identify possible
sources of matricellular proteins, in vitro culture experiments were performed. The expression of
Nov protein was increased (1.9-fold; p=0.006) in TGF- stimulated cardiac fibroblasts after 48h,
as was the expression of the myofibroblast marker a-SMA (1.7-fold; p=0.035). Wispl mRNA
expression was increased (4.5-fold; p=0.03) in stimulated cardiac fibroblasts after 48h in a

hypoxic environment. There was also a trend for increased mRNA expression of Nov (p=0.118)
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and Wispl (p=0.121) in M2 macrophages. Cardiac fibroblasts treated with Nov+TGF-3
exhibited greater proliferation (by 29%; p<0.01), as did those treated with Wisp1+TGF-f (by
16%; p<0.05). Treatment with Nov or Wispl led to an increase in viability of cardiac fibroblasts
both in the presence (Nov; p=0.0004, Wispl; p=0.01) and absence of TGF- (Nov; p=0.0005,
Wispl; p=0.003). Summary. There is an age-associated difference in the expression of
matricellular proteins Nov and Wispl between both healthy and MI mice. In vitro studies
suggest that cardiac fibroblasts may produce Nov and Wispl upon their activation to
myofibroblasts. The presence of these proteins was also shown to increase the proliferation and
viability of fibroblasts. Therefore, reduced levels of Nov and Wispl in old mice may negatively
affect the repair and remodeling process post-MI compared to young mice. A better
understanding of Nov and Wispl function in aging and post-MI repair may help identify novel

therapeutic targets for limiting damage post-MI and improving repair and heart function.
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Introduction

1. Introduction
1.1. The Aging Cardiovascular System

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality globally. It
is defined as a condition with impaired physiological function of the heart and blood vessels
(Thygesen, Alpert, & White, 2007). There are multiple risk factors associated with CVD
including genetic predisposition, diabetes, race, smoking, obesity, hypertension and age (Elias,
Elias, Sullivan, Wolf, & D’Agostino, 2005). Prolonged risk factors associated with CVD can
often lead to occlusions in the vasculature causing cardiovascular related complications such as
acute myocardial infarctions (MI), eventually leading to heart failure (HF) (Paneni, Canestro,
Libby, Luscher, & Camici, 2017). Although many of these risk factors can be controlled or
altered, aging however, is inevitable. CVD has the greatest burden on elderly populations, with
90% of all HF deaths occurring in individuals over the age of 70 (Strait & Lakatta, 2012). This is
in part due to the increased risk for developing CV related complications through structural and
functional alterations that accumulate throughout life, and the increase in the aged population
worldwide, due to better preventive and medical care (Stewart, 2003; Strait & Lakatta, 2012).
With the incidence of CVD expected to rise to 43.9% in the adult population of the United States
by 2030 (Benjamin et al., 2017), there is an interest in determining the effects of aging on the
normal cardiovascular system as well as those that are amplified following a CVD-associated
event. For instance, there are structural and functional changes, alterations to the repair
mechanisms, and systemic organ changes (Strait & Lakatta, 2012)(Meschiari, Ero, Pan, Finkel,

& Lindsey, 2017). Age-related changes that accumulate from early life are thought to alter



vascular function, yet, aging itself will only lead to moderate impairment of myocardial function
without a previous CV related complication (Paneni et al., 2017; Strait & Lakatta, 2012).

The heart supplies the body with oxygen rich blood, which also delivers nutrients and
removes waste around the body. The cardiac muscle is unique in that it lacks the ability to
regenerate after injury (Talman & Ruskoaho, 2016). It also has a limited ability to repair the
structural and functional changes that occur in the aging heart. This leads to changes in the size
of the cardiomyocytes and the shape of the heart to a more spheroid figure after an increase in
myocardial wall thickness (Strait & Lakatta, 2012). Additionally, there is an increase in collagen
tissue deposition in the ventricles, increasing ventricular stiffness (Gazoti Debessa, Mesiano
Maifrino, & Rodrigues de Souza, 2001). Consequently, the overall change in structure with
aging affects the contractile efficiency, increasing stress within the heart, resulting in an
increased health burden on the aging populations. These age-related changes to the heart increase
the likelihood of cardiovascular related complications in the aged populations and their
susceptibility to an acute MI. MI is considered one of the most powerful risk factors leading to
HF, and the incidence of HF is expected to increase (Meschiari et al., 2017). Therefore, further
understanding of the epidemiology and treatments for MI may help the outcomes following a

CV-related event, particularly in the aging population.

1.2. Cardiac Repair and Remodeling Post-MI

In the event of a myocardial infarction (MI), the adult mammalian heart lacks the ability
to regenerate to its full capacity. This leads to adverse remodeling of the myocardium, resulting
in structural and functional alterations. Adverse cardiac remodeling is commonly associated with

the progression of HF. Following an ischemic injury, there are three complex overlapping phases



which occur in an attempt to preserve cardiac function: The Inflammatory, Proliferative and
Maturation phases (Fig. 1). Understanding these phases is of importance in the attempt to
optimize cardiac repair following an ischemic event and limit adverse remodeling that may lead

to ventricular dilation, loss of structural integrity and decreased function.

< Reperfusion »
Inflammatory phase Proliferative phase Maturation phase
0-1hr 3-72hr 2-7 days 7-21 days

@

®
Chemokine induction Chemokine suppression Matrix cross-linking
Leukocyte infiltration Fibrous tissue deposition Fibroblast apoptosis
Angiogenesis Vascular maturation

Figure 1. The Three Overlapping Healing Phases Post-MI in Mice. Upon injury, the heart
undergoes a repair and remodeling process in an attempt to restore structure and function. Since
the heart has limited regenerative capabilities, the lost cardiomyocytes are not replaced, but
rather inflammation leads to fibrosis and scar formation to reinforce the myocardial wall (Nah &
Rhee, 2009).

1.2.1. The Inflammatory Phase

Directly following an ischemic event, the inflammatory response is triggered, peaking at
3-72 hours post-MI in mice. In the infarcted myocardium there is an accumulation of reactive
oxygen species (ROS) from increased oxidative stress that coexists with apoptosis
(Frangogiannis, 2014). Many cell types including inflammatory leukocytes (neutrophils and
mononuclear cells), endothelial cells, and other noncardiomyocytes are recruited to the infarct
area, triggering an inflammatory cascade that results in healing and the replacement of the

damaged myocardium and dead cardiomyocytes (Frangogiannis, 2014; Nah & Rhee, 2009).



Moreover, research has revealed a function for the canonical Wnt signaling pathway for
mediating inflammatory responses after its activation in response to cardiac injury (Bergmann,
2010; W. Fu, Wang, & Zeng, 2018). The lack of oxygen causes myocyte apoptosis and cell
necrosis, with increased expression of caspase 3 (Krijnen et al., 2002) . Caspases play a key role
in the process of apoptosis and their overexpression has been related to depressed cardiac
function (Krijnen et al., 2002). In order to remove these necrotic and apoptotic cells, the
reparative response triggers pro-inflammatory signals through cytokine and chemokine induction
and leukocyte infiltration via a positive-feedback loop in the neighboring normal myocardium. In
this state, TNF-a and IL-1p stimulate an increase in cellular adhesion molecules and subsequent
infiltration of inflammatory cells, thereby increasing phagocytic macrophage numbers to remove
cardiomyocytes undergoing apoptosis and necrosis, as well as other types of cellular debris (De
Haan, Smeets, Pasterkamp, & Arslan, 2013; Nah & Rhee, 2009). Macrophages are the main
immune cells in cardiac repair following ischemia with the ability to be polarized to a pro- or

anti-inflammatory phenotype, thereby regulating many reparative and regenerative roles.

1.2.2. Macrophages in Post-MI Repair

The immune system facilitates scar formation in the myocardium post-MI with its initial
inflammatory response following injury. Of importance is the monocyte/macrophage population
of cells since they are capable of secreting factors that facilitate remodeling of the LV, depending
on their polarization phenotype, thereby altering their function. Hence macrophages have the
ability to control the inflammatory and reparative functions post-MI. There are subpopulations of
macrophages based on their expression of multiple markers, indicating their polarization: MO,

M1, or M2. M0 macrophages are thought to be unpolarized macrophages that have the ability to



differentiate based on external factors in their local environment (Lindsey, Saucerman, &
DeLeon-Pennell, 2016). However, following inflammation, the pro-inflammatory/M1 phenotype
population increases in the presence of pro-inflammatory cytokines, e.g. IL-1B and TNF-a,
which phagocytose apoptotic and necrotic bodies (Hulsmans, Sam, & Nahrendorf, 2016). This
correlates to reduced collagen synthesis and increased ECM degradation through an increase in
Matrix Metalloproteinase (MMP) expression (Frangogiannis, 2014). Once apoptotic cells are
removed, there is an increase in anti-inflammatory cytokines produced by cells including
macrophages (Hulsmans, Sam, & Nahrendorf, 2016), and fibroblasts (Chistiakov, Orekhov, &
Bobryshev, 2016), promoting the transition to the tissue healing phase. Fibroblasts are recruited
to the area, stimulating a transition from the inflammatory phase to the proliferative phase, where
there is a changeover from M1 macrophages to M2/anti-inflammatory macrophages.

The M2 subpopulation are thought to be reparative macrophages, producing IL-10 and
TGF-B, cytokines needed throughout the proliferative and maturation phase of cardiac
remodeling (Hulsmans, Sam, & Nahrendorf, 2016). However, prolonged activation of the M2
phenotype has been shown to contribute to cardiac fibrosis, causing ventricular stiffness due to
their ability to activate fibroblasts (Leor, Palevski, Amit, & Konfino, 2016). Given their various
roles in cardiac remodeling, their roles are of particular interest in aging.

In the neonatal mouse heart, there is evidence indicating the important function of
macrophages for driving angiogenesis and tissue regeneration following MI (Aurora et al.,
2014). Additionally, they have a dynamic role in an infarct environment mediating the
inflammatory responses. In inflammation with cardiac aging, macrophage levels are increased in

the LV and polarization to M1 vs M2 is also altered. This ratio consequently affects the



reparative process post-MI, demonstrating an additional interest in how the M1 and M2

phenotypes affect the repair and remodeling process of the heart post-MI.

1.2.3. The Proliferative Phase

The proliferative phase peaks at 2-7 days post-MI in mice, with the induction of anti-
inflammatory cytokines in the myocardium from various cell types. Additionally, there is a
continuation of leukocyte recruitment and inflammation, while macrophage subpopulations
secrete growth factors and pro-fibrotic cytokines like TGF-B. TGF-B synthesis is consistently
upregulated in many animal models of M1, indicating its critical role in cardiac injury, repair and
remodeling (Dobaczewski, Chen, & Frangogiannis, 2011; Nah & Rhee, 2009). Its upregulation
causes the recruitment of proliferating cardiac fibroblasts, stimulating ECM protein synthesis and
increasing cardiomyocyte hypertrophy, with fibrosis as the outcome (Dobaczewski et al., 2011;
Shinde & Franogogiannis, 2014). The increase in TGF-f additionally causes an rise in fibroblast
number in the heart from local recruitment, circulating progenitor cells, as well as vascular cells
to initiate pro-angiogenic pathways for revascularization (Dobaczewski et al., 2011). This
demonstrates its key role in the proliferative phase post-MI.

Within the first 2-4 days of the proliferative phase, fibroblasts are highly proliferative and
actively secreting growth factors and signaling molecules to assist in the reparative phase. The
proliferating fibroblasts are then activated to myofibroblasts at days 3-7, expressing smooth
muscle-like properties (X. Fu et al., 2018). These myofibroblasts cells deposit the bulk of ECM
proteins responsible for preserving the structural integrity of the ventricle by matrix protein
synthesis; particularly collagen. However, at this stage many other regulatory proteins are also

secreted, such as the matricellular proteins for modulating cellular and molecular signals in



response to injury. Of importance is the regulation of endothelial cells and capillary network
formation to promote angiogenesis and the reperfusion of the infarcted area. Angiogenesis is a
highly important part of the healing process since without vascularization the tissue would be
hypoxic (Prabhu & Frangogiannis, 2016). This process is highly dependent on the extracellular
environment cues during stress and the function of MMPs to degrade the ECM and promote
endothelial cell migration (Souders, Bowers, & Baudino, 2009). Therefore, the cardiac ECM
plays a fundamental role in the proliferative phase in restoring blood flow to the location of

injury in the heart tissue to limit its loss of function.

1.2.4. The Maturation Phase

The deposition of ECM proteins begins the formation of the collagenous scar in the
infarct area. At this phase there is a decreased level of cardiomyocytes and increased amount of
fibroblast apoptosis in the infarct and border zones (Lajiness & Conway, 2014; Van Linthout,
Miteva, & Tschope, 2014). These cellular components are replaced by an intricate collagen-
based scar formed from the crosslinking of the deposited cardiac matrix, initiating the maturation
phase. Additionally, the canonical and non-canonical Wnt pathways have been shown to
contribute to the regulation of cardiac fibroblasts, promoting myofibroblast differentiation and
cardiac fibrosis (W. Fu et al., 2018; Meyer et al., 2017). This complete repair response post-MI
renders the heart with reduced cardiac function and increased tissue stress due to the rigidity of
the scar and its inability to contribute to a synchronous heart beat (St. John Sutton & Sharpe,
2000). After 14-28 days in mice, excessive fibrosis can be seen, with amplified cardiomyocyte
hypertrophy, thereby increasing left ventricular dilation and, in some cases, leading to HF.

Consequently, the maladaptive remodeling of the ECM and extracellular signals may be related,



in part, to the ECM proteins during the remodeling process, including matricellular protein
functions. If we can control the mechanistic properties of the ECM and its corresponding
proteins involved in tissue repair and remodeling, we may be able to ameliorate cardiac function
post-MI. Therefore, more background information on fibroblasts, the cardiac ECM and

matricellular proteins will be described in the following sections.

1.2.5. Fibroblasts in Post-MI Repair and Remodeling

Cardiac fibroblasts are one of the most abundant cell types in the myocardium, and the
primary source for the generation of collagens I, III and IV, matricellular proteins, fibronectin,
integrins, MMPs and TIMPs, and many other components of the ECM (Barbara, 2016). Under
normal physiological conditions, fibroblasts are responsible for ECM homeostasis and providing
a scaffold for cardiomyocytes to help maintain cardiac structure and coupling of the electrical
signaling. Following an MI, the resulting mechanical stress, TGF-f secretion and altered ECM
homeostasis causes a change in the phenotype of cardiac fibroblasts, thus increasing ECM
protein deposition in the myocardium (Furtado, Nim, Boyd, & Rosenthal, 2016; Van Linthout et
al., 2014). These proteins are secreted by activated and proliferating fibroblasts; termed
myofibroblasts, which are the major producers of ECM proteins and collagen. The TGF-j
regulated transdifferentiation of fibroblasts to myofibroblasts is an important event in the
proliferative phase of cardiac remodeling, leading to reparative fibrosis (Van Linthout et al.,
2014). Additionally, the expression of a-SMA and other contractile proteins are markers of
activated myofibroblasts, demonstrating their contractile ability, attempting to maintain cardiac

function in the LV (Fang, Murphy, & Dart, 2017; Weber, Sun, Bhattacharya, Ahokas, & Gerling,



2013). Myofibroblasts are essential for maintaining ECM balance and providing a contractile
phenotype for maintaining structural function.

During the final phases of the repair and remodeling process post-MI, it has been noted
that fibroblasts have the ability to differentiate again into another phenotype known as
matrifibrocyte (X. Fu et al., 2018). This cell lacks the contractile protein a-SMA, but it is highly
specialized for a collagen-rich environment, expressing unique ECM genes for maintaining the
mature collagen scar that forms in the myocardium post-MI (X. Fu et al., 2018). However,
evidence has also suggested that as the scar matures, the number of myofibroblasts decreases and
are eventually cleared through apoptosis or other forms of cell death (W. Chen & Frangogiannis,
2013; Fan, Takawale, Lee, & Kassiri, 2012). This may be a result of reduced growth factor
secretion and matricellular protein function that deprive the activated fibroblasts of pro-survival
and proliferative abilities. Yet, too much apoptosis may lead to negative fibrosis within the
myocardial walls and infarct expansion (Fan et al., 2012). In summary, there are many
phenotypes responsible in post-MI LV remodeling of the myocardium and an enhanced
understanding of the cell source and regulatory mechanisms may facilitate the identification of

potential new therapeutic targets in ischemic injury.

1.3. The Cardiac ECM

The cardiac ECM plays an important role in the healthy and injured heart. Maintaining
ECM homeostasis is essential for structure and function, however upon injury the balance of
ECM deposition and degradation is altered. With inflammation, the increase in pro-inflammatory
cytokines stimulates an increase in MMP production, degrading the cardiac ECM, and the

induction of inhibitory cytokines enhances matrix deposition with increased Tissue inhibitor of



metalloproteinase (TIMP) expression (Bonaventura, Montecucco, & Dallegri, 2016;
Dobaczewski, Gonzalez-Quesada, & Frangogiannis, 2010; Ma et al., 2014). The majority of
ECM proteins are deposited following infarction to replace dead myocytes in an attempt to
maintain structural integrity. MMP-2 and MMP-9 play an important role in degrading the ECM,
thereby generating matrix fragments which are essential for immune cell recruitment to clean the
area of debris. Recruited cells can then adhere to the ECM, release growth factors and signals to
other cells within the ECM to mediate repair (De Haan et al., 2013). These ECM cellular signals
and cell-cell interactions are key to activating TIMPs and allowing for the transition from the
inflammatory to proliferative phases.

In the proliferative phase, the transdifferentiation of fibroblasts to active myofibroblasts
leads to the increased ECM deposition. Activated fibroblasts are responsible for secreting ECM
proteins like matricellular proteins and growth factors to modulate the inflammatory and
reparative phases. Additionally, the cardiac ECM fills the gaps between the cells to maintain
structural integrity of the ventricle, preventing further damage and limiting functional loss
(Bonaventura et al., 2016). This comprises an increase in ECM proteins and collagen content to
initiate scar formation, and the production of matricellular proteins for regulating inter- and intra-
molecular signals and cytokines to recruit cells responsible for initiating reperfusion of the
infarcted area and begin angiogenesis (Bonaventura et al., 2016; Souders et al., 2009). Therefore,
the cardiac ECM plays a significant role in the proliferative phase.

The maturation phase begins with the increase in ECM protein deposition like collagen
type I and III to produce the dense scar (Chistiakov et al., 2016; Furtado et al., 2016). This is
marked by the cross-linking of the new cardiac ECM to form the mature scar, with an altered

ECM architecture. The scar provides tensile strength to the ventricle in an attempt to preserve
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cardiac function (Dobaczewski et al., 2010). However, excess cross-linking of the ECM causes
ventricular stiffening, ventricular dilation and excessive fibrosis, which can ultimately lead to
heart failure. Looking at some of the key proteins within the ECM like matricellular proteins

may be of interest in understanding their functions and regulatory abilities post-ML

1.4. Matricellular Proteins

Matricellular proteins are non-structural components within the ECM with many
functions including: regulating cell-matrix and cell-cell interactions, and exerting many direct
and indirect functions on cellular phenotype and growth factor-mediated responses (Bornstein,
2009). Their expression is generally elevated during embryogenesis and in adulthood in response
to injury (Schellings, Pinto, & Heymans, 2004). They have various roles in cell signaling, death,
communication, adhesion, differentiation and survival, with expression in many tissue and cell
types through cell surface receptor binding. They have been shown to be upregulated in fibrotic
diseases and in the presence of tissue damage (Leask & Abraham, 2006; B. Perbal, 2018).
Additionally, several families of matricellular protein have been shown to have increased
expression and function in the myocardium post-MI and in response to injury, such as tenascin-
C, thrombospondin, and the osteopontin and CCN family of matricellular proteins (Bornstein,
2009; Franogogiannis, 2011; Schellings et al., 2004). However, their exact mechanism and how
they interact with different cell types is not fully understood. Based on the evidence gathered so

far, they are of interest in studying the cardiac ECM and its repair and remodeling post-MI.
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1.4.1. The CCN Family of Matricellular Proteins

The CCN (eysteine-rich protein (Cry61), Connective tissue growth factor (CTGF),
Nephroblastoma overexpressed protein (Nov)), family of matricellular proteins consists of six,
structurally similar, highly conserved and biologically distinct members who play major roles in
many fundamental biological processes including development, response to injury, wound repair
and fibrosis (A. Perbal & Perbal, 2016; B. Perbal, 2018; Twigg, 2018; Yeger & Perbal, 2016).
The family is named after the first three members identified, while a few years later the last three
proteins were found —Wnt-inducible secreted protein 1-3 (Wispl/CCN4, Wisp2/CCNS, and
Wisp3/CCNG6). The CCN family shares the same conserved tetra-modular structural composition,
providing the basis for diverse biological functions each of these proteins possess. This is due to
the potential binding abilities of each domain and their ability to bind to various proteins and
ligands, exerting many biological functions (Fig. 2). It should be noted that these CCN proteins
are associated within the ECM, possessing regulatory roles with little to no structural functions.
Amongst these roles are cell growth, differentiation, development, adhesion, communication and
signaling (B. Perbal, 2018).

Recent research has demonstrated a role for the CCN family of matricellular proteins in
tissue repair, making them of interest in cardiac repair and remodeling post-MI. Their expression
in the infarct area following injury is tightly regulated by various growth factors and signaling
molecules such as TGF-B. This allows their integration into the ECM via integrins, heparin
sulphated proteoglycans (HSPGs), fibronectin, LDL receptor protein-1 (LRP-1) and collagen V
interactions and binding to elicit their specific cellular signals to transduce their effects on cells
responsible for the repair process (Fig. 2) (Frangogiannis, 2011). Studies have identified that

each member of the CCN family can target multiple cell receptors due to their ability to bind to
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multiple binding partners. However, CCN binding is largely dependent on the cell and tissue
type, contributing to their varying roles, rendering them of interest in cardiac repair and

remodeling post-MI.

Integrins Integrins
Known binding partners: IGFs Integrins TGF-B Notch 1
TGF-B Collagen V HSPGs
Fibronectin LRP1
Hinge
Region
Sp IGF-binding VWC TSP-1 Cysteine knot

Figure 2. The Conserved Structure of the CCN Family of Matricellular Proteins. Each of
the family members contain multiple domains linked by a variable hinge region: a signal peptide
(SP), insulin-like growth factor (IGF)-binding domain, a von Willebrand type C domain (VWC),
a thrombospondin type-1 repeat (TSP-1) and a cysteine knot, all capable of binding to multiple
proteins, ligands and receptors such as integrins, TGF-B, heparin sulphated proteoglycans
(HSPGs), fibronectin, LDL receptor protein-1 (LRP-1), collagen V, Notch 1.

The CCN family of matricellular proteins is of interest in cardiac repair and remodeling
due to their recently discovered roles in response to cardiac injury. For example, CCN1/Cry61
has been shown to regulate some events during the inflammatory response through cell adhesion,
migration and proliferation in the myocardium (Bai, Chen, & Lau, 2010), while together CCN1
and CCN2/CTGF have been shown to be involved in inducing angiogenesis in the cardiovascular
system through various integrin binding sites, which are specific to the cell types (Lau, 2012).
Furthermore, our lab has demonstrated the use of CCNI1 to interact with integrins specific to
enhancing pro-survival and pro-angiogenic genes with the use of cell-matrix interactions post-MI
(McNeill, Vulesevic, Ostojic, Ruel, & Suuronen, 2015). Yet, there is limited knowledge on the

functions of other CCN members in the myocardium (further described in the following
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sections). With the understanding that the cardiac ECM is altered with age, it is likely that the
secretion and function of matricellular proteins in involved, thereby also affecting their role post-

MI in the aged myocardium.

1.4.2. CCN Protein Nov/CCN3

Currently, few functions of CCN3 in the myocardium are known; however, it is proposed
to promote angiogenesis, with anti-fibrotic properties in many other tissues (Borkham-
kamphorst, Roeyen, & Leur, 2012; C. G. Lin, Chen, Leu, Grzeszkiewicz, & Lau, 2005; Marchal
et al., 2015). Research has showed that CCN3 promotes cell adhesion and survival in endothelial
and fibroblast cells through multiple integrin cell surface receptors in wound healing, resulting in
enhanced angiogenesis (C. Lin et al., 2003). Furthermore, increased CCN3 mRNA expression
has been observed in the kidney and liver in a diabetic mouse model, and this correlated
inversely to the amount of fibrosis observed (Borkham-kamphorst et al., 2012). It has also been
noted that CCN3 levels are increased 5-7 days post-tissue injury, leading to reduced pro-
inflammatory cytokine expression in Chronic Kidney Disease models (Franogogiannis, 2011;
Lin et al.,, 2005; Marchal et al.,, 2015). Moreover, much research has been completed
demonstrating that Nov elicits its functions through integrins and the Notch signaling pathway,
modifying signaling responses, with their physiological effects depending on their interactions
(C. G. Lin et al., 2005; Ren et al., 2014; Wolf et al., 2010). Nov also has the ability to bind many
ECM proteins, cytokines and growth factors in other tissues that are known to be upregulated in
the myocardium post-MI, such as TGF-f (Liu et al., 2017). This suggests specific interactions
for Nov in wound healing and may provide an insight in the cardiac remodeling process post-MI.

For example, its pro-angiogenic properties during other tissue repair, may translate to functions
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in the heart and the knowledge that Nov is present in many fibrotic diseases makes it a key target

in post-MI repair and remodeling perhaps regulating cardiac fibrosis and scar formation.

1.4.3. CCN Protein Wisp1/CCN4

Wispl (CCN4) is a downstream mediator of the Wnt signaling pathway, known to be
upregulated during embryogenesis and in many fibrotic disorders (Konigshoff et al., 2009;
Stephens et al., 2015). Recent evidence suggests that Wispl expression is elevated post-MI,
localizing primarily to the infarct zone and surrounding myocardium (Franogogiannis, 2011;
Venkatachalam et al., 2009), particularly at 7 days post-MI (Colston et al., 2007). However, its
exact mechanisms have yet to be elucidated. Since the Wnt signaling pathways is essential in
organ development in embryos (Konigshoff et al., 2009), it also suggests a role in tissue repair
through the upregulation of Wispl, particularly in cardiac remodeling following an acute MI. At
the site of injury, it has been suggested that Wisp1l promotes the proliferation of fibroblasts, with
pro-survival functions through the canonical and non-canonical Wnt signaling pathways via
TNF-a activation in vitro (Bergmann, 2010; Meyer et al., 2017). Furthermore, it has been shown
to have the ability to activate pro-angiogenic pathways in lung, colon and breast endothelial and
fibroblast cells (Bergmann, 2010; C. C. Chen & Lau, 2009; Stephens et al., 2015). Altogether,
these findings suggest a possible role for Wispl in cardiac remodeling post-MI. It has also been
shown that Wispl can stimulate cardiomyocyte hypertrophy and enhance ECM deposition in
vitro, however these functions are yet to be reported in vivo (Colston et al., 2007). These known
functions insinuate a role for Wispl in post-MI remodeling. Therefore, if we can gain an

understanding of some of the functions and properties of Wispl in the post-MI myocardium in
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vivo, it may provide an approach to enhance post-MI outcomes in the aging population who have

reduced cell and tissue function.

1.5. The Aging Cardiac ECM

With aging, human physiology changes and the cardiac myocardium undergoes structural
and functional alterations. This leads to a decline in overall myocardial performance. The cardiac
ECM plays an important role in maintaining structural geometry of the heart and modulating
many cellular signals. Therefore, ECM homeostasis is important to maintain for proper cardiac
function. Many of the changes that occur with aging results in increased left ventricular wall
stress which leads to cardiomyocyte hypertrophy and increased ECM deposition (Horn &
Trafford, 2016). Dysregulation of the ECM at the molecular level leads to fibrosis, which results
in whole organ dysfunction due to increased wall stiffness. Accordingly, there has been age-
associated left ventricular fibrosis observed in mice (Bradshaw et al., 2010), rats (Sun, Zhang,
Zhang, & Lamparter, 2000), dogs (Asif et al., 2000) and humans (Gazoti Debessa et al., 2001;
Mewton, Liu, Croisille, Bluemke, & Lima, 2011).

Moreover, hypertrophic cardiomyocytes require higher oxygen and energy levels,
creating a more hypoxic environment, and thereby increasing free radical production that
damages cellular components. In hypoxic environments with increased ROS, cardiomyocytes
release pro-inflammatory cytokines to stimulate an immune response. This causes an increase in
macrophage numbers in the myocardium, upregulating the number of MMPs present,
particularly MMP-9 (Meschiari et al., 2017). It has also been noted that an increase in MMP
levels in aged mice myocardium has been associated with an increase in inflammatory responses,

increasing ECM deposition and decreasing angiogenic capacity. This thereby alters the overall
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cardiac ECM composition, which could affect remodeling post-MI, particularly in the aged
myocardium.

ECM homeostasis is very important for myocardial structure and function since it
depends on the balance of synthesis and degradation (Meschiari et al., 2017). One of the main
components of the ECM is collagen- with all forms in which their ratio, and protein forms reflect
the overall quality of the ECM. Although collagens type I (~85%) and III (~11%) are the most
abundant in the myocardium of young adult tissues, with age the ratios of type I and type III are
altered (Horn & Trafford, 2016). An increased ratio of type I to III may contribute to LV
stiffness (Meschiari et al., 2017), from an increase in ECM cross-linking thereby increasing
overall tissue stress. Understanding these age-associated changes in the ECM may lead to new

therapeutic targets for improving cardiac repair post-MI in the elderly population.
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1.7. Research Plan

1.7.1. Rationale

Aging is associated with the progressive deterioration in structure and function of the
heart, likely contributing to the development of CVD, as well as causing complications and poor
recovery post-MI. With an increase in the elderly population, it is of importance to understand
the changes that occur with aging at the cellular and molecular level that can contribute to the
increased risk of CVD, particularly within the ECM environment. Recent evidence suggests an
important role for the CCN family of matricellular proteins in modulating cell-matrix
interactions and modifying cellular signals involved in the cardiac repair and remodeling
process. However, the role of Nov and Wispl remains to be better elucidated in aging and post-
MI repair. By determining the age-associated effects of matricellular proteins we may gain

insight on how to exploit their functions for the development of new treatments for M1.

1.7.2. Aims and Objectives
1. To determine if there is an age-associated change in expression of the
matricellular proteins Nov and Wisp1 in the mouse heart.
2. To determine how a change in Nov and Wispl expression may be related to repair

and remodeling post-MI with particular interest on their function in cardiac

fibroblasts.
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1.7.3. Hypotheses

Nov and Wispl will be differentially expressed between young and old female

mice.
Their expression post-MI will vary based on their role in the repair and
remodeling process, along with the age of the animal.

Both Nov and Wispl will have an effect on cardiac fibroblast function, which

may be related to the repair and remodeling of the myocardium post-M1.
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Materials and Methods
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Materials and Methods

2. Materials and Methods

All animal work was performed in accordance with the National Institute of Health Guide for the
Care and Use of Laboratory Animals with the approval of the Animal Care Committee at the

University of Ottawa Heart Institute under protocol number HI-2039.

2.1. In Vivo and In Vitro Sample Collection
2.1.1. Experimental MI Mouse Model and Echocardiography

Female 6-8-week-old C57BL/J6 mice and 10-14-month old female C57BL/J6 retired
breeding mice (Charles River, Sherbrooke, QC, Canada) arrived at the Heart Institute one week
prior to use/procedures to allow for acclimatization. One hour prior to surgery, mice were
administered 0.1 mL buprenorphine to minimize pain and discomfort, then anesthetized with
gaseous 2.5% isoflurane with 2% oxygen as previously described (Blackburn et al., 2015).

The left anterior descending coronary artery (LAD) was ligated using a 6.0 silk suture
(Syneture) with two stitches to produce appropriate blanching 2mm below the top of the left
atrium. The rib separator was removed, and skin was closed with #5 synthetic thread (Syneture).
At three time-points following LAD ligation: i) 2 days, ii) 7 days, and iii) 14 days,
echocardiography (Visualsonics, Vevo770 system) was taken prior to sacrifice to assess cardiac
function on the long-axis views, using B mode with the 707B scan head probe. Analysis of
echocardiography was performed using the manufacturer’s supplied software, manually tracing
the systolic and diastolic images. Echocardiography was also taken at the healthy/baseline (no

MI) time point as a control.
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Cardiac tissue samples were dissected from the infarct/peri-infarct zone, and border zone
at each timepoint listed above and either: i) stored in 4% PFA (Paraformaldehyde) at 4°C for 24
hours for cryo-sectioning, ii) stored at -80°C to be homogenized later for RT-qPCR for mRNA
expression, or iii) stored at -80°C to be homogenized later for protein expression profiling using
Western blot.

All animals under the healthy category did not undergo LAD ligation, however tissues

were collected at the same timepoints listed above, in the same manner.

2.1.2. Cardiac Tissue Isolation

Healthy female C57BL/J6 wild type mice and 2, 7 and 14-days post-MI mice (young and
old as previously described) were anesthetized with gaseous 2.5% isoflurane with 2% oxygen,
followed by cervical dislocation. The bench, mice and tools were sprayed with 70% ethanol to
keep the tissue free of bacteria. The chest cavity was opened by cutting diagonally from the
bottom of the sternum, through the ribs, to just under the front limbs on both sides. The heart was
then cut out from the cavity with small scissors and fat was removed from the tissue. The aorta
was removed just enough to see the right and left ventricle areas and the heart was perfused with
sterile PBS using a 25G needle attached to a filtered syringe to flush blood out of the chambers.
The right ventricle was removed using small scissors and the infarct area and infarct border zone
were separated and placed in sterile Eppendorf tubes. The tubes were directly placed in liquid
nitrogen for freezing, and these tissues were used for RNA and protein isolation.

For hearts to be used for histology and immunohistochemistry, whole hearts were
perfused with sterile PBS and then placed in ImL of 4% PFA at 4°C overnight for fixation in a

sterile Eppendorf tube. The following day tissues were washed 3 times with PBS and placed in a
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new Eppendorf tube with 1.5mL sucrose (30%) and placed at 4°C for 24-48 hours. Once the
heart was completely saturated in sucrose, sinking to the bottom of the tube, they were snap
frozen in OCT and stored at -80°C for sectioning. These hearts were sectioned for histology and

immunohistochemistry.

2.1.3. Histology and Immunohistochemistry

Slides of heart sections were prepared with 10um sections at different levels of the heart,
started at the apex. Sections were obtained using ThermoScientific HM550 Cryostat. Masson’s
trichrome staining was performed to measure the relative scar size by the midline-arc method as
previously described by Takagowa et al. (Takagawa et al., 2009). All primary antibodies for
immunohistochemistry were purchased from Abcam: a-SMA (abcam; 5694), active-caspase-3
(abcam; 13847), and the Alexa Fluor (488, 555) secondary anti-rabbit and anti-rat antibodies
were from Invitrogen (A11034, A21208). To assess a-SMA positive cells (for activated
fibroblasts), sections were stained with Zenon Alexa Fluor 488 reagent IgG1 (1:600) and a-SMA
primary antibody (1:250, abcam; 5694). Apoptosis was identified using an anti-active caspase 3
antibody (1:100). Imaging was performed with a Zeiss Z1 fluorescence microscope and ZenBlue
(2011-2012) digital image software (20% magnification). For quantification, 3 random
microscopic images were obtained from the infarct and 4 from the border zones and counted per

sample for an average value in a blinded fashion.

2.1.4. Cardiac Fibroblast Isolation and In Vitro Culture
The collection of tissue for fibroblast isolation is very similar to that described in the

previous section (2.1.2) except no echocardiography was performed prior to sacrifice. Hearts
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were collected from female C57BL/J6 wild type mice at 8-12 weeks of age (no MI). Following
the removal of the tissue from the mouse and perfusion with sterile PBS to flush out the blood,
the tissue was placed in a sterile Eppendorf tube containing sterile PBS. PBS was then removed,
and the tissue was finely minced using small scissors. The minced tissue was placed in 700uL of
HBSS and 300uL of digestion buffer (collagenase (Gibco-17101-015) and dispase (Gibco)) and
mixed well with vigorous pipetting. The tube was heated for 40 minutes at 37°C until all pieces
of the tissue could easily go through the tip of the pipette. The tube was centrifuged at 300g for 5
minutes, and the top aqueous layer was removed from the large pellet. ImL HBSS was added to
wash the cell pellet and spun again. These steps were repeated until a clear aqueous layer could
be removed from the pellet. Cells were resuspended in ImL DMEM F-12 high glucose media
(Gibco) containing 10% FBS (Gibco) with 1% pen/strep added. The cell-media mixture was then
mixed through pipetting and placed in a 10cm plate and topped up with 10mL total media and
placed at 37°C for 4 days. Media was replaced with new media after 24 hours. Once
approximately 90% confluent, the cells were lifted using 4mL Trypsin/EDTA (Thermo Fisher;
25200056) in 37°C for 5 minutes. Cells were gently pipetted and collected into a 15mL Falcon
tube containing 2-3mL media. Plates were washed with PBS and added to the Falcon tube. The
tube was spun at 300g for 5 minutes. Following centrifugation, the supernatant was removed,
and the cell pellet was resuspended in 1mL media. 10ulL was removed and added to a
hemocytometer to manually count the cells. All cells were seeded tissue culture polystyrene
plates (TCPS) at a density of 1.0x10° cells for 6-well plates, 0.4x10° cells for 12-well plates and

0.2x10° cells for 24-well plates.
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2.1.5. Cardiac Fibroblast Culture Conditions and Treatments

All in vitro cell culture was performed in regular growth culture conditions in a sterile
incubator (Thermo Scientific) (37°C, 5% O,) unless otherwise stated. Hypoxic conditions were
performed at 37°C, with 1% O,. Once lifted and seeded, all cells were left for 3-4 hours to adhere
to the plate prior to treatment. Cardiac fibroblasts were treated with 0.2ug/mL Mouse
Transforming Growth Factor 1 (TGF-B1 (neb; 5231LC)) where stated and 10% total media
volume with either Nov conditioned Hek293 media (0.0095ug/ul) or Wisp conditioned Hek293
media (0.014ug/ul) and non-transfected, conditioned Hek293 media as a protein control
(0.0093ug/uL). These treatments were used for the Ki67 proliferation assay, viability assay and

to analyze mRNA and protein expression of various targets.

2.1.6. Macrophage Culture Conditions

Macrophages were isolated from bone marrow derived macrophage (BMDM) cultures
after 7 days of culture as described by Blackburn et al. (Blackburn et al., 2015). Cells were lifted,
counted and resuspended as previously explained and re-plated on 6-well plates at a density of
4.0x10° cells in 2mL. Cells were cultured as MO macrophages using DMEM media (Gibco) with
10% FBS and 15% L929 media (Cancer cell line) or polarized to M1 macrophages using 2uLL of
lug/mL lipopolysaccharide (LPS; Sigma-L4391-1MG) and 2uL of 100ng/mL interferon gamma
(IFNy; R&D Systems), or to M2 macrophages using 2ul. of 10ng/mL interleukin-4 (IL-4;
Peprotech-214-14), and then incubated at 37°C for 3 days. Cells were then treated with TRIzol

for RNA isolation.
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2.2. RNA Isolation

2.2.1. Cardiac Tissue RNA Isolation

To avoid any sample being contaminated with RNases, the lab bench and mortar and
pestles were sprayed with RNase Away (Thermo Scientific). Tissues frozen in liquid nitrogen
were placed in sterile mortar and pestles that were chilled at -80°C. Tissues were crushed in the
mortars and pestles and 100 mg was added to a clean 1.5 mL Eppendorf tube. 1 mL of
TRIzol/TRI-Reagent (Zymo Research) was added to the crushed cardiac tissue and pipetted
vigorously for homogenization. Following 10 minutes at room temperature, 0.2 mL of
chloroform was added, shaken intensely for 30 seconds and left to separate for 15 minutes at
room temperature. The tubes were spun at 12000g for 15 minutes and the top phase containing
RNA was then transferred to a clean 1.5mL tube for washing and precipitation with 0.5mL
isopropanol. The aqueous mixture was then left at -20°C to precipitate for 1 hour. The tube was
then spun at 12000g for 10 minutes, aspirating the clear supernatant from the RNA pellet. 0.5mL
of ice-cold 75% ethanol was added to wash the pellet, inverted and spun at 7500g for 5 minutes.
The clear ethanol layer was removed, and the excess liquid was set to air dry for 10 minutes at
room temperature. 30ul. of RNase free water (Invitrogen) was added to the tube and heated at

40°C for 5 minutes to dissolve the RNA.

2.2.2. Cultured Cell RNA Isolation

To isolate RNA from cultured cells a similar procedure to that described above for
cardiac tissue RNA isolation was used. TRIzol was added directly to the well, placed on a shaker
for 5 minutes and pipetted up and down to transfer to a clean 1.5mL Eppendorf tube. The RNA

pellet was allowed to air dry and reconstituted in 15-20ulL RNase free water (Invitrogen).
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2.2.3. RNA Quantity and Quality

All RNA was analyzed using the NanoDrop-1000 Spectrophotometer with V3.3 Software
(Thermo Scientific). The machine was blanked with 1uL. of RNase free water (Invitrogen) and
tested with the same RNase free water sample prior to analyzing the RNA sample of interest.
luL of the sample was added to the analyzing platform, and analyzed with the arm closed,
displaying the RNA concentration in ng/ul, 260/280 (protein contamination measure). All
samples used had 260/280 > 1.9. If an RNA sample had a low or high 260/280 value, samples
were cleaned up with a DNase purification technique: 0.5ul DNase, 41uL. RNase free H,O, 9uLL
DNase buffer (Invitrogen). This mixture was heated for 10 minutes at 37°C, following addition
of 0.2M EDTA (pH 8.0), with heat applied for 10 minutes at 75°C to precipitate RNA transcripts.

These consistent values ensured PCR data was reliable.

2.3. Quantification of Matricellular Proteins and Other Targets
2.3.1. Reverse Transcription and qPCR for Matricellular Protein Targets

Primers for the matricellular proteins Nov and Wispl were identified and ordered (IDT
DNA) for the study of gene expression after searches on NCBI and Primer3. All other primers
were previously designed in the lab and tested for efficiency prior to use, spanning at least two

exons in length. The following primers were used:

Common Name Gene Primer Sequence
Abbreviation | Direction
Nephroblastoma Nov Forward GCCTATAGACCGGAAGCCAC
overexpressed Reverse CTTGTTCACAAGGCCGAACG
Wnt-inducible Wispl Forward GTGCTGTAAGATGTGCGCTCA
signaling protein 1 Reverse CACTCCTATTGCGTACCTCGG
Housekeeping 18S Forward AAACGGCTACCACATCCAAG
Reverse CCTCCAATGGATCCTCGTTA
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Housekeeping Beta-actin Forward TGGGAATGGGTCAGAAGGAC
Reverse TGAAGCTGTAGCCACGCTCG

Alpha-smooth muscle | a-SMA Forward GTCCCAGACATCAGGGAGTAA
actin Reverse TCGGATACTTCAGCGTCAGGA
Tenacin-C TnC Forward GAGCCCCTTTGCCTCAACAA
Reverse CTTCGCCCGTGAAACCTTCTT
Thrombospondin-1 TSP1 Forward CCTGCCAGGGAAGCAACAA

Reverse ACAGTCTATGTAGAGTTGAGCCC

Table 1. List of Genes and Primers used for RT-qPCR Analysis.

RNA isolated was transcribed to cDNA using SMARTScribe Reverse Transcription
(TaKaRa). A master mix containing 0.5uL. of 20uM Random Hexamers (Invitrogen), 1uL of
10mM dNTP Mix (GeneDirex), SuL. H,O was added to a tube containing 4.5ul of RNA (2ug of
total RNA). The RNA mixture was loaded into the MYCycler (BioRad) and ran with the
program: 72°C for 3mins, 4°C for 30sec, followed by 20°C for 10mins, where in the last 1 minute
a solution containing 2ul 5x First-Strand Buffer (TaKaRa), 1luL DTT (TaKaRa) and
0.5uLSMARTScribe Reverse Transcriptase was added. The program continued with: 42°C for
60mins, 75°C for 15mins, finishing with 4°C for 30mins and stored at -20°C.

To complete the RT-qPCR, a master mix for each gene of interest was prepared in
duplicate to accommodate loading on the plate. The volumes of each of the ingredients in the
reaction are: 10uL 2x SensiFAST SYBR No-ROX Mix (Bioline), 0.8uL of 10uM forward and
reverse primers combined, 6.2ul. ddH,O, 0.5uL iCycler iQ External Well Factor Solution
(BioRad) and 1uL of cDNA. Plates were loaded with 20uL in each PCR strip of tubes and placed
in the iCycler (BioRad) and programmed to complete the following: 40°C for 30sec, 95°C for 2
mins for activation followed by repeating 45 cycles of denaturation for 20sec at 60°C, then 20sec

at 72°C, and annealing/extension for 30sec at 55°C, 95°C for 30sec, 60°C for 1min, followed by a
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melting curve step. Relative quantification was used with gene expression normalized to

housekeeping gene expression.

2.3.2. Protein Isolation and Western Blots

Protein was isolated from frozen tissues as mentioned previously and crushed using
sterile mortar and pestles. ImL of RIPA buffer (1M Tris HCI, pH 6.8, 5SM NaCl, 1% SDS, 97%
sodium deoxycholate, Triton-X 100, ddH,O and protease inhibitor pellet (Roche)) was added per
100mg of ground tissue, pipetted intensely for homogenization and shaken on high at 4°C for 2
hours. The same technique was used for cultured cells with ImL RIPA buffer added per well
(12-well plate). The protein concentrations were calculated using the Pierce BSA Protein Assay
Kit (Thermo Scientific), using BSA standards following the manufacturer’s instructions. 20ug
protein was added per well in the Western gel.

The separating gel was made using 6.9mL ddH,0, 4.8mL of 40% acrylamide, 4mL of
1.5M Tris HCI (pH 8.8), 160ulL of 10% sodium dodecyl sulfate (SDS), 160ulL of 10%
ammonium persulfate (APS) and 16ul of tetraacetylethylenediamine (TEMED) in a 50mL
Falcon tube and filling the gel plate to 1cm from the top. A thin layer of isopropanol was added
to the top and left to solidify for about 1 hour. The stacking gel containing 5.8mL ddH,0, 1.5mL
of 40% acrylamide, 2.5mL of 0.5M Tris HCI (pH 6.8), 100uL of 10% SDS, 100uL of 10% APS
and 10uL TEMED was then added on top of the separating gel, with a 15-well comb inserted.
Once solidified, the gels were wrapped in moist paper towel and placed at 4°C overnight.
Samples were prepared by adding 5x Loading buffer (Laemmli buffer: 3.55mL ddH,0, 1.25mL
0.5M Tris HCI, pH 6.8, 2.5mL glycerol, 2mL 10% SDS, 0.2mL 0.5% Bromophenol blue) for

electrophoresis by boiling at 95°C for 10 minutes, then loaded to the 12% sodium dodecyl
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sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel with 1 well containing Sul. EZ-
RUN Pre-Stained Rec Protein Ladder (Fisher BioReagents). Once loaded, the chamber was filled
with Running buffer (25mM Tris Base, 192mM glycine and 3.5mM SDS with ddH,0) and ran at
120V for approximately 90 minutes. Once the dye-front reached the bottom of the gel, the
running was stopped, and the gel containing proteins was transferred to a nitrocellulose
membrane for 90 minutes at 100V, in a chilled chamber containing 100mL of 10x transfer buffer
(25mM Tris Base and 192mM Glycine) with 200mL methanol, and 700mL ddH,O.

Following transfer, membranes were cut and stained with Ponceau S to ensure bands
were present prior to blocking in 5% w/v dry milk in TBST (100mL of 10x TBS (50mM Tris
Base and 150mM NaCl with H,O, pH 7.4 (adjusted with HCI)), 900mL ddH,O and 1mL Tween-
20 (Sigma)) for 1 hour at room temperature on a plate shaker (Scilogex). Primary antibodies
were added to the blots, diluted in blocking solution: CCN3/Nov (1:1000; Cell Signaling
Technologies; 8767S), Wispl (1:1000; abcam; 178547), a-SMA (1:1000, abcam; 5694) and
loading control, B-actin (1:5000; abcam; 8227) and incubated overnight at 4°C. Primary
antibodies were then removed, and the blots were washed 3% with TBST for 10 minutes before
the secondary antibodies were added, 1:10000 dilution of anti-Rabbit IgG Secondary HRP-linked
(Novus) and 1:1000 anti-Mouse IgG, HRP-Linked (Cell Signaling Technologies). After 1 hour
of shaking at room temperature, the antibody was removed, and the blots were washed 3% with
TBST for 10 minutes before incubation with equal volumes of Novex ECL HRP
Chemiluminescent Substrate Reagent Kit (AP Chemiluminescent Substrate and AP
Chemiluminescent Substrate Enhancer (20x)) for 5 minutes in the dark. The blots were then
developed using CL-XPosure Film (Thermo Scientific), scanned and analyzed on ImagelJ using

pixel quantification of protein bands, normalized to B-actin loading control.
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2.5. In Vitro Functional Studies

2.5.1. Preparing Recombinant Nov and Wisp1

DH5a competent cells (Thermo Fisher Scientific) were aliquoted into sterile 1.5mL
Eppendorf tubes for a volume of 50uL to start the DNA transformation. 1uL of Nov plasmid
DNA (Origene; MR205398; 0.1ug/ulL) or Wispl plasmid DNA (Origene; MC202062; 0.1ug/uL)
was added to the cells, flicking to mix. The mixture was then placed on ice for 15minutes,
followed by heat shock for 45 seconds at 42°C. 200uL of sterile SOC microbial growth media
(LB Broth (Invitrogen), ddH,O and 1M glucose) was added to the tube and shaken vigorously
for 1 hour at 37°C. LB Plates were made using LB Broth (Invitrogen), agar (Invitrogen) and
antibiotic solution Ampicillin (Sigma). Aliquots of the DH5a cell culture were spread on the LB
plates to allow for colony growth overnight at 37°C. Colonies grown that were specific to the
plasmid DNA inserted were isolated and incubated overnight in 3-5mL of SOC media,
containing the Ampicillin antibiotic specific to the plasmid DNA insert. The cultures were spun
down, and the DNA was isolated using Zyppy Plasmid Miniprep Kit (Zymo Research) and
GenFElute HP Plasmid Maxiprep Kit (Sigma) according to manufacturer’s instructions. DNA
integrity and concentration were determined using the Nanodrop as previously described for
determining RNA concentration. The DNA was digested using BamHI and Notl (Fermentas) at
37°C for 1 hour: (2uL Buffer O, luL BamHI, 0.5uL Notl, 15.5ul. H,O and 1uL DNA. A 1% LE
agarose gel was made (Invitrogen), loaded and ran with 1x TAE buffer (Tris Base, Acetic acid
and EFTA). Each digested plasmid DNA sample was run with their representative DNA plasmid
construct as a positive control, with 2ul loading buffer. The gel was run at 100V for 1 hour and
visualized on the BioDoc-it imaging system (BioRad) to identify that the transformation was

successful. Images for the transformation can be visualized in Appendix A.
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The isolated DNA was then used for Hek293 cell transfection. Hek293 cells were
cultured, split and reseeded in the same method as described previously for the culture and
splitting of fibroblasts. The night prior to the transfection, the media was changed to remove
Penstrep (Invitrogen) antibiotics and the following morning, the transfection took place with
Lipofectamine 3000 (Invitrogen), and 0.5uL. DNA per well as described on the manufacturer’s
protocol. The cells were cultured in the presence of the plasmid DNA at 37°C, with a media
change after 24 hours to remove any excess DNA. For the next 3 consecutive days, the media
was collected and spun down in ImL aliquots at 1000g for Smins. GFP-plasmid was used to
ensure the Lipofectamine 3000 protocol was successful and imaged on the microscope
previously mentioned. The media was analyzed using Western blot as described previously,
running the gel with recombinant Mouse CCN3 protein/Nov (Novus; NBP2-35100; 0.5mg/mL)
and Human Wisp-1 protein (Pepro Tech; 120-10-5UG; 0.5mg/mL) on a known concentration to
determine the concentration of the Hek293 media collected. This was used as a cell treatment for
the assays described in the sections below (2.5.2, 2.5.3). Hek293 conditioned media, without

DNA transfection, was used as a total protein control for in vitro experimentation.

2.5.2. Fibroblast Proliferation Assay

Cardiac fibroblasts were cultured as described previously and seeded onto the slide of a
chamber slide system with a detachable well (Fisher) and left to adhere. Cells were treated with
sterile; 1) TGF-B, i) TGF-B and 10% Nov, iii) TGF-B and 10% Wispl, iv) 10% Nov, v) 10%
Wispl, vi) non-transfected Hek293 media, and vii) no treatment. After 48 hours of culture at
37°C, the media was removed from the wells and 300uL of ice cold 4% PFA was added to fix the

cells. Each well was washed 3% with PBS before antigen retrieval. A sodium citrate solution (pH
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6.0) containing the slides was brought to a boil for 4-5 minutes and left to cool to room
temperature. The slides were removed from the solution and placed in PBS with 0.2% Triton-X
for 10 minutes prior to blocking with 10% FBS in PBS for 1 hour. Following the blocking step,
cells were stained with primary antibody for Ki67 (1:500 with blocking solution; abcam) at room
temperature for 2 hours. Each slide was washed 3x with PBS for 5 minutes and the secondary
antibody Zenon Alexa Fluor 488 IgG1l (1:600 in PBS; Life Technologies) was added and
incubated in the dark at room temperature for 1 hour, followed by 3x PBS washes. A small
amount of ProLong Gold antifade reagent with DAPI (Invitrogen; 15ul.) was added to the slide,
with a cover slip and imaged with the Zeiss Z1 fluorescence microscope and ZenBlue (2011-
2012) digital image software (5x magnification). For quantification, 5 random microscopic
images were obtained from each slide and the number of proliferating (Ki67+) cells was

quantified and compared to the total cell number (DAPI+).

2.5.3. Fibroblast Viability Assay

Cardiac fibroblasts were cultured and seeded as previously described in a sterile 12-well
plate. Cells were let to adhere for 3 hours in regular culture conditions prior to treatment with: 1)
TGF-B (0.2 ug/mL); ii) TGF-B (0.2 ug/mL) and 10% Nov media; iii) TGF-f (0.2 ug/mL) and
10% Wispl media; iv) 10% Nov media; v) 10% Wispl media; vi) non-transfected Hek293
media; or vii) no treatment. Cells were cultured for 48 hours in hypoxic conditions (37°C, 1%
0O,). Viability was assessed by adding 300ulL of Live/Dead Viability/Cytotoxicity Kit (Life
Technologies; 1.3224) reagent mixture (1:2000 Calcein, 1:500 Ethidium homodimer) to each
well, and incubating in the dark for 30 minutes at 37°C. Three images of each well were taken at

random using the Zeiss Z1 fluorescence microscope and ZenBlue (2011-2012) digital image
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software. Images were quantified using ImageJ and the percentage of viable cells was quantified,

taking the average of each well. This was in a blinded fashion (10x magnification).

2.6. Statistical Analysis

Values are presented as a mean +standard error (SE). For RT-qPCR and Western blot,
data was reported as the mean fold-change of treatment to control group. All data was analyzed
with a two-tailed t-test or ANOVA using GraphPad Prism 7 software unless otherwise specified.

Probability values of P<0.05 were considered statistically significant.

34



Results

35



Results

3. Results

3.1. Identifying Differences in Healthy and Post-MI Young vs Old Mice

3.1.1. LVEF is Reduced in Old Mice at 14 Days Post-MI Compared to Young Mice

It has been shown that elderly patients, women in particular, have a higher incidence of
fibrosis and hypertrophy of the left ventricle (LV), predisposing them to heart failure with
reduced ejection fraction after an ischemic event (Paneni et al., 2017). Therefore, to assess
whether there is a difference in cardiac function post-MI in young vs old female mice, we
performed echocardiography at baseline (no MI), and following a LAD ligation at 2 days, 7 days
and 14 days post-MI. The left ventricular ejection fraction (LVEF) was measured using
echocardiography to assess cardiac function. As shown in figure 3A, we found that at 14 days
post-MI there was a reduction in LVEF in old animals compared to young, with no difference
detected at 2, or 7 days post-MI. We looked to further explore cardiac function and remodeling
post-MI by assessing collagen-based scar size to see if there is an increase in old, compared to
young since aged hearts are more likely to have an increase in collagen deposition and cross-
linking (Meschiari et al., 2017). Although there was a decrease in cardiac function at 14 days
post-MI (%LVEF), the Masson’s Trichrome staining for scar formation was no different in old
compared to young at 14 days (Fig. 3B and 3C). Therefore, it appears that at 14 days post-MI,
there is a reduction in cardiac function in terms of LVEF in old animals compared to young, yet,

the infarct scar size not different between the two groups.

36



A) 80+
-~ Young
704 == Old
c
2
ié 60-
w3
S
35
59
S 0o
S § 404
= (T8
(]
-
30+
20 T T L] L)
Pre-study 2 days 7 days 14 days
B) 9
50+

B Young Young

40- Old
| m- -
304
&l old
10- _
o Healthy 14 Days
T L] 1

2 days 7 days 14 days Post-Ml

Final scar size (%)

Figure 3. Cardiac Function Assessment in Female Old vs. Young Mice Post-MI. A) Ejection
fraction (%LVEF) in young (6-8 weeks) (n=7) and old (10-14 months) (n=11) mice showing
significantly reduced LVEF at 14 days post-MI in old mice (**p=0.002). B) Final scar size was
assessed at 14 days post-MI using midline method, showing no difference between young and
old mice (scale bar = 1mm). C) Representative images of Masson-Trichrome stained tissue

sections, blue representing scar formation and red representing healthy tissue. Data are presented
as mean £ SEM.

3.1.2. mRNA Levels of Matricellular Proteins in Healthy and Post-MI Tissues have Altered
Expression

Since we established that young and old female mice respond differently post-MI in
terms of cardiac function (LVEF), our next goal was to identify if there was a change in the
expression of matricellular proteins in the healthy myocardium in young versus old animals.

Specifically, we evaluated members of the CCN family of matricellular proteins: Nov and
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Wispl, tenacin (TnC) and the thrombospondin (TSP-1) family. Notably, there was a significant
reduction in Nov, Wispl, TnC and TSP-1 mRNA observed in the myocardium of old mice
compared to young (Fig. 4A). This is a potential indication of a reduced function of matricellular
proteins in the myocardium with age.

Based on these results, we next decided to focus on two particular members of the CCN
family of matricellular proteins: Nov and Wispl. Nov and Wispl were chosen for additional
study because of the evidence in the literature for their possible role in angiogenesis, fibrosis and
ECM remodeling (Borkham-kamphorst et al., 2012; Dobaczewski et al., 2011; Marchal et al.,
2015; Tao et al., 2016; Venkatachalam et al., 2009)(Franogogiannis, 2011). The expression of
Nov and Wispl were evaluated in the scar and border zone of post-MI hearts of young versus
aged mice over a period of 2 weeks. RT-qPCR revealed that post-MI, Nov mRNA is
significantly lower in old female mice, compared to young at 2, 7, and 14 days post-MI in the
infarct area and at 2, and 14 days post-MI in the border zone (Fig. 4B). Although Wispl mRNA
expression wasn’t significantly different in young compared to old animals at any time point, it
follows a similar trend with up to a 17-fold reduction of mRNA levels in old animals compared

to young (Fig. 4B).
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Figure 4. Analysis of Matricellular Proteins mRNA in Healthy and Post-MI Tissues. RT-
qPCR analysis of young (n=5) and old (n=5) mouse heart tissue normalized to 18S and B-actin.
A) Baseline/healthy tissues reveal a 2.5- to 5- fold significant decrease in expression of various
matricellular proteins in old tissues relative to young. B) Both Nov and Wispl show a higher
mRNA expression level in young tissues post-MI compared to old tissues post-MI at different
timepoints, with only Nov showing significance at 2, 7, or 14 days post-MI.

3.1.3. Protein Levels of Matricellular Proteins in Healthy and Post-MI Tissues Have
Altered Expression

The next goal was to identify if the protein expression level of Nov and Wispl is altered

post-MI in the infarct and border zones. Following LAD ligation and tissue isolation, Western
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blot analysis of protein expression levels post-MI was assessed and compared to healthy, non-
infarct tissues and normalized to B-actin. It was found that there is a decrease in protein
expression level in post-MI tissues at all timepoints compared to healthy myocardial tissue.
However, in old animals, there is a larger reduction in protein levels compared to young (Fig. 5).
Specifically, Nov expression at 2 days post-MI was significantly reduced in both the border and
infarct zone of the myocardium in old versus young mice (Fig. SA, B). Results also revealed a
significant decrease of Wispl at 2 and 14 days in the infarct zone (Fig. 5A), and at 7 days post-

MI in the border zone (Fig. 5B) of old animals compared to young.
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Figure 5. Analysis of Nov and Wispl Protein Levels in Post-MI Tissues. Western blot
analysis was performed on young (n=4) and old (n=4) mouse heart tissue, and results were
normalized to B-actin, and compared to healthy (H), non-infarcted animals. (A) In the infarct
zone, Nov and Wispl show significantly reduced protein levels at 2 days post-MI in old
compared to young, as well as Wispl at 14 days. (B) In the border zone, Nov protein level is
significantly reduced in old mice compared to young at 2 days post-MI and Wispl at 7 days
post-MI.
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3.2. Pinpointing a Potential Source of Nov and Wispl
3.2.1. Cardiac Fibroblasts may be a Potential Source of Nov and Wisp1

As cardiac fibroblasts constitute the largest portion of cells in the myocardium in terms of
numbers and are the primary cell type functioning to regulate ECM homeostasis (Chistiakov et
al., 2016), we sought to assess if they may be a producer of the matricellular proteins Nov and
Wispl upon activation. We first treated cardiac fibroblasts for 48 hours with TGF-f to stimulate
their activation/transdifferentiation into myofibroblasts, expressing a-SMA. Using Western blot,
we were able to confirm the activation of the fibroblasts to myofibroblasts based on the observed
increase in a-SMA protein levels (Fig. 6A). Protein levels of Nov and Wisp1 were then analyzed
to see their expression after 48 hours of activation in vitro. Nov protein levels were significantly
increased within the cells upon fibroblast activation (Fig. 6B) and although Wispl protein levels
showed a similar trend, there was no significant increase (Fig. 6C). This indicates that activated
cardiac fibroblasts may produce matricellular protein Nov in the setting of ML

Since a trend was observed with increased protein expression of Nov and Wispl under
regular culture conditions, we next looked at the relative mRNA expression levels of Nov and
Wispl in cardiac fibroblasts under hypoxic conditions. Following culture of fibroblasts under
regular growth conditions, cells were treated with TGF-B and exposed to a hypoxic environment
(1% O,, with serum deprivation) thus mimicking the MI environment in vitro. After 48 hours of
culture, an increase in mRNA expression of a-SMA and Wispl was observed with hypoxia and
TGF-B stimulation, while no significant difference was observed for mRNA levels of Nov (Fig.
7A, B). Taken together, the RT-qPCR and Western blot data of in vifro cardiac fibroblast
cultures reveal that Nov and Wispl may be produced by activated myofibroblasts in the post-MI

myocardium.
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Figure 6. Activated Myofibroblasts Produce the Matricellular Proteins Nov. Protein levels
were assessed using Western Blot analysis in an in vitro time course study of cardiac fibroblasts
cultured with TGF-B for 24 and 48 hours, normalized to B-actin (n=4). A) Representative blots
showing that TGF-P treatment stimulates a-SMA expression in cardiac fibroblasts after 48 hours.
B) Nov protein expression was significantly increased in cardiac fibroblasts 48 hours after
treatment with TGF- B; however, C) only a trend for increased Wispl was observed.

Another potential producer of matricellular proteins and cell type of interest was the
macrophage, which plays a key role in the inflammatory and proliferation phases of MI.
BMDMs were cultured for 7 days and then polarized to either an M1 (pro-inflammatory
phenotype), M2 (anti-inflammatory phenotype) or left in the MO state (undifferentiated
phenotype). Cells were treated for 3 days and the mRNA expression levels of Nov and Wispl
were determined using RT-qPCR. The results revealed a relative increase in both Nov and Wisp1
mRNA expression levels (Fig. 8). Although not significant, the trend suggests that macrophages

may be capable of producing these matricellular proteins.

42



a-SMA
p=0.0001
£=0.0003
p=0.0004

Z

N
o
[]

_|

p=0.002

(5.
1

—_

Relative fold change
in mRNA expression
o
1

1 1
Control TGF-B Hypoxia Hypoxia
+ TGF-B

48h in vitro treatment

B) Nov Wisp1
104 p=0.002 154 p=0.03
55 s p=0.03 56 p=0.004
c ‘0 8 c @
© _ « =
5 g =0.02 5 §10. p=0.01
oo K
‘o < 4- 1 T o <
=z > Z 54
58 5% —
gc? € £
[ T T - 0- L W
Control TGF-B Hypoxia Hypoxia Control TGF-B Hypoxia Hypoxia
+TGF-B +TGF-B
48h in vitro treatment 48h in vitro treatment

Figure 7. Activated Cardiac Fibroblasts in a Hypoxic Environment Have Increased mRNA
Expression of Wisp1. Using RT-qPCR analysis and compared to 18S, mRNA expression levels
were assessed in cardiac fibroblasts following 48 hours in hypoxia (1% O2) and treatment with
TGF-B (0.2 ug/mL). A) a-SMA mRNA expression was significantly increased in fibroblasts
cultured under hypoxia and treated with TGF- treated, indicating myofibroblast activation. On
the right are representative immunohistochemistry images of a-SMA stained fibroblasts under
control culture conditions or with hypoxia (1% O,) and TGF- B treatment (Blue = DAPI-staining
nuclei and green = a-SMA staining (Scale bar = 50um). C) Relative expression of Nov and
Wispl showing a significant increase in Wispl mRNA levels after 48 hours.
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Figure 8. Relative mRNA Expression of Nov and Wispl in Activated Macrophages.
Macrophages (n=5) were activated with INF-gamma and IPS to an M1 phenotype, or with IL4 to
an M2 phenotype, and compared to MO (undifferentiated macrophages). Using RT-qPCR, results
show only a trend for increased expression of Nov or Wispl mRNA levels upon macrophage
activation to either the M1 or M2 phenotype.

3.3. The Exogenous Cellular Effects of Nov and Wispl1 in Vitro

3.3.1. Fibroblast Proliferation is Increased in Vitro with Nov and Wisp1 Treatment
Matricellular proteins have many tissue and cell-type specific functions. Since cardiac
fibroblast proliferation plays an important role in cardiac repair and remodeling, we wanted to
look at the exogenous effects of Nov or Wispl on cardiac fibroblast proliferation in vitro. Nov
and Wispl protein for use in these experiments was generated through a transfection procedure
using Hek293 cells (Appendix A Fig. 1, 2). The media from transfected cells was collected and
used to treat cardiac fibroblasts for 48 hours, after which proliferation was assessed by Ki67
staining. The results demonstrated that in the combination of TGF- + Wispl, as well as TGF-3

+ Nov there was significantly increased proliferation (Fig. 9A, B).
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3.3.2. Nov and Wisp1 Pro-Survival Functions on Cardiac Fibroblasts

The effect of Nov and Wispl on cardiac fibroblast viability was also assessed in vitro
under hypoxic conditions to mimic the MI environment (serum deprivation and 1% O;). Our
results showed that there was no difference in total cell number between treatment groups (Fig.
10); however, in the presence (Fig. 10A) and absence of TGF-B (Fig. 10B) there was an increase
in the number of viable cells with treatment of Nov or Wispl. This suggests a potential pro-

survival function for Nov and Wispl on fibroblasts in the myocardium.

A) Ki67+ Proliferation - No TGF-B
80+
604 p=0.05

53 Control TGF-

T

o .=

oF 404 ° ] y

o0 i A

<3 3 .

Q204 LS N
[ ]
o . . . Ki67
Control 10% Nov 10% Wisp1 10% Nov + TGF- 10% Nov
Conditioned Conditioned
Media Media
48h conditions
B) _ .
Ki67+ Proliferation + TGF-8
809
p=0.0002 p=0.009
»n 60+ A 0 f
5= T v 10% Wispl
2 5 as
o £
2E 40 o : v
o e r v
E 1 [
S 20 o .
[ ]
c L] L] L] L]
Control TGF-B 10% Nov 10% Wisp1

Conditioned  Conditioned
Media+TGF-8 Media+TGF-B

48h conditions

Figure 9. In Vitro Fibroblast Proliferation Assay Using Ki67 with Fluorescence
Microscopy. A) After 48 hours without TGF-f stimulation, cells treated with 10% Nov
conditioned media had a significant increase in number of proliferating cells. B) In TGF-j
conditions after 48 hours, cells treated with 10% Nov conditioned media and 10% Wispl
conditioned media had a significant increase in proliferation compared to control, un-treated
conditions. C) Representative immunofluorescence images for fibroblast cultures stained for the
proliferation marker Ki67 (green) (Scale bar = 100um).
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Figure 10. Live/Dead Assay for Cardiac Fibroblasts in Hypoxia and Serum Deprivation for
48 hours. Cells were treated with or without TGF-$ (0.2 ug/mL). Using a Live/Dead assay kit
and fluorescence microscopy, the viability of cells was determined. A) Without TGF- (n=6),
total cell number was not different between treatment groups (lower), while viability was
increased when cells were treated with Hek293 conditioned media, Nov conditioned media, and
Wispl conditioned media, compared to control. B) Fibroblasts (n=6) had increased viability
under hypoxia and serum deprivation when treated with TGF-f + Nov conditioned media or
TGF-B + Wispl conditioned media. There was no difference in total cell number between

conditions.
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3.4. Myofibroblast Numbers in the Infarcted Myocardium

3.4.1. No Difference in the Number of a-SMA™ Cells in the Infarcted Hearts of Young vs.
Old Mice

Cardiac fibroblasts transdifferentiate into myofibroblasts post-MI, leading to scar
deposition and adverse remodeling (Bradshaw et al., 2010). Therefore, the number of
myofibroblasts in myocardial tissue sections was compared between young and old mice at 14
days post-MI using a-SMA staining. Contrary to our expectations, there was no significant
difference in the number of a-SMA" myofibroblasts between young and old mice in either the

infarct or the border zone (Fig. 11).
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Figure 11. Immunostaining for a-SMA Positive Myofibroblasts at 14 Days Post-MI. A)
Sections were stained to quantify the amount of a-SMA positive cells in the border and infarct
region of the heart at 14 days post-MI (n=3). No statistical significance was observed. B)
Immunostaining images a-SMA positive cells (green) and DAPI+ (blue) of the young infarct
zone (A), old infarct zone (B), young border zone (C), and old border zone (D) (Scale bar =
100um).

47



3.5. There is no Change in Caspase-3-Mediated Apoptosis at 14-day Post-MI in
Young and Old Myocardium

Cell apoptosis was identified in 14-day post-MI tissue sections using anti-caspase 3
antibody. Caspase 3 is a pro-apoptotic factor that has been found to be upregulated in cardiac
hypertrophy, regulating fibroblast death in the myocardium (Fujiu & Nagai, 2014). Additionally,
active-caspase 3 activity may have a tissue-specific effect that may be affected with age,
predisposing the myocardium to further damage post-MI (Condorelli et al., 2001). At 14 days
post-MI we did not see a difference between young and old mice in caspase-3-mediated

apoptosis in the myocardium infarct and border zones (Fig. 12).
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Figure 12. Active Caspase 3+ Cells in the Infarct and Border Zones in Young and Old Mice
at 14 Days Post-MI. A) Total percentage active caspase 3+ cells in the infarct and border zones
of 14-day post-MI tissue sections (n=4), determined by immunohistochemistry at 40x
magnification. Data are represented as a mean SEM with no significance. B) Representative
fluorescent images of active-caspase-3 (Green) and DAPI (blue) in a young mouse infarct zone
(A) and old mouse infarct zone (B) at 14-days post-MI (Scale bar = 100um).
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Discussion

4. Post-MI Remodeling in the Aging Heart and the Role of Matricellular
Proteins

Cardiovascular disease is one of the largest burdens on the aging population, with age
being associated with the progressive deterioration in structure and function of the heart and
vasculature. As such, aging is a risk factor for the development of CVD and related
complications leading to MI. With the increase in life expectancy of the aging populations, it is
of importance to understand the physiological changes that occur with age at a cellular and
molecular level that can contribute to increased risk of CVD. Therefore, we examined the
function of the CCN family of matricellular proteins in the cardiac ECM and their possible roles
in regulating the repair and remodeling process post-MI in relation to old age. Notably, previous
studies have revealed that the matricellular protein Nov has pro-angiogenic and anti-fibrotic
functions in other inflammatory diseases (Marchal et al., 2015) and Wispl can increase vascular
smooth muscle cells (VSMC) migration and cell survival in the vasculature and myocardium
post-MI (Venkatachalam et al., 2009; Williams et al., 2016). However, the exact role in repair
and remodeling post-MI remains to be fully elucidated. The aim of this project was to study the
age-associated alterations of matricellular proteins Nov and Wisplin the heart and to identify
their potential role(s) in adverse remodeling and loss of function of the aging myocardium post-

ML
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4.1. The Aged Mouse Myocardium Worsens Cardiac Function Post-MI

4.1.1. Cardiac Function is Reduced in Old Mice Compared to Young 2 Weeks Post-MI

Aging of the cardiovascular system is often associated with a decline in cardioprotective
systems, structure, and function of the heart that can be observed at a cellular, extracellular and
tissue level (Strait & Lakatta, 2012). We found that LVEF was reduced in aged female mice at
14 days post-MI compared to young female mice, suggesting that there may be a difference in
post-MI repair/recovery with age. Following an ischemic event, the dynamic repair and
remodeling process begins with the recruitment of inflammatory cells and progressive alterations
to the extracellular environment. During the inflammatory phase, there can be a large amount of
variability in the repair and remodeling process (Horn & Trafford, 2016; St. John Sutton &
Sharpe, 2000). Specifically, the extent of the damage post-MI and the severity of the remodeling
from LV dilation depend on the initial size of the infarct, as well as the characteristics of wound
healing at a molecular level, including changes to the ECM. This can perhaps explain why a
significant difference in LVEF between young and old mice was observed at 14 days and not at 2
and 7, days post-MI.

The reduced ability to recover post-MI in aging mice may be related to changes in the
genome. Over a lifetime, genomic alterations can occur due to chemical damage, mutations and
epigenetic alterations, especially with an accumulation of ROS in the myocardium. Recent
evidence has shown that the accumulation of sporadic genomic mutations correlate to a higher
likelihood to develop CVD, particularly with chromosomal damage, DNA deletions, single-
nucleotide mutations and post-translational modifications (Cervelli, Borghini, Galli, &

Andreassi, 2012). These alterations can affect the stability of the genome ultimately altering the
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signaling pathways for tissue repair and remodeling, hence leading to a decrease in LVEF in old
mice compared to young mice post-MI.

Despite a significant decrease in LVEF in old mice compared to young at 14 days post-
MI, there was no significant difference in the size of the collagen-based scar. As explained
above, an ischemic event can invoke a varying degree of repair responses, particularly in the
early stages post-MI, based on the initial severity of the infarct and early cell responses (St. John
Sutton & Sharpe, 2000; Talman & Ruskoaho, 2016). Functional and structural changes don’t
necessarily have to correlate and often times the injury and remodeling can affect the tissues
differently, including ECM expansion and cell signaling within various areas of the heart. In
addition to the infarct area, the border zone and remote myocardium can also be affected by MI
and alter the heart function and physiological infarct healing (Chan et al., 2012; Randhawa, Bali,
Virdi, & Jaggi, 2018; Richardson & Holmes, 2015). It is possible that older hearts have greater
damage extending beyond the scar into these areas that contributed to the lower LVEF compared
to the young mice. This would be an explanation for the lack of a difference in collagen content,
yet the greater loss of LV function.

Given the importance of ECM remodeling in the post-MI repair process, we sought to
identify differences in matricellular proteins between young and old mice. We observed a
significant decrease in mRNA expression of many matricellular protein family members in
healthy old mice hearts compared to healthy young mice hearts. This is what we had
hypothesized since there are many known age-dependent alterations to the cardiac ECM
(Bradshaw et al., 2010; De Castro Bras et al., 2014; Meschiari et al., 2017). Additionally, mRNA
expression of the matricellular proteins Nov and Wispl was reduced in the infarct and border

zones post-MI of old compared to young tissues. These results suggest that differences in the
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content of matricellular proteins between young and old mice may play a role in the ability to

recover after M1.

4.1.2. The Importance of CCN Proteins Post-MI

The roles that the CCN family of matricellular proteins play post-MI remains to be fully
elucidated. Therefore, we examined the mRNA and protein expression of Nov/CCN3 and
Wispl/CCN4 in the young and old mouse heart post-MI. Overall, both the protein and mRNA
expression of Nov and Wispl were decreased in the hearts of aged mice compared to young at 2,
7, and 14 days post-MI. However, the magnitude of the reduction in protein level did not always
match the reduction in mRNA level. For example, we observed a ~4.5-fold reduction in Nov
mRNA expression in the border zone of old hearts at 2 days post-MI compared to young;
however, the corresponding protein levels were only decreased by about 2-fold. Due to many
post-transcriptional and post-translational modifications, the mRNA and protein levels are not
always in line with each other (Edvardsson, 2016; Tao et al., 2016). One reason for this is that
microRNAs (miRNAs), which are short non-coding RNAs, are capable of regulating mRNA
levels at the translation level (Cannell, Kong, & Bushell, 2008). This could be one explanation
for why there are inconsistencies with the magnitude between RNA and protein levels. MiRNAs
have the capability of activating gene expression or repressing gene expression, through direct
and indirect mechanisms which are dependent on cell type and the cofactors within the
environment. This results in a change of protein translation, through various post-translation
modifications and binding to mRNA (Cannell et al., 2008; Orang, Safaralizadeh, &
Kazemzadeh-Bavili, 2014). Given that miRNAs have also been shown to have altered expression

in aged versus young mice (Kelm, Piell, Wang, & Cole, 2017), it is possible that a difference in
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post-transcriptional or post-translational regulation is a factor contributing to the reduction in
protein levels of Nov and Wispl post-MI in relation to mRNA levels.

With Nov, mRNA levels at 2, 7, and 14 days post-MI were significantly reduced in old
mice compared to young, which was expected as the capacity of the ECM to maintain
homeostasis following an injury is reduced in the aging myocardium (Meschiari et al., 2017).
However, with protein expression, there was only a significant decrease in expression at 2 days
post-MI in both infarct and border zone in old mice compared to young. Nov has been shown to
regulate inflammation in chronic kidney disease (Marchal et al., 2015), suggesting a potential
role in the regulation of post-MI inflammation, particularly at 2 days post-MI. Additionally, Nov
may play a role in regulating cardiac fibroblasts and ECM production, since it has been shown
to promote fibrosis in in vitro studies (Borkham-kamphorst et al., 2012; Ren et al., 2014).

For Wispl, we observed a trend for increased mRNA expression at 2, 7, and 14 days
post-MI in young mice compared to old. Transcription of Wispl is known to be regulated by
histone deacetylases (HDACs) in the myocardium, which are elevated in CV related injuries
(Wright, Herr, Brown, Kasiganesan, & Menick, 2018). This suggests there may be a greater
increase in HDAC activity in young mice compared to old, possibly explaining the reduced
Wispl transcription post-MI in the aged myocardium. There was also a significant reduction in
Wispl protein expression in the old mouse border zone at 7 days post-MI and at 2 and, 14 days
post-MI in the infarct area. Altogether, these results suggest that Nov and Wispl may play a role
in inflammation and fibrosis post-MI, and that these functions are altered in old versus young

mice leading to greater functional loss in the aged animals.
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4.2. The Importance of Fibroblasts in the Myocardium Post-MI and Their
Interactions with Nov and Wisp1

4.2.1 Activated Fibroblasts Show Increased Translation of Nov, While Stressed Fibroblasts
Show an Increase in Wisp1 Transcription

Since it was observed that Nov and Wispl have altered expression post-MI in vivo, we
decided to look at which cells may secrete these matricellular proteins in vitro, to provide us
some potential insight into the source of their generation post-MI. Since Nov and Wispl have
been linked to fibrosis (Konigshoff et al., 2009; Marchal et al., 2015), we initially we looked into
cardiac fibroblasts as a producer of these proteins. TGF- is released in the myocardium as a
stress response to ischemic injury leading to activation of cardiac fibroblasts and the release of
various growth factors and cytokines to mediate the repair and remodeling process (Dobaczewski
et al., 2011). When fibroblasts are activated to myofibroblasts with TGF- stimulation, there is
an upregulation of wound healing and cell-cell adhesion genes to promote repair (Tolle,
Gaggioli, & Dengjel, 2018). In the present study, TGF-§ treatment led to an increase in a-SMA
expression at 48 hours, confirming the activation of cardiac fibroblasts to myofibroblasts in vitro.
Notably, the increase in a-SMA expression coincided with a significant increase in Nov protein
expression, with a similar trend observed for Wispl. The increase of Nov observed in activated
cardiac fibroblasts matches the result of another study where human palatal fibroblasts were
shown to produce Nov upon activation in vitro (Ren et al., 2014). When cardiac fibroblasts were
cultured under stress conditions of serum starvation and hypoxia (1% O), there was a significant
increase in Wispl production. Wispl expression is controlled by the Wnt signaling pathway,
which is known to be upregulated in many fibrotic diseases, mediating the function of various
phenotypes of fibroblasts and other cell types in the myocardium (Konigshoff et al., 2009).

Given that Wnt signaling also controls cardiac fibroblast function post-MI, mediating
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differentiation, adhesion and proliferation (Daskalopoulos, Janssen, & Blankesteijn, 2013), it is
not surprising that we observed increased Wisp1 levels in this study.

As Nov and Wispl have been linked with regulating inflammation, we also investigated
their production in macrophages. Macrophages are not only the key players in the inflammatory
phase post-MI, but they also mediate tissue remodeling and regeneration. With the significant
difference observed in Nov and Wispl protein expression at 2 days post-MI in vivo, representing
a time point near the transition from inflammatory to proliferative phases, we expected to see an
altered expression of Nov and Wispl upon polarization of MO macrophages to the M1 or M2
phenotype. However, looking at isolated macrophages in vitro we found no significant change
upon M1 or M2 stimulation. There was a trend for reduced Nov and Wispl levels in the pro-
inflammatory M1 phenotype compared to the anti-inflammatory M2 phenotype, but it did not
reach statistical significance. As mentioned earlier, Wispl is involved in the Wnt signaling
pathways. Since Wnt signaling is active during inflammation through interaction between
cardiomyocytes and macrophages (Meyer et al., 2017), we predicted that Wispl might be
upregulated in macrophages, but this was not what we observed. There may be conditions in vivo
that were not present in our in vitro culture conditions that may account for the lack of change in
expression. Altogether, our results are not conclusive in determining if macrophages are a

potential source of Nov and Wispl in the infarcted myocardium.

4.2.2 Exogenous Nov and Wisp1 Affect the Functions of Cardiac Fibroblasts in Vitro
With the knowledge that fibroblasts play a key role in the repair and remodeling process
post-MI, we looked at the exogenous effects of Nov and Wispl. We found that fibroblasts

treated with either Nov or Wisp1 for 48 hours, in the presence and absence of TGF-f, exhibited
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increased proliferation. These data suggest that Nov and Wispl may be involved in stimulating
cardiac fibroblast proliferation post-MI. TGF-f also stimulates the transdifferentiation of
fibroblasts to myofibroblasts, which are highly proliferative post-MI (X. Fu et al., 2018).
Proliferation of fibroblasts in the myocardium post-MI involves many exogenous inducers and
signaling networks (Chistiakov et al., 2016), and these two matricellular proteins may also be
involved through ECM communication. Additionally, previous work has demonstrated that the
presence of Nov correlates to an increase in human palatal fibroblast numbers, mediating fibrosis
(Ren et al., 2014) and Wispl has previously been shown to increase fibroblast proliferation in
cardiac fibroblasts in vitro (Venkatachalam et al., 2009). These findings validate our results of
increasing cardiac fibroblast proliferation.

Since exogenous Nov and Wispl were found to increase cardiac fibroblast proliferation
in regular growth conditions, we decided to look at how it affects cell death of cardiac fibroblasts
under stressed conditions, consisting of hypoxia and serum deprivation. The data showed that
both Nov and Wispl treated fibroblasts had increased viability, suggesting a potential pro-
survival role on cardiac fibroblasts. Although using a different cardiac cell type, Wisp1 has been
shown to mediate cardiomyocyte death in vitro through a TNF-a signaling pathway that is
integrin mediated (Venkatachalam et al., 2009). Similarly, a survival role for Nov on fibroblasts
has not yet been reported, however other members of the CCN family of matricellular proteins
have been shown to regulate cell survival in the myocardium of embryos (Krupska, Bruford, &
Chaqour, 2015; Lau, 2016; Mo & Lau, 2006). Together, these in vitro observations for Nov and
Wispl on activated cardiac fibroblasts demonstrate a potential role for their function in
regulating post-MI remodeling. Their functions in vivo should be determined to identify how

they mediate fibroblasts in repair and remodeling post-MI.
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4.3. Presence of Myofibroblasts Post-MI and Apoptosis

Myofibroblasts in the myocardium play an important role with ECM deposition and
maintaining structural integrity of the heart following MI. They express the contractile protein a-
SMA, allowing the cells to assist in stabilizing the ventricle post-MI during the proliferative
phase (Weber et al., 2013). To determine if there is an age associated difference in myofibroblast
number, we looked at 14 days post-MI but did not see a significant difference. However, there
was a trend observed for increased numbers of a-SMA positive myofibroblasts in the young
infarct and border zones post-MI compared to old. It has been reported that the matrifibrocyte
form of fibroblast is pre-dominant in the myocardium after 10 days post-MI, and this phenotype
lacks the presence of contractile proteins (X. Fu et al., 2018). Thus, perhaps the 14-day time-
point was too late to observe differences in the number of a-SMA positive myofibroblasts
between aged and young mice post-MI.

In order to identify the amount of cell death occurring post-MI in the myocardium, we
looked at the presence of active caspase 3, a marker of apoptosis, at 14 days post-MI. Reparative
fibrosis occurs in the myocardium in locations where myocytes undergo apoptosis and necrotic
death (Barbara, 2016), and active caspase 3 expression has been correlated with the extent of
infarct expansion and loss of function (Condorelli et al., 2001). There was no observed
difference in the number of caspase 3 positive cells in the infarct or border zone of young mice
compared to old. Since the peak in caspase 3 mediated apoptosis occurs during the initial hours
to days post-MI, it may be of use to look at the earlier time-points post-MI or other forms of cell

death pathways at 14 days post-ML.
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4.4. Future Directions

While this study examined the age-associated effects of cardiac function, there are a still
a few obstacles within age-related studies to be addressed in the future. For example, age-
associated effects accumulate over time, and female hormones may affect cellular mechanisms
involved in repair and remodeling. This could make it more critical to identify the best suitable
age to select when engaging in age-related research. For example, D. Belsky et al., previously
determined a method to quantify the pace of aging in young humans based on their variable
biological aging and physiological deterioration (Belsky et al., 2015). By studying the
progressive deterioration through the aging mouse at a molecular level, more evidence may be
found indicating why there is a reduction in LVEF in old mice, compared to young post-ML.
Additionally, many circulating hormones are capable of traveling through the extracellular space,
and interacting with the molecules and ECM components in the myocardium (Valiente-Alandi,
Schafer, & Blaxall, 2016). Our study used female mice, which are producing estrogen and
progesterone at various levels depending on their age and reproductive and cycle status. There is
much research indicating sex differences and hormone levels may affect the manifestation of
CVD, including potential cardioprotective effects on the heart, yet the exact mechanism remains
unknown (Luo & Kyung Kim, 2016). For example, the loss of estrogen following menopause
has been linked to the late onset of CVD in women compared to men (Bhupathy, Haines, &
Leinwand, 2010). With this in mind, it would have been beneficial to determine the levels of
estrogen in the mice used in this study, to see if this had any correlation to the heart’s ability to
recover post-MI.

The next step in this project would be to determine the in vivo localization of Nov and

Wispl using in situ hybridization and immunohistochemistry. This would be helpful to identify
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what are the primary cell types producing these matricellular proteins in vivo, which could then
be targeted to help improve the post-MI environment and increase repair and regeneration.

Another limitation of the present study is that we did not study cardiomyocytes, which
are another main cell type present in the myocardium. This is due to the fact that cardiomyocytes
are hard to culture unless they are in their neonatal state, along with the knowledge that
matricellular proteins are more highly expressed in the embryotic stages. Therefore, in the future
we would like to look at their expression profiles in that cell type if a cell separation technique
were to be developed that allowed for the isolation of cardiomyocytes from the heart without the
need for culture steps. Additionally, it would be of use to determine the in vitro effects of Nov
and Wispl on cells cultured from aged animals to see if age affects some of their specific roles
and functions.

Once the exact roles of Nov and Wispl are determined in vivo and we know more about
how they mediate the repair and remodeling process, we may be able to exploit their specific
functions to ameliorate healing post-MI, thereby attenuating adverse tissue remodeling and
preserving cardiac function in the aging population. For example, knowledge about matricellular
proteins, such as Nov and Wispl, may be applied to improve biomaterial therapies that are being
developed to treat MI. Biomaterial therapies have been shown to improve the post-MI ECM
environment leading to superior repair and cardiac function. By integrating Nov and Wispl into
such material therapies, we may be able to exploit their pro-angiogenic and anti-fibrotic
properties to better preserve myocardial tissue post-MI, which could lead to future clinical use in

treating MI in the aged population.
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Conclusion

5. There is an Age-Associated Difference in the Expression of Nov and
Wisp1 Post-MI

We showed that there is an age-associated difference in the expression of matricellular
proteins Nov and Wispl in healthy and MI mice. This may be associated with the decreased
cardiac function of old mice compared to young mice post-MI, which suggests a potential role of
Nov and Wispl in the repair and remodeling process. A better understanding of Nov and Wispl
function in aging and post-MI repair may help identify novel therapeutic targets for limiting

damage post-MI and improving myocardial repair and heart function.
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Appendices

7. Appendix A — Supplemental Data

7.1. Preparing Recombinant Nov and Wisp1 used for in vitro experiments

GFP-plasmid
following
transfection of
Hek293 Cells

No plasmid
following
transfection of
Hek293 Cells

Figure 13. DHSa Bacterial Transformation and Hek293 Cell Transfection of Nov and
Wispl. Plasmid DNA of Nov and Wispl were used to transform bacterial cells using the heat
shock method. A) A DNA digest was performed on DNA isolated from DH5a cell culture
following a Maxi-Prep using BamHI and Notl (Digested for 60 minutes at 37 degrees). 15 uL of
digested sample was run using gel electrophoresis. The Nov and Wisp1 digested DNA was used
for Hek293 cell transfection. B) Transfection was performed using Lipofectamine 2000 and a
GFP-control plasmid was used to ensure the transfection was successful. The large number of
GFP-positive cells visualized using fluorescent microscopy compared to transfected cells with no
plasmid indicated that the transfection was successful.
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Recombinant - Nov transfected BSA concentration of media for total protein is:

A) Protein Hek293 media C) - Nov: 5089.65 ug/ml
Nov e - Wispl: 4837.55 ug/ml
-— - Hek293 media: 4610.98 ug/ml
Recombinant ~ Wispl transfected ~ Hek293 )
B Protein dilution ~ Hek293 media media Nov transfected media = 0.0095 ug/uL

. ; o Wispl transfected media = 0.014 ug/ulL
Wispl gy« WM e HCk293 media = 0.0093 ug/ul.

Figure 14. Conditioned Media of Hek293 Cells Transfected with Nov and Wispl was
Collected After 48 Hours of Culture for Use to Treat Cells in Vitro. Using Western blot, the
relative concentration used for treatment of cells was determined by comparing transfected
Hek293 media to a recombinant protein with known concentration for the specific matricellular
protein. A) Nov conditioned media concentration was 0.0095 ug/ulL determined using a ratio of
known recombinant Nov protein (0.5 mg/mL) and B) Wispl conditioned media concentration is
0.014 ug/uL, determined using a line of best fit approach, using linear regression, created with a
dilution of the recombinant Wispl protein (0.5 mg/mL). C) The BSA assay concentrations and
final relative concentrations.

73



Appendix B — Permissions and Authorizations

Section 1.2. Cardiac Repair and Remodeling Post-MI, Figure 1
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