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Abstract

Myocardial infarction (MI), a late-stage event of many cardiovascular diseases (CVD),
results in cardiomyocyte death, myeloid cell recruitment to promote cellular debris removal and
excessive cardiac remodeling affecting architecture and function, which can ultimately lead to
heart failure. Currently, the use of biomaterials to intervene on the hostile post-MI environment
and promote myocardial healing is being investigated to restore cardiac function. It has been shown
that an injectable collagen matrix improves cardiac repair by altering macrophage polarization,
reducing cell death and enhancing angiogenesis, leading to a reduction in infarct size and improved
cardiac function when delivered at 3 hours post-MI. MicroRNAs (miRNA) “fine tune” gene
expression by negatively regulating the translational output of target messenger RNA (mMRNA).
As such, miRNAs present interesting therapeutic opportunities for the treatment of MI. However,
the delivery of miRNA mimics and/or inhibitors can be complicated by degradation and off target
effects. The objectives of this thesis were to determine how the matrix may regulate endogenous
miRNAs and to explore the biomaterial’s ability to deliver therapeutic miRNAs. It was shown that
matrix treatment of MI mouse hearts resulted in altered expression of 119 miRNAs, some of which
had functions linked to the beneficial effects of matrix treatment. Of particular interest, miR-92a
was down-regulated within the infarct and peri-infarct cardiac tissue 2 days after matrix treatment
(delivered at 3-hours post-MI) compared to PBS treatment. In in vitro cultures, the matrix down-
regulated miR-92a levels in macrophages but did not significantly alter miR-92a expression in
endothelial cells, circulating angiogenic cells or fibroblasts. In addition, using an in vitro model
system, it was shown that the matrix may have the potential to deliver functional therapeutic

miRNAs to cells; however further experimental optimisation is required to confirm these results.



Therefore, collagen matrix treatment may be a promising approach to regulate and/or deliver

miRNAs for protecting the myocardial environment and improving function of the infarcted heart.
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INTRODUCTION



1. Introduction

1.1 Myocardial Infarction and Cardiac Repair

Myocardial infarction (MI), an ultimate consequence of many cardiovascular diseases
(CVD), is the most common cause of acute cardiac injury and a leading cause for hospitalization
and death worldwide.> 2 During M, the cessation of blood supply to an area of the myocardium
leads to the rapid necrosis of cardiac myocytes. Cardiac healing and repair following myocardial
ischemia is a complex process of three overlapping phases: the inflammatory, proliferation and
maturation phases.>® In the inflammatory phase cardiomyocyte apoptosis and necrosis triggers an
inflammatory response which replaces cellular debris with granulation tissue.®> 4 During the last
two phases a microvascular network is formed and a rigid collagenous scar is produced to replace
the damaged tissue, which is essential for maintaining structural integrity and preventing the left

ventricle from rupturing.® ®

1.1.1 Inflammatory Response

Infarct healing is initiated by the rapid but highly controlled recruitment and activation of
neutrophils and monocytes, which is triggered by cytokine release from injured myocytes.® ’
When myeloid cells migrate into the ischemic tissue, this activates neurohormonal and intracellular
signalling, which localizes the response.” Within the infarct, the recruited neutrophils and
macrophages clear the cellular and matrix debris.? Once the cellular debris has been removed,
activated macrophages release cytokines and growth factors leading to granulation tissue
formation, angiogenesis and fibroblast proliferation.® It is important to note that macrophages are
plastic cells that embrace different activation states and can polarize into either an M1 or M2

phenotype in response to different stimuli.81° Specifically, M1 macrophages are pro-inflammatory



and have been linked to inflammation after MI whereas M2 macrophages are anti-inflammatory
and reparative and have been implicated in MI healing.® 1 12 The resolution of inflammation is
dependent on the transition from the M1 to M2 macrophage phenotype, with accelerated transition
rate and an increased M2-to-M1 ratio leading to the promotion of angiogenesis and reduction of
infarct size and ventricular remodelling.®* * Thus, cardiac healing involves the activation and
polarization of macrophages for the induction and resolution of inflammation and the transition to

scar formation.% 1> 16

1.1.2 Neovascularization

Angiogenesis is a crucial process in wound healing as tissue function depends on adequate
blood supply.t” After MI, the hypoxic environment activates hypoxia-inducible factors (HIFs),
which are transcription factors that regulate angiogenic growth factors required for neovessel
formation, such as vascular endothelial growth factor (VEGF).? 1”1 Neovessels are an important
component of granulation tissue and are required to provide essential nutrients and oxygen to cells
involved in wound healing.? It is during the proliferative phase that large capillary networks and
“mother vessels” are formed.?% 2! Circulating angiogenic cells (CACs) play a role in cardiac repair
through angiogenesis.?? Upon infarction, they home to the site of cardiac injury where they may
differentiate into endothelial cells and incorporate into neovessels.?® 2* In addition, they release
paracrine factors; the provision of these soluble factors is believed to be the primary mechanism
through which CACs contribute to angiogenesis. Thus strategies to augment these angiogenic
pathways to induce early reperfusion is important as it may reduce cardiac damage after M1 by

quickly returning oxygen and nutrients to the tissue.’



1.2 Rationale for Biomaterials

A major challenge for treating heart disease is the inability of the adult human heart to
efficiently regenerate after cardiac stress.? Therapies to regenerate the myocardium and help
restore function to the heart after Ml are currently being heavily explored by researchers. Stem
cell transplantation into the myocardium has emerged as a promising strategy to help regenerate
the heart post-MI through the replacement of damaged tissue. Despite improving cardiac function,
the benefit of this approach is limited due to poor cell survival and engraftment, and it also carries
the potential risks of unwanted neoplastic growths if cells settle into non-target tissues.?>%’
Biomaterials, materials that interact with biological systems for medical purposes, can be used as
vehicle for stem cell delivery. These have the potential to augment cell function, while improving
engraftment and survival, and minimizing off-target cell delivery.?> 28 2° The therapeutic success
of biomaterials in conjunction with cell therapies for the treatment of MI has well been
documented.®®3 Injectable materials are also therapeutically appealing as they can form to the
defined size and shape of the cavity and may be delivered non-invasively.3* In addition to their use
for cellular delivery, biomaterials as stand-alone therapies (without cells) have also been shown to

be beneficial for the treatment of M1.3%-%7

1.2.1 Collagen Matrices

Biomaterials can be classified as synthetic or natural, with natural biomaterials being
derived from native extracellular matrix (ECM), such as collagen fibers.?® Within the heart, the
ECM provides structural support, interconnects cells and acts as an environment for cells to
migrate and grow.>® Cell-ECM interactions, which occur through surface adhesion molecules such

as integrins, are extremely important as they initiate downstream signalling events that influence



cellular function. Studies delivering stem cells within an injectable matrix composed of ECM
components into ischemic skeletal muscle have demonstrated improved cell persistence and
regenerative effects.3 Using ECM-like gels as therapeutic biomaterials is beneficial as they
comprise components that are already found endogenously and are recognized by the cells, thus
promoting more natural cellular behavior and minimizing the risk of initiating a negative immune
response.*® Collagen is the major ECM protein in the healthy heart, and is a frequently used as a
biomaterial to treat cardiac injury due to its ability to recruit endogenous cells for regeneration and

improve cardiac function, 29 33 41

1.2.2 Functional Benefits of the Collagen Matrix

Collagen matrices have been shown to augment the angiogenic potential and proliferation
of circulating angiogenic cells (CACs) in vitro and increase their mobilization after ischemic
hindlimb injury in vivo.*> #* Improved arteriole density and perfusion was observed within
ischemic tissue that received matrix treatment, highlighting its angiogenic potential.*> Recently,
the Suuronen lab showed that intramyocardial injections of a collagen matrix improved the post-
MI cardiac environment. When the collagen matrix was injected into the infarcted tissue three
hours after MI a number of functional benefits were observed in comparison to PBS-treated
controls. Two days after matrix treatment, an increased ratio of M2:M1 macrophages was observed
in the infarct, and at four weeks after injection significantly more capillaries and arterioles were
observed in the infarcted tissue (unpublished, N. Blackburn). At 4 weeks, a significant reduction
in infarct size and apoptosis was also observed in mice having received the therapeutic matrix,
which preserved cardiac function up to three months post-MI (unpublished, N. Blackburn).

Consequently, the collagen matrix shows promise as a treatment to mediate the post-Ml



myocardial environment. However, how the collagen matrix improves cardiac function following

MI remains unclear.

1.3 miRNA Biogenesis and Functional Concepts

MicroRNAs (miRNAS), a class of small non-coding RNAs, “fine tune” gene expression by
negatively regulating the translational output of target messenger RNA (mRNA) in a sequence-
dependent manner.**4" Most miRNA encoding genes are intergenic but can also be generated by
the processing of introns of protein-coding genes allowing for the coordinated expression of a
miRNA and protein, occasionally leading to the joint modulation of a biological process (ex:
control of cholesterol homeostasis by miR-33 and its host gene).*® %° In mammals, the processing
of miRNA encoding transcripts by Drosha-DGCR8 and Dicer leads to a miRNA duplex in which
one strand is loaded into the RNA-induced silencing complex (RISC), becoming the “mature”
miRNA and the other strand, called the star strand, is typically degraded (Figure 1.1).¢ % Once
processed, mature miRNAs and pre-miRNAs can be selectively retained or released by a cell
through packaging into microparticles (exosomes, microvesicles or apoptotic bodies) or
associating with RNA-binding proteins, such as Ago2, possibly to regulate gene expression in
distant target cells.®>* RISC coordinates the binding of the loaded miRNA to the 3’ untranslated
region (UTR) of target mRNA, which promotes mRNA degradation or translational inhibition,
and thus reduces production of the protein.*> “¢ Most 3'UTRs contain potential binding sites for
numerous miRNAs, allowing redundancy or cooperative interactions between various seemingly
unrelated miRNAs.*® In addition, miRNAs have been shown to regulate multiple genes governing
the same biological processes (ex: the role of miR-29 in fibrosis) thus reducing the importance of

single miRNA-mRNA interactions in eliciting a biological response.* The multi-target and multi-



function properties of miRNAs add robustness to gene-regulatory networks making the exploration

and regulation of miRNAs extremely therapeutically exciting.
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Figure 3.1. miRNA biogenesis and functional concepts. From the introns of pre-mRNA or the
non-coding regions of the genome, miRNAs are transcribed as long precursors which are cleaved
by Drosha and DGCRS into pre-microRNAs and are actively transported to the cytoplasm to be
further cleaved by dicer into a miRNA duplex. Subsequently, one strand of the miRNA is
assembled into the RNA-induced silencing complex (RISC) to guide the sequence-specific
recognition of its target mRNA leading to mRNA degradation or translational repression (gene A).
Since intronic miRNAs are transcribed at the same times as its host gene it is common for the
miRNA to regulate a similar process as the protein it was transcribed from. A characteristic of
miRNAs is the ability of a single miRNA to regulate multiple mRNAs in a biological process (gene
1, 2 and 3). In addition, multiple miRNAs can target the same mRNA adding redundancy and

cooperation between miRNAs.



1.4 miRNAs in Cardiovascular Disease

The importance of miRNAs in cardiovascular development and function was initially
observed after Dicer deletion in myocardial and vascular lineages produced lethal phenotypes four
days after birth.>® 5" The dynamic regulation of numerous cardiac-enriched miRNAs during
cardiac stress indicates their involvement in the regulation of cardiovascular disease.®®** More
specifically, several studies indicate a crucial role for miRNA-dependent regulation of a number
of different cellular processes following MI, such as cardiac angiogenesis, fibrosis, and
cardiomyocyte hypertrophy (as reviewed in 84) (Figure 1.2). Since miRNAs play a significant role
in the regulation of CVD, an understanding of their regulation and function is pivotal for the study
of disease and the development of therapeutic strategies that enhance reparative miRNAs or inhibit
detrimental miRNAs to augment repair after MI. Consideration should also be given to
understanding how current therapies, such as collagen matrices, regulate miRNAs, as it may

provide important mechanistic insight towards their optimization.
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Figure 1.2. miRNA regulation and function in the ischemic/infarcted myocardium. Targets

of key miRNAs and the processes they regulate in myocardial ischemia/infarction are shown.

1.4.1 miRNA-21

To date, the role of miR-21 in cardiovascular disease can be described as controversial.
Thum et al. observed a robust up-regulation of miR-21 in cardiac fibroblasts in a mouse model of
cardiac failure.%® Within the fibroblasts, sprouty homologue 1 (Spry1) was identified as a direct
target of miR-21; and Spryl is a potent inhibitor of the Ras/MAPK/ERK pathway that regulates
fibroblast survival and growth factor secretion.®>®” In vivo silencing with antimiR-21 in a mouse
pressure-overload-induced cardiac hypertrophy model reduced cardiac ERK-MAPK activity,
inhibited interstitial fibrosis and attenuated cardiac dysfunction, thus highlighting the therapeutic

10



potential of targeting miR-21.°® In a model of ischemia/reperfusion (IR) injury, it was
demonstrated by in situ hybridization (ISH) that miR-21 up-regulation in the mouse heart occurred
at 2 and 7 days after injury and was found to be localized specifically within fibroblasts of the
infarct zone.** It was also shown that miR-21 regulates matrix metalloprotease-2 (MMP-2)
expression in cardiac fibroblasts via a phosphatase and tensin homologue (PTEN) pathway, thus
identifying another miR-21 mechanism.** Another study using lateral LV wall samples from
patients with severe aortic stenosis (AS) undergoing aortic valve replacement therapy showed
higher myocardial expression levels of primary transcripts as well as mature miR-21 in comparison
to a group of surgical controls with no pressure or volume overload and normal left ventricular
mass.®® ISH using digoxigenin-double-labelled specific miR-21 probes showed that the signal in
AS patient samples was restricted to cells in the interstitial space, presumably fibroblasts, with
only a very week hybridization signal in the LV myocardium of the control patients, thus
reinforcing the specific localization and up-regulation of miR-21 in fibroblasts.%® In contrast,
Patrick et al. demonstrated that miR-21-null mice and LNA-antimiR-21 treated mice displayed
cardiac hypertrophy, fibrosis and loss of cardiac contractility similar to wild-type littermates after
various cardiac stresses, indicating that miR-21 does not play an important role in pathological
cardiac remodelling.®® The opposing evidence for the involvement of miR-21 in cardiac disease
could be, in part, due to a compensatory mechanism activated in the persistent absence of miR-21,
which may be different from pharmacological inhibition of a miRNA in an adult organism.
Another factor could be attributed to the differences in chemistry and oligonucleotide length of the
short LNA-modified antimiR-21 and longer cholesterol conjugated antagomiR, but still there is no

consensus.’%72
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1.4.2 A Role for miRNA-92a in Angiogenesis

A member of the highly conserved miR-17~92a cluster, miR-92a is expressed in human
endothelial cells and plays a role in controlling the growth of new blood vessels.” ™ Forced over-
expression of miR-92a in human endothelial cells blocks sprout formation, inhibits vascular
network formation and reduces cell migration and adhesion.” Similarly, systemic administration
of miR-92a targeting antagomiRs delivered at 0, 2, 4, 7 and 9 days after MI increased the number
of blood vessels, improved cardiac function and reduced infarct size in mice.” ISH with 3°-DIG
labeled LNA probes performed on 2-day post-MI cardiac tissue identified that miR-92a was
inhibited in the endothelium and other cell types within the myocardium.” Catheter-based delivery
of LNA-92a after ischemia/reperfusion in pigs, increased capillary density in the border zone of
the infarcted hearts and increased ItgaS expression.” LNA-92a treatment also reduced the number
of leukocytes in the infarcted region, improved left ventricular end-diastolic pressure and conferred
direct cardiomyocyte protection, demonstrating a secondary role for miR-92a independent of

angiogenesis.”

1.4.3 A Role for miRNA-92a in Inflammation

Studies have also linked miR-92a to a role in inflammatory endothelial dysfunction, which
can lead to atherosclerosis. Endothelial cells exposed to “athero-prone” low sheer stress (SS)
conditions and oxidized low-density lipoproteins had increased miR-92a levels in comparison to
cells exposed to “athero-protective” high SS conditions.” In corroboration, miR-92a was highly
expressed in the aortic arch of atherogenic Ldlr”" mice compared to normal animals, and in vivo
miR-92a inhibition altered the development of atherosclerosis, decreasing plaque size and

promoting a more stable lesion phenotype in Ldlr”" mice.”® It is possible that these effects are

12



mediated through the miR-92a enduced up-regulation of Kruppel-like factor 2 (KLF2) as the
miRNA is reduced in the endothelium during atheroprotective laminar flow.”® In addition to the
atheroprotective effects of miR-92a inhibition in endothelial cells, an inflammatory role has also
been established in macrophages. It was demonstrated that stimulation of the toll-like receptor
(TLR) resulted in reduced miR-92a levels within macrophages, which increased mitogen-
activation protein kinase kinase 4 (MMK4) levels and the production of inflammatory cytokines
(TNF-o and IL-6). 7" Furthermore, it has been shown that polarisation has an effect on miR-92a
levels in macrophages, with miR-92a expression significantly higher in M1 macrophages than in

M2 macrophages.®

1.5 miRNA Regulation for Therapeutic Purposes

With the relative ease by which miRNAs can be manipulated pharmacologically, and the
fact that miRNAs are involved in almost every aspect of cardiovascular health and disease, we are
presented with interesting therapeutic opportunities for the treatment of ML’ In vivo,
pharmacological intervention can be accomplished with the use of miRNA mimics and/or anti-
miRNAs (Figure 1.3). Anti-miRNAs are modified antisense oligonucleotides harbouring the full
or partial complementary reverse sequence of a mature miRNA. The application of an anti-miRNA
leads to a reduction in endogenous miRNA levels. In therapy, they would be applied to activate
gene expression by binding to the pathological miRNA, de-repressing the miRNAs inhibitory
effects on target gene expression "*#1, To increase cellular uptake, anti-miRNAs can be conjugated
to cholesterol (termed antagomiRs) which are capable of binding to cell surface membrane
receptors. Antisense oligonucleotides (ASOs) can also contain a modified sugar backbone which

increases specificity and affinity to bind and inhibit miRNA function.”® For example locked
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nucleic acids (LNA) are modified RNA nucleotides with a methylene bridge connecting the 2’
oxygen, and 4’carbon of the ribose backbone.®? Systemic delivery of anti-miRNAs has proven to
be sufficient for the reduction of miRNAs levels in cardiac tissue for an extended period of time.
In contrast, mMiIRNA mimics are synthetic double-stranded RNA which have been modified for
cellular uptake and stability. Similar to endogenous miRNAs, miRNA mimics are loaded into
RISC by the cell, and function to elevate endogenous protective miRNA levels by further
inhibiting target mMRNA expression.®® Despite the recent discovery of miRNAs in 1993, the
therapeutic regulation of miRNAs already shows huge potential for the treatment of disease, with
numerous MiRNA therapeutic trials in non-human primates and clinical trials for the miR-122
ASO to treat chronic hepatitis C virus (HCV) infection currently already underway.?* It is
important to note that the use of anti-miRs and miRNA mimics to alter the abundance of a miRNA
also provide necessary tools to study molecular functions, giving us better insight into the

molecular mechanism of disease.
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Figure 1.3. Clinical perspectives for cardiac repair using miRNA-based therapies. The ease
by which miRNAs can be manipulated pharmacologically provides a therapeutic opportunity to
alter miRNA levels dysregulated during ischemia/infarction to promote cardiac repair. Anti-
miRNAs bind to endogenous miRNAs preventing them from binding to their target, thus
increasing target gene expression. In contrast, miRNA mimics increase endogenous miRNA levels

and reduce target gene expression through translational repression or mRNA degradation.

15



1.5.1 Challenges Associated with miRNA Regulation

Issues associated with the delivery of therapeutic RNAs begins with the challenge of the
RNA exiting the circulatory system, crossing the cellular membrane in the target tissue and
entering the cytoplasm. First, the removal of double stranded RNAs from the bloodstream by
nucleases and phagocytic cells, such as macrophages, and the filtering and excretion of molecules
less than 50kDa by the kidneys has challenged the systemic delivery of miRNA duplexes to target
tissue.®> & Second, complexed RNAs larger than 5nm in diameter, cannot cross the capillary
endothelium and will remain in the circulatory system until excreted.®® Encapsulation of miRNAs
within a lipid vesicle to minimize excretion and enhance uptake is commonly employed to help
address these issues.® Third, it is also important to note that therapies using miRNA mimics and
anti-miRNAs, particularly with systemic administration, can lead to unwanted side effects since
they can be taken up by non-target tissues. For these reasons the localised delivery of miRNA
therapeutics is highly favorable. In a study using large animals,, different techniques to administer
LNA-miR-92a were examined and showed that localised delivery of a higher concentration of
anti-miRNA failed to induce a further reduction of miR-92 within the myocardium, but
significantly increased repression within non-target tissue in comparison to the delivery of a lower
dose.” The study also showed that systemic delivery of LNA-miR-92a did not significantly
improve global myocardial function or capillary density within the border zone of infarcted hearts
whereas localised delivery did.” This highlights the importance of minimizing therapeutic
concentration and local delivery to reduce off target effects. It also shows the need to develop
strategies for tissue-specific delivery of miRNA therapeutics capable of evading the immune

system. Since multiple doses are usually required to sustain miRNA levels for 20 to 30 days due
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to inefficient delivery or degradation, strategies to improve site-specific delivery could also

diminish the amount of times the therapeutic needs to be delivered.®
1.5.2 Biomaterials for miRNA Regulation and Delivery

The use of biomaterials to deliver miRNA therapeutics has only recently emerged and has
focused mainly on the use of nanoparticles to encapsulate miRNA therapeutics to try and protect
them and enhance their delivery efficiency (as reviewed in 8). Of interest, it was recently shown
that a collagen scaffold could be used to deliver miR-29B to fibroblasts and reduce levels of its
targets, collagen type | and type 111.88 The miR-29b doped matrix was also able to improve collagen
type I11/1 ratios when applied to a wound.® It has also been shown that nano-bioglass ceramic
particles up-regulate miR-30c in osteoblasts offering a potential mechanistic explanation for the

materials ability to cause cellular differentiation.®

1.6 Research Plan

1.6.1 Rationale

M1 results in cardiomyocyte death, inflammation and adverse cardiac remodeling leading to the
deterioration of cardiac function. It has been shown that an injectable collagen-based matrix
delivered at 3-hours post-MI ameliorates the infarct environment by altering macrophage
polarization, reducing cell death, enhancing angiogenesis, and reducing infarct size, resulting in
improved cardiac function (unpublished, N. Blackburn). The biomaterial shows promise as a
therapeutic; however, the mechanisms underlining these effects remain unclear. miRNAs, which
can regulate multiple genes within a biological process, are likely involved in mediating the effects
of matrix treatment Understanding these mechanisms will help in the optimization of cardiac

biomaterial therapies. Furthermore, biomaterials have the potential to effectively deliver miRNA-
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based therapies. The ability to control endogenous miRNA expression and concomitantly deliver

mIiRNA therapeutics makes collagen matrix therapy attractive for treating Ml.

1.6.2 Aims and Objectives
1) Identify miRNA(s) regulated by the biomaterial in a mouse model of MI and their
mechanism(s) of action using a combination of in vivo and in vitro models.

2) Explore the biomaterial’s ability to deliver functional miRNAs in vitro.

1.6.3 Hypothesis

We hypothesize that miRNA contribute to the beneficial effects of matrix treatment in the
infarcted myocardium. In addition, we believe that the therapeutic effects of matrix therapy may
be enhanced by using the matrix to locally deliver miRNA mimics and/or antagomirs that further

augment or activate additional beneficial reparative processes.
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METHODS AND MATERIALS
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2. Materials and Methods

2.1 Part A: Endogenous miRNA Regulation in Matrix Therapy for Ml

Animal Model and Surgical Procedure

All animal work was performed with the approval of the Animal Care Committee at the
University of Ottawa Heart Institute. C57BL/6J mice (female, 7-9 weeks old; Charles River,
Sherbrooke, Canada) were anesthetized and underwent a permanent left anterior descending
(LAD) coronary ligation to induce myocardial infarction (M), as previously described.33 "f
Briefly, the mice were intramuscularly injected with 0.1ml of buprenorphine 1 hour before the
surgery for pain reduction. Prior to the surgery, the mice were sedated with 2%-3% isoflurane and
2% oxygen nasally and the chest was depilated with hair removal cream. The mice were then
intubated with a 20G catheter (BD Biosciences) that was connected to an air pump set at 200uL of
air and 150 strokes /minute. An incision in the chest was made and the ribs were split to expose
the heart. Using a 6.0 silk suture (Syneture), the LAD was ligated with one stitch, and additional
stitches were added if the blanching of the heart was not severe enough. After the ligation, the ribs
and the skin were closed with #5 synthetic thread (Syneture). Three hours post-MI the mice were
randomly assigned to receive 4-5 intramyocardial injections (50uL total) of: i) no treatment
(SHAM), ii) PBS injections or iii) collagen matrix injections using a 27G ¥ needle (BD
Biosciences) into the infarct tissue. The injections were guided by echocardiogram, while the mice
were sedated with 2% isoflurane anaesthetic. The mice were sacrificed two days after treatment
delivery, the cardiac tissue was perfused with heparin-PBS and the infarct and peri-infarct area
was dissected, snap frozen and stored at -80°C. RNA isolations were performed on the tissue for

microRNA microarray analysis (3 mice/treatment group) and microarray validation by RT-gPCR
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(5 mice/ PBS and matrix treatment group). PBS- and matrix-treated mice (5mice/group) were also

generated for protein work.

Matrix Preparation

The collagen matrix was prepared on ice in a chilled round bottom glass centrifuge tube,
as previously described.®*" Briefly, 1ml of type 1 rat tail collagen (4.41mg/ml; BD Biosciences)
and 200ul of a cross-linking solution containing 0.1M 2(-N-morpholino) ethanesulfonic acid
(MES) buffer (pH~6.0) and a 1:1 molar ratio of 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) and N-hydroxysuccinimide (NHS) was added to the tube and mixed thoroughly. PBS
(400ul) and 100ul of 20% chondroitin sulfate-C in Ca2*/Mg2" free PBS (Wako, Osaka, Japan)
was also added to the mixture. Lastly, the pH was adjusted to 7.2+0.2 using 1N NaOH. The matrix
was then loaded into a 27G ¥ needle and syringe for the myocardial injections or plated into a 6-
well plate (180ul/well) or 12-well plate (100ul/well). The plates were placed at 37°C for 1 hour to
allow the matrix to solidify. After gelation the matrices were washed three times with PBS for

5min to remove excess cross-linking reagent prior to use in subsequent experimentation.

RNA Isolation

Prior to starting RNA work the lab space and equipment was cleaned with RNase Away
(Thermo Scientific) to remove RNase contamination. For isolating RNA from the cardiac tissue,
200ul of TRIzol (Life Technologies) was added to the snap frozen tissue with one scoop of 2.0mm
zirconium silicate beads (Ideal Scientific) in a 1.5ml Eppendorf tube. The tubes were placed in a
bullet blender (Integrated Science Solutions) at 4°C for 5min intervals at speed 8 until the tissue

was fully homogenized. The supernatant was transferred to a new 1.5ml Eppendorf tube and the
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volume was made up to 1ml with TRIzol. 200ul of chloroform was added to the samples, which
were then shaken vigorously by hand for 15s and incubated at room temperature (RT) for 10min.
The samples were spun at 12,000xg for 15min at 4°C. The top phase containing the RNA was
transferred to a new tube and 500ul of isopropanol was added, mixed by inversion and incubated
for 10min at RT to precipitate the RNA. The samples were then spun at 12,000xg for 10min at 4°C
and the pellet was washed with 75% Ethanol (EtOH). The samples were spun at 7,500xg for 5min
at 4°C and the pellet was re-suspended in 50ul of Ultra Pure distilled water (Invitrogen). RNA
from all in vitro samples was isolated using the miRNeasy Micro Kit (Qiagen). Briefly, the media
was aspirated off the cells, the cells were washed twice with PBS and lysed with 1ml of QIAzol
Lysis Reagent (Qiagen). The lysate was incubated at RT for 5min and transferred to an Eppendorf
tube. A 200ul volume of chloroform was added and the samples were spun at 12,000xg for 15min
at 4°C to allow phase separation. The upper phase containing the RNA was extracted and a 1.5x
volume of 100% EtOH was added to precipitate the RNA. The RNA was cleaned on a column to

produce high-quality RNA. All RNA samples were stored at -80°C.

RNA Quality and Integrity

The NanoDrop-1000 Spectrophotometer with V3.3 Software (Thermo Scientific) was used
to analyse RNA concentration and quality. Briefly, the machine was blanked with 1ul of Ultra
Pure distilled water before loading 1ul of sample. The sample concentration was given in ng/ul
and used to normalize the amount of RNA that was reverse transcribed into cDNA. The 260/280
ratio was checked, which measures the purity (protein or phenol contamination) of nucleic acids
and should be ~2.0. The 260/230 ratio, a secondary measurement of RNA purity, was also checked

to be in the range of 1.8-2.2. If these ratios were lower than expected and the RNA was isolated
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without a column, then the RNeasy MinElute Cleanup Kit (QIAGEN) was utilised to remove
contaminants. The user’s manual was followed, except that 100% EtOH was used instead of the
RPE buffer and 80% EtOH to ensure the retention of small RNAs (i.e. miRNAS) on the column
during the washing steps. The Agilent RNA 6000 Nano Kit (Agilent Technologies) and the 2100
Bioanalyzer instrument with the 2100 Expert Software (Agilent Technologies) were used to
analyse the integrity of the RNA. Briefly, 1l of denatured RNA samples at a concentration
between 25-500ng/pl were loaded onto the RNA chip with the gel-dye mix, RNA marker and
Ladder. The chip was vortexed on the IKA vortex mixer at 2,400rpm for 1min before being placed
in the Bioanalyzer, which separates the RNA based on size. The RNA integrity number (RIN) was
then utilized to estimate the integrity of the total RNA with a RIN of 10 indicating no degradation
and a RIN of 1 indicating a completely degraded sample. A RIN of 7 of higher was used as a

minimum threshold for microarray RNA.

mMiRNA Microarray

RNA samples from the infarct and peri-infarct area of 3 SHAM mice, 3 matrix-treated mice
and 3 PBS-treated mice were processed for miRNA microarray analysis. A 500ng sample of RNA
for each mouse was labelled with the FlashTag Biotin HSR RNA Labeling Kit (Affymetrix).
Briefly, poly (A) tailing of the total RNA was performed followed by ligation of the biotin-labelled
3DNA molecule to the RNA. The samples were then stored at -20°C until profiling. The samples
were brought to the StemCore microarray facility for miRNA microarray profiling on Affymetrix

GeneChip miRNA Arrays, which use Streptavidin-PE for Biotin detection.
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Statistical Interpretation of miRNA Profile and miRNA Target Prediction

Statistical interpretation of the miRNA microarray was performed by Alphonse Chu
(Marjorie Brand lab, OHRI). Online miRNA target gene prediction programs were used to find
predicted miRNA targets for the top miRNA candidates identified with the microarray. The gene
prediction sites that were used were TargetScan, miRDB and miRanda. The miRSystems database
which integrates seven well-known miRNA target prediction programs was also used to identify
promising MiRNA targets and pathways regulated by the miRNA. Finally, the location of the
mature miRNA in the genome was searched using miRBase. 10 miRNAs with targets whose
functions match the observed functional benefits in matrix-treated M1 hearts were selected for

further analysis.

Reverse Transcription and gPCR for miRNA Expression Analysis

Primers for miR-21 and the 10 promising miRNA candidates identified by the miRNA
microarray, as well as a housekeeping gene, were ordered from QIAGEN. The following miScript
Primer Assays were ordered: miR-21 (MS00009079), miR-433-5p (MS00006279), miR-296-5p
(MS00016436), miR-3572-3p (MS00042749), miR-382 (MS00032809), miR-466a-5p
(MS00022015), miR-375 (MS00032774), miR-763 (MS00003087), miR-377 (MS00002275),
miR-92 (MS00005971) and RNU6B (MS00014000). Total RNA, including miRNA, was reverse
transcribed to cDNA using the miScript Il RT kit (QIAGEN). Briefly, 4ul of 5x miScript HiSpec
Buffer, 2l of 10x miScript nucleics Mix, 2ul miScript Reverse Transcriptase Mix, template RNA
(10ng - 2pg) and Ultra Pure distilled water were added to a 0.5ml Eppendorf tube for a total volume
of 20ul. The sample was gently mixed and centrifuged before being placed in the Mastercycler

Gradient (Eppendorf). The Mastercycler settings were set to 37°C for 60min followed by 95°C for
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5min. The samples were diluted 1 in 5 with water and stored at -20°C until eventual use. For
gPCR, a master mix for the housekeeping gene and every miRNA of interest was prepared. The
volume per reaction for each of the reagents was: 10ul of 2x QuantiTect SYBR green PCR Master
Mix, 2pl of miScript Primer Assay, 2ul of 10x miScript Universal Primer and 4pul of Ultra Pure
distilled water. A total of 6l of cDNA for each target being analyzed was pipetted into a 0.5ml
Eppendorf tube. The master mix for each target was added to the tubes containing the cDNA,; 20ul
of the solution was pipetted into a white 96-well LightCycler 480 Multiwell Plate (Roche) in
triplicates. The plate was sealed with LightCycler 480 Sealing Foil (Roche) and vortexed for 1min
in the Mini Plate Spinner-MPS 1000 (Labnet). The plate was then placed in the LightCycler 480
Real-Time PCR System (Roche). The cycling conditions were 15min at 95°C for the initial
activation step and 40 cycles of denaturation for 15s at 94°C, annealing for 30s at 55°C and
extension for 30s at 70°C, followed by a melting curve step. After the run, the melting curves for
each target were analyzed to ensure single product formation. Relative quantification was used for

the gene of interest by normalizing to the RNU6B housekeeping gene.

Reverse Transcription and gPCR for miRNA Target Genes

The following mouse-specific primer sequences were ordered to assess the gene expression
of miR-21 and miR-92a targets in the cardiac tissue, fibroblasts and BMDMs: m-Spryl-F
(ATGGATTCCCCAAGTCAGCAT), m-Spryl-R (CCTGTCATAGTCTAACCTCTGCC), m-
S1P1-F (ATGGTGTCCACTAFCATCCC), m-S1P1-R (CGATGTTCAACTTGCCTGTGTAG),
M-Rap1b-F (ATGCGTGAATATAAGCTCGTCG), m-Raplb-R
(GCGAAGCCTTGTCCGTTCT), m-ltgA5-F (CTCCCTCTACAACGTCTCAGG), M-lga5-R

(CATCRCCATTGGTATCAGTGGC), m-ltgaV-F (TTGATTCAACAGGCAATCGAGA), m-
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ItgaV-R (AGCATACTCAACGGTCTTTGTG), m-18S-F (GTAACCCGTTGAACCCCATT) and
m-18S-R (CCATCCAATCGGTAGTAGCG). RNA was reverse transcribed to cDNA using the
IScript Reverse Transcription Supermix for RT-gPCR (BIO RAD). Briefly, 4ul of 5x iScript
reverse transcription supermix, template RNA (1pg - 1ug) and Ultra Pure distilled water were
added to a 0.5ml Eppendorf tube for a total volume of 20ul. The sample was gently mixed and
centrifuged before being placed in the Mastercycler Gradient (Eppendorf). The Mastercycler
settings were set to 25°C for 5min followed by 42°C for 30min and 85°C for 10min. The samples
were diluted 1 in 10 with water and stored at -20°C until further use. For gPCR, a master mix for
every gene of interest was prepared. The volumes of the reagents per reaction were: 10ul of
SsoAdvanced SYBR Green Supermix (BIO RAD), 0.4pl of 10uM forward and reverse primer and
7.2ul of Ultra Pure distilled water. A total of 6ul of cDNA for each target being analyzed was
pipetted into a 0.5ml Eppendorf tube. The master mix for each target was added to the tubes
containing the cDNA. A 20ul volume of the solution was pipetted into a white 96 well LightCycler
480 Multiwell Plate (Roche) in triplicates. The plates were sealed with LighCycler 480 Sealing
Foil (Roche) and vortexed for 1min in the Mini Plate Spinner-MPS 1000 (Labnet). The plate was
then placed in the LightCycler 480 Real-Time PCR System (Roche). The cycling conditions were
30s at 95°C for the initial activation step and 40 cycles of denaturation for 5s at 95°C and
annealing/extension for 15s at 60°C followed by a melting curve step. After the run, the melting
curves for each target were analyzed to ensure single product formation. Relative quantification
was used for the gene of interest by normalizing to the 18S housekeeping gene. The following
human-specific primer sequences were ordered to assess the gene expression of miR-92a targets
in  human coronary artery endothelial cells (HCAECs) and CACs: h-S1P1-F

(TTCCACCGACCCATGTACTAT), h-S1P1-R (GCGAGGAGACTGAACACGG), h-Raplb-F
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(AGCAAGACAATGGAACAACTGT), h-Raplb-R (TGCCGCACTAGGTCATAAAAG), h-
ltga5-F (GCCTGTGGAGTACAAGTCCTT), h-ltga5-R
(AATTCGGGTGAAGTTATCTGTGG), h-ltgaV-F (ATCTGTGAGGTGGAACAGGA), h-

ItgaV-R (TGGAGCATACTCAACAGTCTTTG). RT-qPCR was performed as described above.

TagMan Gene Assays

cDNA prepared with the 1Script Reverse Transcription Supermix for RT-gPCR was thawed
on ice, gently vortexed and briefly spun. A master mix for every sample and gene of interest was
prepared in a 1.5ml Eppendorf tube and contained 1pl of 20x TagMan Gene Expression Assay,
10pl of 2x TagMan Universal Master Mix Il, no UNG (Applied Biosystems), 4ul of cDNA (1-
100ng) and 5pl of RNAse-free water. The Gene Expression Assays used were human ItgaS
(Applied Biosystems, Assay ID Hs01547673_m1), human ItgaV (Applied Biosystems, Assay ID
Hs00233808 _m1) and human 18S (Applied Biosystems, Assay ID Hs99999901 s1). The tubes
were inverted, briefly centrifuged and 20ul of the solution was pipetted into a white 96-well
LightCycler 480 Multiwell Plate (Roche) in triplicates. The plates were sealed with LightCycler
480 Sealing Foil (Roche) and vortexed for 1min in the Mini Plate Spinner-MPS 1000 (Labnet).
The plate was then placed in the LightCycler 480 Real-Time PCR System (Roche). The cycling
conditions were 10min at 95°C for the initial activation step and 40 cycles of 95°C for 15s and
60°C for 1min. Relative quantification was used for the gene of interest normalized to a

housekeeping gene (18S).

27



Circulating Angiogenic Cell Isolation and Cell Culture

Procedures for the isolation of human CACs were approved by the Human Research Ethics
Board of the University of Ottawa Heart Institute. Twelve tubes of blood (~10cc per tube) was
collected with a 21G needle into EDTA vacutainer tubes from each healthy human volunteer and
layered onto 20ml of Histopaque 1077 (Sigma-Aldrich). Density-gradient centrifugation at
2160rpm for 30min was performed to separate the different blood components. The buffy coat,
containing the peripheral blood mononuclear cells (PBMCs), was isolated with a disposable plastic
pipette into a falcon tube. The cells were washed two times with wash buffer (0.833ml of 6.5%
EDTA, 0.5ml of FBS diluted to 50ml with PBS) and spun for 10 minutes at 1400rpm. The cells
were re-suspended in Endothelial Basal Media-2 (Clonetics) that was supplemented with EGM-2-
MV SingleQuot Kit Suppl. & Growth Factors (Clonetics) containing 5% fetal bovine serum,
50ng/ml human VEGF, 50ng/ml human insulin-like growth factor-1, 50ng/ml human epidermal
growth factor and antibiotics. The cells were then plated onto four 10cm plates, coated with
fibronectin from human plasma (Sigma Aldrich). After four days of culture, the adherent
population was lifted using PBS and a cell scraper. The cells were counted with a TC10 Automated
Cell Counter (BioRad) using counting slides (BioRad). For all in vitro experiments, the cells were

plated at 1.0 x 10° cells/well in a 6-well plate.

Human Coronary Artery Endothelial Cells

One vial of primary Human Coronary Artery Endothelial Cells (HCAECSs; purchased from
ATCC) was thawed and plated at 5,000 cells per cm?. The cells were cultured in Vascular Cell
Basal Medium (ATCC) that was supplemented with P/S and the Endothelial Cell Growth Kit-

VEGF (ATCC) for a final concentration of 5ng/ml of rh VEGF, 5ng/ml of rh EGF, 5ng/ml of rh
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FGF basic, 15ng/ml rh IGF-1, 50pag/ml of ascorbic acid, 10mM of L-glutamine, 0.75 Units/ml of
heparin sulfate, 1pug/ml of hydrocortisone hemisuccinate and 2% FBS. Once the cells reached 80%
confluence they were lifted using 0.5% trypsin-EDTA (Gibco) and spun at 150g for 5min. The
pellet was re-suspended in media and the cells were counted with a TC10 Automated Cell Counter
(BioRad) using counting slides (BioRad). For all in vitro experiments, the cells were plated at 5.0

x 10° cells/well in a 6-well plate.

Fibroblast Isolation and Culture

C57/BL6 wild-type mice were euthanized by CO; inhalation and cervical dislocation. The
heart was perfused with heparin-PBS, excised from the chest and placed in a falcon tube containing
HBSS on ice. The hearts were then finely minced using a pair of scissors and placed in dissociation
buffer which contained collagenase type B and trypsin. The tissue was then rocked at 37°C for 45
min to dissociate the cells from the tissue. After 45min, the cells were filtered through a 70um
nylon cell strainer (BD Falcon) to remove any undigested tissue. Fibroblast media composed of
DMEM /F12 (1:1) (Gibco) with 10% FBS and penicillin/streptomycin (P/S) was added to the cells.
The cells were then spun at 1400rpm for 10min in a centrifuge. The supernatant was discarded and
the pellet was re-suspended in 10 ml of media. The cell suspension was transferred to a 10cm plate
and incubated at 37°C for 120min. After 120min, the non-adherent cells were removed and
discarded. Fresh media was placed on the adherent cells, containing the fibroblast population and
cultured to passage 2 before being used for experiments. To lift the cells, 0.25% trypsin EDTA
(Invitrogen) was added and incubated at 37°C for 5min or until the cells were no longer adhered
to the plate. The lifted cells were then transferred to a falcon tube and spun at 1400rpm for 5min.

The pellet was re-suspended in media and the cells were counted with a TC10 Automated Cell
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Counter (BioRad) using counting slides (BioRad). For all in vitro experiments, the cells were

plated at 2.5 x 10°cells/well in a 6-well plate.

Bone Marrow-derived Isolation and Culture

C57BL/6J wild type mice were euthanized by CO> inhalation and cervical dislocation. The
legs were then removed above the hip socket with a large pair of scissors within a cell culture
hood. The fur was peeled off the legs and the muscle was cleaned off of the bone using a pair of
scissors. Once the tibia and femur were exposed the tibia was removed by cutting above the ankle
joint and under the knee cap. A 25G needle and 20ml syringe containing PBS was inserted into
the diaphysis of the tibia and used to flush the bone marrow into a falcon tube containing high
glucose DMEM (Gibco). The femur was then removed by cutting under the hip joint and above
the knee cap and the bone marrow was flushed using the same technique. Once the bone marrow
from the desired number of legs had been isolated, the cells were centrifuged at 1,300rpm for
10min. The cell pellet was re-suspended in high glucose DMEM with 10% FBS, 15% L929
conditioned media and P/S. The cells were plated in 15cm plates (1 leg/plate) with 35ml of media
and cultured for 7 days to produce bone marrow-derived macrophages. Media was changed at day
3 or 4 and every 2-3 days afterwards. To lift the cells, the media was removed and 5ml of 50mM
EDTA/HBSS (without Ca or Mg) was added and placed at 4°. After 20min, the cells were scraped
with a cell scraper and transferred into a falcon tube. The cells were spun at 1,300rpm for 5 min
and the pellet was re-suspended in media. The cells were counted with a TC10 Automated Cell
Counter (BioRad) using counting slides (BioRad). For all in vitro experiments, the cells were

plated at 1.2 x 10° cells/ well in a 6-well plate.
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Protein Isolation and Western Blots

All protein work was performed on ice to minimize protein degradation. For in vitro work,
the media was aspirated off the cells, the cells were washed twice with PBS and lysed with 150ul
of RIPA (20mM Tris-HCI pH 8.0, 150mM NaCl, 0.1% SDS, 1% Deoxycholic Acid, 1% Triton X-
100 and 1 tablet of cocktail inhibitor (Roche) and water). Cells were lysed on ice for 20min before
being transferred to a 0.5ml Eppendorf tube and spun at top speed for 15min at 4°C. The
supernatant, which contained the protein, was transferred to a 0.5ml Eppendorf tube and stored at
-20°C until further use. A protein assay was performed to determine protein concentration. Briefly,
10pul of BSA standard at 2000, 1000, 500, 250, 125, 62.5 and 31.25 pg/ml were pipetted into a 96-
well microplate (Evergreen Scientific) in duplicate along with 10ul of PBS which served as a
blank; 8ul of PBS and 2ul of protein was then also pipetted into the plate in duplicate. A 150pl
volume of Pierce 660nm Protein Assay Reagent (Thermo Scientific) was added to all the wells,
and the microplate was placed in the Synergy Max Plate Reader (BioTek) and read at 660nm. The
volume necessary to add 25ug of protein was calculated based on these concentrations. Protein
samples containing 25ug of protein, 5x sample buffer and PBS were prepared. Samples were
boiled at 95°C for 5min and loaded onto a 10 or 15 well 1.5mm 8% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gel with 5ul of Precision Plus Protein Standard
(Bio Rad) to identify the approximate weight of the target protein. The running gel portion of the
SDS-PAGE gel was prepared by mixing and pouring 8.0ml of water, 3.0ml of 40% acrylamide,
3.8ml of 1.5M Tris buffer (pH 8.8), 0.15ml of 10% sodium dodecyl sulfate (SDS), 0.15ml of
ammonium persulfate (APS) and .012ml of tetramethyethylenediamine (TEMED) into a gel plate
to 1cm below the base of the comb. Isopropanol was added on top and the gel was left to solidify

for 45min. The isopropanol was then removed and the stacking gel was poured on top of the
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running gel and left to solidify with a comb for 45min. The stacking gel was prepared with 7.5ml
of water, 1.0ml of 40% acrylamide, 1.25ml of 1.0M Tris buffer (pH 6.8), 0.1ml of 10% SDS, 0.1ml
of APS, and 0.010ml of TEMED. Once the gel was loaded, it was run at 120V for 90 min with
running buffer. The running buffer contained 25mM Tris base, 192mM glycine and 3.5mM SDS
with double distilled water. The gel was then transferred onto a methanol activated PVDF
membrane for 120 min at 80V using transfer buffer. The transfer buffer contained 100ml of 10x
transfer buffer (25mM Tris Base and 192mM Glycine), 200ml of MeOH and 700ml of ddH20. The
blots were blocked with 5% skim milk diluted with 0.1% TBS-T composed of 100ml 10x TBS
(50mM Tris Base and 150mM NaCl with water, pH 7.4), 900ml ddH20O and 1ml Tween-20
(BioRad) for 1 hour at RT. The blots were probed overnight at 4°C with primary antibody in 5%
skim milk. The primary antibodies used were: Integrin a5 (Santa Cruz, sc-10729) at a 1:500
dilution, Integrin aV (Santa Cruz, sc-376146) at a 1:500, EDG1 (Santa Cruz) at 1:5000 dilution
and HSP90 (Santa Cruz, sc-13119) at a 1:1000 dilution. The blots were washed 3 times with TBST
for 5min before being probed with a secondary antibody for 1 hour. The secondary antibody was
prepared with 0.1% Casein, 0.1% SDS, PBS, 1:1000 dilution of IRDye700 conjugated anti-mouse
IgG (Rockland) and a 1/1000 dilution of IRDye800 conjugated anti-rabbit IgG (Rockland). The
blots were re-washed 3 times with TBST for 5min and scanned on the Odyssey scanner (LI-COR)
with the Odyssey Version 3.0 Software. Fiji was utilized to quantify the protein bands. To
standardize the amount of protein loaded onto the gel, the quantity of each protein sample was

normalized to the quantity of the housekeeping gene in the sample.
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2.2 Part B: Therapeutic miRNA Delivery

Preparation of Collagen Matrix Containing microRNAs for RT-gPCR Analysis

Stocks of miScript miRNA mimic Syn-cel-miR-39-3p (Qiagen, MSY0000010), miRDIAN
mimic human has-miR-33a-5p (Dharmacon, C-300509-07), and miRDIAN microRNA Negative
Control #1 (Dharmacon, CN-001000-01-05) were prepared at 20ptM concentrations. Stocks of the
miRDIAN Hairpin Inhibitor Mouse mmu-miR-33-5p (Dharmacon, IH-310581-08) and the
miRDIAN microRNA Hairpin Inhibitor Negative Control #1 (Dharmacon, IN-001005-01-05)
were also prepared at 20uM concentrations. An aliquot of the matrix, prepared as previously
described, was added to a chilled Eppendorf tube. The miRNAs or mimics were then mixed
separately into the matrix at final concentrations of 10nM, 100nM, 1000nM or 2500nM depending
on the experiment. A volume of 100ul or 180ul of the miRNA-loaded matrix mixture was coated
onto 6- or 12-well plates, respectively and allowed to gel for 1hour at 37°C. The solidified matrix
was washed 3 times with PBS for 5 minutes before plating cells on the matrix. Unmodified matrix

was also coated onto the plate and served as an experimental control.

Cell Culture and RT-PCR with miRNA-loaded Matrix

Fibroblasts were plated at 3.0x10° cells/well on the 12-well plate alone, on the matrix alone
and on the matrix containing 10nM or 100nM of miScript miRNA mimic Syn-cel-miR-39-3p.
After 36h of culture, the cells were lifted using 0.25% trypsin EDTA (Invitrogen) for 5min and
washed off the matrix into a 15ml falcon tube with PBS. The trypsin incubation and PBS washes
were also performed on wells containing the matrix with mimic but no cells. This was done to
determine if the mimics may wash out of the gel during the cell lifting process. Plates containing

the matrices were wrapped in paraffin and stored at -80°C. The falcon tubes were spun at 1,400rpm
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for 15min. The supernatant was removed from the samples containing cells and the pellet was re-
suspended in 1ml of QIAzol Lysis Reagent. For the controls that did not contain cells, all but 250l
of supernatant was removed and 750ul of TRIzol LS Reagent (Invitrogen) was added.
Subsequently, RNA isolations were performed using the miRNeasy Micro Kit (QIAGEN) as
previously described. Leftover mimics were also isolated from the matrix by adding 1ml of QlAzol
Lysis Reagent directly to the well. The NanoDrop-1000 Spectrophotometer with V3.3 Software
(Thermo Scientific) was used to analyse RNA concentration and quality and the RNA was reverse
transcribed using miScript 1l RT kit (QIAGEN). RT-gqPCR for cel-miR-39 using the Ce-miR-39
miScript Primer Assay (QIAGEN, MS00019789) was performed and normalized to U6
expression. Similarly, THP1 cells were plated on the matrix containing 100nM and 1000nM of
miScript miRNA mimic Syn-cel-miR-39-3p at 5.0 x 10°cells/well and differentiated to a
macrophage phenotype with 100nM of Phorbol 12-myristate 13-acetate (PMA) (Invitrogen) for 3
days. These cells were cultured in RPNI medium 1640 (Gibco) with 10% FBS and P/S. RNA

isolation and RT-gqPCR was performed similarly to fibroblasts.

Standard Curve for miRNA Mimic

To determine the copy number of syn-cel-miR-39 mimic taken up by the cells, a standard
curve was created. The miRNA mimic was diluted to a concentration of 10%° copies/pl and kidney
RNA, derived from murine kidneys, was used as carrier RNA. A 20ul reverse-transcription
reaction was prepared with the miScript 11 RT kit using 5pl of diluted miScript miRNA mimic and
50ng of carrier RNA. The mixture was incubated for 60min at 37°C and 5min at 95°C. Following
this, 480ul of 1ng/ul kidney RNA was added to the 20ul reaction and gently mixed to yield a

solution containing 102 copies of cDNA/ul. Serial dilutions of the solution was performed to yield
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dilutions with 107 copies/ul, 10° copies/ul, 10° copies/ul, 10* copies/pl, 10° copies/ul and 102
copies/pl. Real-time PCR was subsequently performed using the Ce-miR-39 miScript Primer

Assay. Results were used to plot a standard curve of Ct values against log copy number.

TagMan miRNA Assays

TagMan microRNA Reverse Transcription Kit (Applied Biosystems) was used to reverse
transcribe the RNA samples obtained from fibroblasts cultured on cel-miR-39 mimic-loaded
matrix. A master mix for the desired number of RT reactions was prepared containing 0.15ul of
100mM dNTPs mix, 1ul of 50U/ul of MultiScribe Reverse Transcriptase, 1.5ul of 10x Reverse
Transcription Buffer, 0.19ul of 20U/pl RNase inhibitor and 4.16pul of Ultra Pure distilled water.
In a 0.5ml tube 7l of master mix, 5ul of RNA (1-10ng) and 3ul of 5x RT primers specific for cel-
miR-39 and U6 were combined bringing the total volume to 15ul. The samples were gently mixed,
briefly centrifuged and incubated on ice for 5min. The tubes were then placed in the Mastercycler
Gradient (Eppendorf) for 30min at 16°C, 30min at 42°C and 5min at 85°C. The samples were then
stored at -20 °C until further use. For RT-qPCR, 1ul of 20x TagMan Small RNA Assay, 1.33ul of
RT reaction product, 10ul of 2x TagMan Universal Master Mix I, no UNG, and 7.67ul of H20
were pipetted into each tube. The TagMan Small RNA Assays used were TagMan microRNA
assay cel-mir-39-3p (Applied Biosystems) and TagMan microRNA assay U6 snRNA (Applied
Biosystems). The tubes were then inverted to mix and briefly centrifuged before being loaded into
a 96-well plate. The plates were sealed with LightCycler 480 Sealing Foil (Roche) and vortexed
for Imin in a Mini Plate Spinner-MPS 1000 (Labnet). The plate was then placed in the LightCycler

480 Real-Time PCR System (Roche). The cycling conditions were 10min at 95°C for the initial
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activation step, 40 cycles of denaturation at 95°C for 15s and then annealing/extension at 60°C for
1min. Relative quantification was used for the gene of interest normalized to a housekeeping gene

(U6).

Transfection and 3°’°UTR Luciferase

HEK?293 cells were cultured in high glucose DMEM (Gibco) with 10% FBS and seeded at
2.0 x 10° cells per well in a 12-well plate. Upon reaching ~80% confluence, the cells were
transfected with an ABCAL plasmid. Briefly, tubes containing 0.8g of a P-EZX-MTO01 plasmid
(GeneCopoeia) diluted in 75ul of OptiMEM (Gibco) per well and Lipofectamine 2000
Transfection Reagent (Life Technologies) at a 3:2 Lipo:DNA ratio diluted in 75ul of OptiMEM
per well were prepared. The tubes were combined and incubated at RT for 20min. After 20min,
150ul of the mix was added to the cells. After 24h of transfection, the cells were lifted by gently
pipetting with PBS and plated onto the matrix alone (control) or the matrix containing 1uM of
miR-33 mimic. The cells were cultured on the matrix for 48h before being lifted by gently pipetting
with PBS and spun at 1,400rpm for 5min. The cells were lysed with 5x Passive Lysis Buffer
(Promega) for 20min at RT on a rocker. A 3’UTR luciferase assay was performed on the lysates
using the Dual-Luciferase Reporter Assay System (Promega). Briefly, 10ul of the lysates were
added to a 96-well assay plate (Costar) with 20ul of LARII Reagent and read on a Glomax 96
microplate luminometer (Promega) to measure ABCAL firefly luciferase activity. A volume of
20pl of Stop n Glo Reagent was then added to the plate and read on the plate reader to measure
the renilla luciferase activity. The firefly activity was then normalized to the renilla activity and

the fold change between the two conditions was calculated.
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Western Blots

BMDMs were seeded at 1.2x10° cells per well in a 6-well plate coated with the matrix
containing 1uM of miR-33 mimic or 1uM of negative control #1 for 2 days, 3 days and 5 days.
Once the cell culture was complete, the matrix was digested with 1mL of 250U/ml of collagenase
type | (Gibco) in HBSS for 20min at 37°C, spun at 1,400rpm for 5 min and lysed with 150ul of
RIPA. The cells were also plated on a matrix containing 2.5uM of miR-33 mimic, negative control
#1, hairpin inhibitor mmu-miR-33-5p and the microRNA hairpin inhibitor negative control #1 for
3 days. For the western blots, samples were not boiled, the transfer occurred at 4°C for 2.5h at 80V
and 1:500 pAb anti-ABCAL (Novus Biologicals) and 1:1000 HSP90 in 5% skim milk was used as

the primary antibody.

T0901317 LXR Ligand

BMDMs were seeded at 1.2x10° cells per well in a 6-well plate coated with the matrix
containing 1pM of miR-33 mimic and 1uM of negative control #1 for 2 days. After 2days of
culture, T0901317, a LXR agonist, (Cayman chemical) was added to the wells to up-regulate the
endogenous levels of ABCAL. After 24 hours, the experiment was stopped and a western blot was

performed for ABCA1 and HSP90.

Statistical Analysis
Values are reported as meanzstandard error. For western blot and qPCR analysis, data was
reported as the mean fold-change of treatment to control and analyzed with either a t-test or a one-

way ANOVA. Probability values of P<0.05 were considered statistically significant.
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3. Results

3.1 Part A: Endogenous miRNA Regulation in Matrix Therapy for Ml

3.1.1 The collagen matrix alters miR-21 and sprouty homologue 1 (Spryl) expression in
cardiac fibroblasts

There is considerable, although controversial, evidence for the involvement of miR-21 in fibrosis
post-MI, as described in chapter 1. Given that collagen matrix-treated MI mouse hearts exhibit
reduced fibrosis and less adverse ventricular remodeling (Blackburn et al., unpublished data), it
was hypothesized that the collagen matrix can regulate miR-21 expression in cardiac fibroblasts.
To test the ability of the matrix to regulate miR-21 and one of its known targets, Spryl, cardiac
fibroblasts were cultured on the matrix for three days and the expression of miR-21 and its target
Spryl was analysed. It was found that miR-21 was down-regulated by the matrix compared to
standard culture on TCPS whereas the expression of one of its known targets, Spryl, was not
significantly altered (Figure 3.1). This data suggests that the matrix might regulate the expression

of a fibrogenic miRNA.
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Figure 4.1. In vitro miR-21 expression in cardiac fibroblasts plated on the matrix and TCPS
control for 3 days. MiR-21 was down-regulated in cardiac fibroblasts plated on the matrix,
whereas spryl was not significantly altered at the mRNA level. Expression was calculated as

average fold change by RT-gqPCR and normalized to U6 for miR-21 and HPRT for spryl (n=2).

3.1.2 The Collagen Matrix Treatment Alters Cardiac miRNA Expression after Myocardial
Infarction

A microRNA microarray on infarct and peri-infarct tissue isolated from MI mouse hearts
2 days after treatment with a collagen matrix or PBS (treatment delivered at three hours post-M1)
was performed to understand how the matrix globally altered miRNA expression after MI. Cardiac
tissue from SHAM mice was also profiled for comparison with a healthy heart. Of the 1966 known
mature miRNA and pre-miRNA stem loops, 119 (89 mature and 30 hairpin) of them had fold
changes that were greater them +/- 0.3 log> between the matrix and PBS treatment groups as
illustrated in the heat map (Figure 7.1, Appendix). Of these altered miRNAs, 69 were up-regulated

with matrix treatment and 50 were down-regulated. These findings indicate that the matrix
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treatment altered approximately 6% of endogenous miRNAs after MI in an upwards and
downwards fashion. However, it is important to note that these differences were detected using

statistics that exclude the probability of false detection.

3.1.3 Correlation of select Cardiac miRNAs Target Gene Function with Observed Benefits
of Matrix Treatment

To identify potential key miRNA players involved in mediating the benefits of matrix
therapy, online databases were utilized. These databases were used to identify predicted target
MRNA (TargetScan, miRDB and miRanda), pathways targeted by the miRNAs (miRSystems) and
the genomic location of the miRNAs (miRBase), with the hope of revealing links between the
altered miRNAs and the known beneficial effects of matrix treatment post-MI. Ten miRNAs with
significant fold changes between the matrix and PBS treatment groups (Figure 3.2,
0.0007<p<0.04) were found to target mRNA involved in cell-matrix communication,
angiogenesis, cell survival and inflammation (Table 7.1, Appendix). The ten mature miRNAs and
stem-loop pre-miRNAs that were selected for future analysis were: miR-758, miR-92a-1, miR-

377, miR-763, miR-375, miR-466a-5p, miR-3572, miR-296, miR-433-5p and miR-382.
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Figure 3.2 Expression profile of the ten top miRNA candidates in the infarct and peri-infarct
regions 2 days after PBS and matrix treatment delivered at 3 hours post-MlI. All differences
between matrix and PBS treatment groups were statistically significant (0.0007<p<0.04) and were

detected using the Affymetrix GeneChip miRNA Array (n=3/group).

For validating the expression of the top ten miRNAs in the matrix and PBS treated tissue,
additional experimental mice for the matrix and PBS treatment groups were generated. The RNA
samples from the additional (n=4-5/treatment) and the original mice used for the miRNA
microarray (n=3/treatment) were cleaned using a column, reverse transcribed to cDNA using a kit
able to add a poly(A) tail to miRNAs, and the expression determined by RT-gPCR using mature
miRNA specific primers. The average fold change of miR-758 and miR-375 in the cardiac tissue
was non-calculable due to non-congruent RT-gPCR melting curves indicating the formation of
multiple products. Of the eight miRNAs that were interpretable by RT-PCR, only the mature form

of miR-92a and miR-382 were significantly down-regulated by the matrix in comparison to PBS
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(Figure 3.3, p=0.00047 and p=0.0372 respectively). In comparison, the mature form of miR-377,
miR-763, miR-466a-5p, miR-3572, miR-296 and miR-433-5p were not significantly altered. Since
miR-92a was significantly down-regulated in the miRNA microarray and RT-gPCR analysis it

was selected for further analysis.
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Figure 3.3. Average fold change of select miRNAs within the infarct and peri-infarct cardiac
tissue 2 days after PBS and matrix treatment at 3 hours post-MI. miR-92a (*p=0.00047) and
miR-382 (*p= 0.0372) expression was significantly down-regulated in matrix-treated hearts in

comparison to PBS treatment. Analysis was performed by RT-gPCR and normalized to U6; n= 8

(PBS) and n=7 (matrix).
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3.1.4 Expression of miR-92a Targets in Matrix and PBS Treated Cardiac Tissue

Following the confirmation of down-regulated miR-92a expression by RT-gPCR in matrix-treated
MI hearts, the expression of some of its putative mRNA targets was evaluated. Targets were
identified using online miRNA target prediction databases and those with functions that correlated
with the observed benefits of matrix treatment were selected for further investigation. The targets
selected were integrin subunit a5 (ITGa5), integrin subunit aV (ITGaV), ras-related protein Rap-
1b (Rap-1b) and Sphingosine-1-phosphate receptor 1 (S1P1) as they have all been shown to play
a role in angiogenesis. RT-qPCR analysis showed that ITGaV, Rap-1b and S1P1 expression was
not altered in the cardiac tissue, whereas ITGa5 was significantly down-regulated (Figure 3.4, p=

0.00488).
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Figure 3.4. Average fold change of predicted miR-92a targets within the infarct and peri-
infarct regions of cardiac tissue 2 days after PBS and matrix treatment delivered at 3 hours
post-MI. ITGa5 was significant down-regulated in matrix-treated hearts 2 days after treatment
(*p=0.00488). Analysis was performed by RT-gPCR and normalized to 18S; n=8 (PBS) and n=7
(matrix).
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3.1.5 Matrix Regulation of miR-92a in Circulating Angiogenic Cells

To identify the cell type(s) that may contribute to the observed down-regulation of miR-92a in
cardiac tissue treated with the matrix, various cell types that are present in the infarcted heart were
cultured on the matrix in vitro and the expression of miR-92a was examined. Two of the selected
miR-92a targets, ITGa5 and ITGaV, are involved in angiogenesis and have been shown to be up-
regulated in circulating angiogenic cells (CACSs) that are cultured on a glutaraldehyde cross-linked
collagen (porcine) matrix.2® Therefore, these two targets were examined first. After 24 hours and
4 days of culture on the matrix in comparison to fibronectin (culture control) miR-92a levels were
not significantly altered, nor were ITGa5 and ITGaV at the mRNA level, nor Itga5 at the protein
level (Figure 3.5). ITGaV was not detectable at the protein level most likely due to low mRNA

expression levels, as confirmed by high RT-qPCR CT values.
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Figure 3.5. Expression of miR-92a, integrin a5 (ITGa5) and integrin oV (ITGaV) in
circulating angiogenic cells (CACs) in vitro. (A) MiR-92a, ITGa5 and ITGaV expression was
not significantly altered in CACs after 24h (n=4) or 4 days (n=5) of culture on the matrix.
Expression was calculated as average fold change by RT-qPCR and normalised to U6 for miR-
92a and 18S for ITGa5 and ITGaV. (B) Similarly, protein expression of ITGa5 was also unaltered
after 24h (n=3; left panels) and 4 days (n=3; right panels). Protein levels were examined by western

blot analysis and normalised to HSP90.

3.1.6 Matrix Regulation of miR-92a in Endothelial Cells

Human coronary endothelial artery cells (HCAECs) were plated on the matrix for four days
and the levels of miR-92a along with ITGa5 and ITGaV were examined at the mRNA and protein
level. As was observed for CACs, the matrix did not significantly alter miR-92a, ITGa5 or ITGaV
levels at the mRNA and protein level (Figure 3.6). These results indicate that the matrix does not
alter miR-92a levels in HCAECS in vitro and suggests that, despite our initial prediction, the down-
regulation of miR-92a by the matrix in vivo may be due to the matrix interacting with a non-
angiogenic cell type. Alternatively, the in vitro conditions may not appropriately recapitulate the

post-MI environment.
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Figure 3.6. Expression of miR-92a, integrin a5 (ITGa5) and integrin aV (ITGaV) in human
coronary artery endothelial cells (HCAECS) in vitro. (A) Neither miR-92a, nor its targets, were
significantly altered in HCAECs after 4days (n=3) of culture at the mRNA level. Expression was
calculated as average fold change by RT-gPCR and normalised to U6 for miR-92a and 18S for
ITGaS and ITGaV. (B) Protein expression of ITGa5 and ITGaV in HCAECs were also unaltered
by the matrix after 4 days (n=3). Protein levels were examined by western blot analysis and

normalised to HSP90.

3.1.7 Matrix Regulation of miR-92a in Cardiac Fibroblasts and Macrophages

Due to the fact that miR-92a levels were un-altered in angiogenic cells (HCAECs and CACs)
plated on the matrix for a set number of days, other cell types involved in myocardial repair after
MI were explored. First, cardiac fibroblasts were isolated from neonatal murine hearts and plated
on the matrix for 24 hours. However, matrix culture did not alter miR-92a expression within this
cell type in vitro (Figure 3.7). The regulation of miR-92a in macrophages was also explored. When
bone marrow-derived macrophages were cultured on the matrix for 24 hours, a significant down-
regulation of miR-92a expression was observed when compared to standard TCPS culture (Figure
3.7, p=0.0352). This data suggests that the matrix regulates endogenous miR-92a levels in
macrophages in vitro which may explain the significant down-regulation of miR-92a observed in

vivo.
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Figure 3.7. In vitro miR-92a expression in cardiac fibroblasts and bone marrow-derived
macrophages (BMDMs). miR-92a expression was not altered in cardiac fibroblasts (n=3) but was
significantly down-regulated in BMDMs plated on the matrix compared to TCPS controls (n=5,
*p=0.0352). Expression was calculated as an average fold change by RT-gPCR and normalised to

u6.

3.1.8 Expression of miR-92a Targets in Bone Marrow-Derived Macrophages

The expression of the previously identified miR-92a targets were analysed in BMDM
plated on a matrix vs. a TCPS control for 24 hours. No significant fold changes were observed at
the MRNA level for miR-92a targets (Figure 3.8). Despite the lack of significant differences, S1P1
was up-regulated in the five samples tested and there was a trend for increased expression
(p=0.0652). Protein levels of S1P1 in BMDMs plated on the matrix for 24 hours and 3 days were

measured and found to be insignificant (Figure 3.9).
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Figure 3.8. Average fold change of predicted miR-92a targets in BMDMs cultured for 24
hours. None of the mRNA targets were significantly up-regulated, although there was a trend for
increased S1P1 expression (p=0.0652) in matrix-cultured BMDMs compared to those on TCPS.

Analysis was performed by RT-gPCR and normalized to 18S, n=6.
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Figure 3.9. Protein level of S1P1 in BMDMs cultured for 24 hours and 3 days. Protein
expression of S1P1 was unaltered in BMDMs cultured on the matrix after 24h and 3 days compared
to those on TCPS (n=3). Protein levels were examined by western blot analysis and normalised to

HSP90.

3.1.9 Expression of S1P1 in Matrix and PBS Treated Cardiac Tissue

Protein expression of S1P1 in the infarct and peri-infarct tissue of MI hearts treated with a matrix
or PBS was examined. Five mice received LAD ligation followed by matrix or PBS treatment
three hours after MI. The infarct and peri-infarct was harvested 2 days later and the protein isolated.

Western blot analysis on protein showed that S1P1 was not altered in the tissue.
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Figure 3.10. Protein level of S1P1 in infarct and peri-infarct tissue from hearts treated with
the matrix or PBS delivered 3 hours after MI. Protein expression of S1P1 was unaltered by the
matrix treatment in the cardiac tissue (n=5). Protein levels were examined by western blot analysis

and normalised to HSP90.

3.2 Results part B: Therapeutic miRNA Delivery

3.2.1 Analyzing the Ability of the Matrix to Deliver miRNA Mimics

Cardiac fibroblasts were plated for 36 hours on a tissue culture plate, a collagen matrix and
a matrix loaded with 10nM or 100nM of cel-miR-39 miRNA mimics. A miRNA mimic specific
for a caenorhabditis elegans miRNA was utilized to ensure that the miRNAs detected in the cells
by RT-gPCR originated from the matrix and were not of endogenous origin. A standard curve with

the mimics was also created to calculate the copy number of mimic per sample. RT-gPCR analysis
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revealed that as mimic concentration in the matrix increased, the number of mimics per sample
also increased significantly (when comparing the cells & matrix to the cells & 10nM cel-miR-39
matrix and 100nM cel-miR-39 samples) indicating that the fibroblasts could be taking up the
mimics from the matrix (Figure 3.11). To ensure that the possible cellular uptake was real and not
a result of the mimics being washed out of the matrix, the experiment was repeated with additional
controls. Matrices with 10nM and 100nM of cel-miR-39 were coated onto a plate and covered
with fibroblast media for 36 hours. Trypsin-EDTA was then added to the matrix for 5min, the
matrix was washed with PBS to mimic lifting cells off of the matrix and an RNA isolation was
performed on the washings. RT-qPCR analysis of these samples revealed that they contained

miRNA mimics levels similar to the cellular samples.
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Figure 3.11. Arbitrary copies of cel-miR-39 taken up by cardiac fibroblasts from the matrix.
Cel-miR-39 at concentrations of 10nM and 100nM was loaded into the matrix prior to gelation to
determine the best concentration for delivery. After 36 hours of culture, fibroblasts were lifted off
the matrix and analysed for cel-miR-39 uptake by RT-gPCR. Matrix alone, cells alone, cells &
matrix alone were used as negative controls. Gels spiked with 10 and 100nM of cel-miR-39 were
used as washing controls. n=2 for cells, cell & matrix, cells & 10nM cel-miR-39 matrix and cell

& 100nM cel-miR-39 matrix, and n=1 for all other samples.

The experiment was also performed with a different cell type to ensure that the observed
results were not cell-specific. Similarly, THP-1 cells were plated on the matrix but for 4 days and
with 100nM and 1000nM of cel-miR-39 loaded matrices. As was observed with the fibroblast

experiment, the cel-miR-39 copy number in the cells increased with increasing cel-miR-39
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concentration in the matrix and was also detectable in the washing controls and samples that had

never come into contact with the mimic (cells and cells & matrix) (Figure 3.12).
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Figure 3.12. Uptake of cel-miR-39 by THP1 cells from the matrix after 4 days of culture.
100nM and 1000nM of cel-miR-39 were loaded into the matrix prior to gelation to determine the
best concentration for delivery. After 4 days of culture, cells were lifted off the matrix and analyzed
for cel-miR-39 uptake by RT-gPCR. Cells alone, and cells & matrix alone were used as negative
controls. Gels loaded with 200nM and 1000nM of cel-miR-39 were used as washing controls. n=1

for all.

To address the false detection issues, TagMan probes were tested on the matrix, cells, cells &
matrix and cells & 100nM cel-miR-39 matrix samples from the fibroblast experiment to try and
resolve the problem (Figure 3.13). The use of TagMan probes abolished the detection of the mimic

in matrix only samples. However, its detection remained in cells and cells & matrix samples
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despite never having come in contact with the mimic; in fact, detection levels were similar to the

cells & 100nM cel-miR-39 sample levels.
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Figure 3.13. Copy number of cel-miR-39 taken up by cardiac fibroblasts after 36 hours
culture on a matrix containing 100nM of cel-miR-39. RT-gPCR using TagMan probes was

performed to measure the levels of cel-miR-39. n=1 for all.

3.2.2 Analyzing the capacity of the Matrix to Retain miRNA Mimics

The capacity of the matrix to retain miRNA was also examined by quantifying the mimic
copy number retained within the matrix after the delivery experiment with fibroblasts was
performed. RT-gPCR demonstrated that the matrix was capable of retaining the mimics with the

matrix (Figure 3.14).
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Figure 3.14. Copies of miR-39 remaining in the gel after fibroblast culture for 36 hours. cel-
miR-39 copy number was determined by RT-qPCR. n=1.

3.2.3 Analysing the Ability of the Matrix to Deliver miRNA Mimics with a 3°UTR Luciferase
Assay

Due to the detection of cel-miR-39 in samples that had never some in contact with the mimic, as
well as its detection in the washing controls, it was difficult to deduce from the previous
experiments whether or not the mimics were being taken up and/or delivered by the matrix.
Therefore, a 3°UTR luciferase assay was used to detect cellular uptake. This experiment consisted
of transfecting HEK293 cells with a plasmid containing the 3’UTR of ABCA1. Transfected cells
were then cultured on a matrix containing 1uM of miR-33 mimic. The 3’UTR of ABCA1 was
used because it is a well-characterized target of miR-33. A 20% reduction in luciferase activity
for cells plated on the matrix containing the mimic in comparison to cells plated on the matrix
alone was observed (Figure 3.15). This data indicated that the matrix was potentially able to deliver

functional mimics to the cells. However, the cells did not fare well on the matrix (low viability)
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and for this reason, the experiment was not replicable. The experiment was performed with other
cell types (BMDMs, fibroblasts and HelLa cells) unsuccessfully as the cells were either unable to
be efficiently transfected (BMDMs, fibroblasts) or were unable to be cultured on the matrix (HeLa
cells).
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Figure 3.15. Luciferase activity in HEK293 cells transfected with a 3’UTR ABCAI1 luciferase
construct. After transfection, HEK293 cells were plated on the matrix or matrix containing 1M
of miR-33 mimic for 48 hours. A 20% down-regulation was observed in cells plated on the matrix
containing miR-33 indicating that the matrix may be able to deliver functional miRNAs to cells.

Luciferase activity was normalized to Renilla activity. n=1 for all.

3.2.4 Analyzing the Ability of the Matrix to Deliver miRNA Therapeutics by Western Blot

Analysis

Due to technical difficulties with the previously utilized methods for determining cellular
uptake from the matrix to cells and functionality of mimics, western blot analysis was employed.

BMDMs were cultured on a matrix containing miR-33 mimics or control mimics for 2, 3 and 5
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days followed by western blot analysis of ABCAL, which should be down-regulated if the mimics
were properly delivered and functional. A significant down-regulation of ABCA1 was not
observed in BMDMs plated on the matrix containing the mimic in comparison to the control mimic

at all of the observed time points (Figure 3.16).
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Figure 3.16. Protein expression of ABCAL in BMDMs plated on a matrix containing 1uM of
miR-33 mimic for 2 days, 3 days and 5 days in comparison to cells cultured on a matrix
containing 1uM of control mimics. Protein levels were examined by western blot analysis and

normalised to HSP90. The 2 day experiment was n=2 and the 3 and 5 day experiments were n=1.
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A higher concentration of miR-33 mimic, as well as an anti-miR-33 (2.5uM), was then
used to assess whether or not the lack of down-regulation was due to not enough mimics being
taken up by the cells (Figure 3.17). No down-regulation of ABCA1 was observed in cells plated
on the matrix containing miR-33 mimics, nor was an up-regulation observed in cells plated on the

matrix containing the anti-miR-33 therapeutics.
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Figure 3.17. Protein expression of ABCA1 in BMDMs plated on a matrix containing 2.5uM
of miR-33 mimic or anti-miR-33 for 3 days in comparison to a matrix containing 2.5uM of
the appropriate control. Protein levels were examined by western blot analysis and normalized

to HSP90. The experiment was n=1 and performed in duplicates.
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Due to the fact that down-regulation was observed in the 3’UTR luciferase assay when the
ABCAL1 gene was actively being transcribed and translated (Fig. 3.15), western blot analysis was
performed for BMDMs with ABCAL1 up-regulation stimulated by T0901317. . T0901317 increases
the expression of the ABCAL reverse cholesterol transporter by LXR/RXR activation because it
is a potent and selective LXR ligand agonist.®* The LXR agonist was added to BMDM s plated on
the matrix at day 2 of culture and a western blot for ABCA1was performed at day 3. A significant
up-regulation of ABCA1 was observed between samples that had and hadn’t received the agonist.
However, there were no significant differences between cells plated on a matrix with the mimic

vs. those plated on the matrix with the control mimic (Figure 3.18).
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Figure 3.18. Protein expression of ABCAL in BMDMs plated on a matrix containing 1uM of
mMiR-33 mimic (+/- LXR agonist). ABCA1 expression was up-regulated after in BMDMs after 1
day of exposure to T0901317. Protein levels were examined by western blot analysis and

normalised to HSP90. The experiment was n=1 and performed in duplicate.
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4. Discussion

An understanding of the mechanism(s) by which matrix therapy functions in the treatment
of Ml is of utmost importance as it provides us with mechanistic insight, thus allowing us to target
pathways that the matrix acts upon at a molecular level to enhance its therapeutic potential or
reduce potential unwanted side effects. This study’s first aim was to characterize whether a
collagen matrix could regulate endogenous miRNAs and whether a miRNA mechanism may
account, at least in part, for the beneficial functional effects observed in hearts treated with matrix
at three hours post-MI. The matrix was found to down-regulate miR-21 expression in cardiac
fibroblasts in culture, and 119 pre-miRNA and mature miRNAs were differentially expressed
within the infarct and border zone in matrix-treated hearts. Of interest, the matrix was able to
down-regulate miR-92a in post-MI infarct and peri-infarct tissue and in bone marrow-derived
macrophages after 24 hours of culture on the matrix, offering insight into a potential mechanism

by which the matrix confers its beneficial functional effects.

Since miR-21 is a highly expressed cardiac miRNA, and it has been shown to play a role
in cardiac fibroblast activity and fibrosis,** ¢ its regulation in fibroblasts by a collagen matrix was
studied in vitro. The evaluation of miR-21 regulation by the matrix in cardiac fibroblasts was also
pursued because matrix therapy delivered at 3 hours post-MI was shown to significantly reduce
fibrosis and infarct size at 4 weeks after treatment (unpublished, N. Blackburn). Interestingly, 24
hours of culture on the matrix was able to down-regulate miR-21 in the fibroblasts, showing that
the matrix is able to alter levels of endogenous miRNAs. Since the up-regulation of miR-21 in
fibroblasts after M1 is believed to contribute to fibrosis and that the therapeutic repression of miR-

21 reduces fibrosis, it is possible that the decreased infarct size from matrix treatment could be a
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result of the matrix down-regulating miR-21 thus leading to an up-regulation of Spryl in
fibroblasts. However the sample size needs to be increased to determine whether or not the matrix
can significantly down-regulate miR-21 and up-regulate Spryl, a negative regulator of fibroblast
survival and growth factor secretion. It is also possible that the matrix could be reducing fibrosis
through a different miR-21 mediated pathway, such as the targeting of PTEN by miR-21.% To get
a better understanding of how the matrix was regulating miRNAs in vivo, a miRNA microarray on

cardiac tissue was performed.

Profiling of SHAM hearts and infarct and peri-infarct tissue in M1 hearts 2 days after being
treated with PBS or matrix (delivered at 3 hours post-MI) revealed that the matrix was able to
regulate ~6% of endogenous miRNAs. The miRNA microarray did not indicate a significant
difference in miR-21 levels between PBS and matrix-treated hearts. This could be related to the
fact that the tissue was harvested at 2 days post-MI, which is not the infarct stage during which
cardiac fibroblast proliferation and differentiation occurs. This stage occurs later during infarct
evolution, beginning at about 5 days in mice; therefore if the tissue was harvested at a later date a
difference in miR-21 expression might have been observed. Interestingly, miR-92a was
significantly up-regulated after injury (in PBS-treated mice vs. SHAM), which correlated nicely
with another study demonstrating that this miRNA is up-regulated after injury in a mouse model
of ML.”* The study also demonstrated that reducing miR-92a expression through the systemic
administration of antagomiR-92a improved functional recovery of the damaged tissue 2 weeks
after M1 and augmented the number of capillaries and arterioles in the border zone.”* These finding
were of particular interest, as the matrix in the present study was able to significantly reduce miR-
92a expression within the infarct and border zone after-MI. Notably, the matrix was able to achieve

this without the use of therapeutic miRNAs, providing a novel alternative method to alter
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endogenous miRNAs. In addition, the matrix increased the number of CD31" and SMA™ vessels
within the infarct and border zone and improved left ventricular ejection fraction at 4 weeks post-
treatment (unpublished results, N. Blackburn). It was thus postulated that the down-regulation of
miR-92a in matrix-treated hearts could be related to the beneficial function effects observed with

matrix treatment, and so it was pursued for further study.

A well characterized role of miR-92a, is its anti-angiogenic function through the down-
regulation of the endothelial protective and angiogenic integrin subunit a5 (ITGa5).”* ™ Due to
the fact that miR-92a was down-regulated and vascular density was increased in cardiac tissue
after matrix treatment, potential miR-92a targets involved in angiogenesis were selected for further
investigation: integrin subunit a5 (ITGa5), integrin subunit oV (ITGaV), ras-related protein Rap-
1b (Rap-1b) and sphingosine-1-phosphate receptor 1 (S1P1).%2-% The matrix significantly down-
regulated ITGa5 and did not alter the expression of the other selected targets in cardiac tissue at 2
days post-treatment, which was opposite to the up-regulation that was expected. As miRNAS
negatively regulate the translational output of target messenger RNA by translational repression
and mRNA degradation, it is possible that miR-92a effects on ITGa5 are detectable at the protein
level and not the mRNA level. Hickel et al. showed a down-regulation of ITGa5 at the protein
level but not the mRNA level in the border zone of cardiac tissue after the localized down-
regulation of miR-92a.” Furthermore, since the heart is multi-cellular, it is also possible that miR-
92a is regulating ITGa5 and/or the other selected targets in a cell-specific manner, such as

endothelial cells, which might not be detectable in multicellular samples.

Studies have demonstrated that that miR-92a over-expression in human endothelial cells
causes a down-regulation of ITGa5, and that a matrix, similar to that used in this study, can up-

regulate ITGaV and ITGa5 in circulating angiogenic cells (CACs) after 24h of culture.3® ™ 7
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These findings indicate that a collagen-based matrix and miR-92a can regulate the expression of
integrins, transmembrane receptors involved in cell-ECM interactions, within different types of
vascular/angiogenic cells. Therefore, it was predicted that culturing CACs and HCAECs with the
matrix would lead to the down-regulation of miR-92a and to the subsequent up-regulation of
ITGaV and ITGa5. Unfortunately, matrix culture had no effect on miR-92a or ITGa5 and ITGaV
levels within these two cell types in the culture conditions tested. Interestingly, miR-92a
expression in CACs and HCAECs cultured on the matrix was slightly down-regulated, and ITGa5
protein levels in CACs after 4-day matrix culture was increased (although neither was significant)
indicating that the matrix may be altering miR-92a expression in these cells, but not enough to
cause a significant effect on its targets. This lack of regulation might be due to differences between
the matrix used in this study and that used in the previously described work.3 Specifically, the 2
matrix formulations used different cross-linkers (EDC/NHS vs. glutaraldehyde). Therefore,
differences between the physical properties of the matrix due to different cross-linking could lead
to these differences. Alternatively, variations in the cell isolation and culture conditions and

techniques may also be contributing to the differences in integrin expression between the studies.

In situ hybridization has been used to show that miR-92a in 2 day post-MI tissue was
present mostly in endothelial cells, but was also present in other cell types.” Since miR-92a is
expressed in other cells present in the heart, miR-92a levels in cardiac fibroblasts and BMDMs
cultured on a matrix was also analysed in vitro. Matrix culture had no effect on miR-92a expression
in fibroblasts but it did cause its significant down-regulation in BMDMSs, which could be

contributing to the down-regulation observed in vivo.

The expression of mMRNA for select miR-92a targets (ITGa5, ITGaV, Rap-1b) was un-

altered in the BMDMs after 24h culture on the matrix. However, there was a trend (p=0.065) for
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increased S1P1 mRNA expression in matrix-cultured BMDMs. It has been shown that S1P1
regulation alters the inflammatory phenotype of macrophages, with S1P1 activation limiting the
expression of pro-inflammatory cytokines in macrophages.® This knowledge, and the fact that: 1)
miR-92a targets S1P1; 2) the matrix down-regulated miR-92a in macrophages in vitro; and 3) there
was a trend for the matrix to up-regulate S1P1 at the mRNA level in macrophages in vitro; and 4)
the matrix altered macrophage polarization in vivo (unpublished, N. Blackburn), led me to further
explore the expression of S1P1 in matrix-cultured macrophages. The protein level of S1P1 was
examined in BMDMs cultured on the matrix for 24 hours and 3 days, and also in post-MlI cardiac
tissue treated with the matrix or PBS. In all these experiments, S1P1 protein levels were found to
be un-altered. Therefore, miR-92a is most likely targeting mRNAs other than S1P1 in BMDMs,
or S1P1 was not affected at the time-points examined. A role for miR-92a in macrophages and
inflammation has been identified,”>"® % 1% byt more research is still necessary, particularly in
elucidating the role of the ECM environment in regulating these processes. To help identify other
potential miR-92a targets in BMDMs, online miRNA target databases need to be revisited. An
emphasis should be placed on searching for targets involved in the regulation of inflammation,
macrophage polarization, adhesion and ECM-cell interactions. In addition, although mRNA levels
of ITGaS, ITGaV, Rap-1b were unchanged in these experiments, it remains to be determined if
the same is observed for their protein levels. Even though its targets are yet to be identified, it is
still likely that the matrix is down-regulating miR-92a in macrophages within the infarcted tissue
to mediate the inflammatory response. Interestingly, other work in the Suuronen lab has shown
that the matrix increases the M2 to M1 macrophage ratio within the infarct two days after matrix
treatment (unpublished, N. Blackburn), which is the same time-point for which the miRNA

microarray experiment was performed. Others have reported literature that miR-92a is down-
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regulated in M2 macrophages,’® so the down-regulation of miR-92a in the infarct of matrix-treated
hearts could be associated with increased M2 macrophage numbers, which is important for cardiac
repair. Based on this supporting evidence, it is possible that macrophages are contributing to the

observed down-regulation of miR-92a in vivo.

Experiments studying the matrix effect on macrophage polarization would be necessary to
confirm this hypothesis. Specifically, plating BMDMs on the matrix or a tissue culture plate and
gPCR or staining for M1 and M2 markers could be performed to see if more M2 macrophages
differentiated on the matrix. Furthermore, in situ hybridization for miR-92a in cardiac tissue
sections could be performed in conjunction with M1 and M2 staining to compare macrophages

and miRNA co-localization in matrix- and PBS-treated hearts.

A large number of macrophages are present in the infarct two days after M1.12 Despite this,
it is also possible that the matrix is regulating miR-92a in other cardiac cell types. The
atheroprotective and angiogenic role of miR-92a reduction in endothelial cells has been well
reported.’*"® 19 The matrix is known to enhance angiogenesis; 42 9. 101 therefore, it is possible
that the matrix is regulating miR-92a within endothelial and/or angiogenic cells in vivo and acting
on ltgaV, Itga5, Raplb and/or S1P1 to but with the help of specific environmental factors that
aren’t present in vitro. For instance, the matrix could be regulating the exosomal release of miR-
92a from macrophages which could be altering endogenous levels in endothelial cells to cause
angiogenic effects. To test this hypothesis, miR-92a content in exosomes from BMDMs plated on
a matrix could be analyzed in comparison to a control. Conditioned media from matrix-cultured
macrophages could also be placed on endothelial cells to see if it altered miR-92a levels. The
expression of miR-92a and its angiogenic targets should also be examined in a co-culture

experiment to see if their expression profile is altered in ECs when cultured with BMDMs.
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It is also important to note that studying in vivo results in vitro is challenging since in vivo
systems are complex and hard to mimic in vitro.1% For instance, in vitro cellular profiles (M1/M2
macrophage phenotypes) will not necessarily mimic in vivo profiles.!®? Matrix and cellular
interactions also vary between these two models. In the present study, the cells were plated on top
of the matrix in vitro, whereas in vivo, the cells could be completely surrounded by the matrix or
in close proximity to other cells interacting with the matrix (dependent on injection location and
matrix dispersal). To confirm that the matrix is altering intracellular levels of miR-92a in
macrophages and endothelial cells within the infarct, in situ hybridization for miR-92a would need
to be performed in 3h- and 2-day post-treatment matrix- and PBS-treated tissue. Cell sorting by
FACS analysis or magnetic beads could also be used to separate cardiac cell types from the infarct
and border zone post-MI and utilized for cell-specific miR-92a and target quantification; however,
cell numbers and viability render this technique challenging. In summary, it is evident that the
matrix treatment is altering the miRNA profile in MI hearts, and it is improving the post-
myocardial environment and function of the heart after MI. Several promising candidate miRNAs
have been identified that may be involved in mediating the beneficial matrix effects, but the

underlying mechanisms still remain to be determined.

In the second aim of this study, the matrix was tested as a novel strategy to deliver miRNA
therapeutics. This was assessed as it could potentially address a number of challenges that are
currently limiting the efficacy of delivery and the success of miRNA therapies. First, the matrix
could serve to protect the therapeutic miRNA from the immune response and nucleases during
delivery preventing them from being degraded and thus increasing the efficiency of the
therapeutic. Second, it would allow the therapeutic miRNA to be locally delivered to the infarcted

tissue, as the matrix is retained in the injection site, thus minimizing off-target effects. For these
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reasons, the use of the biomaterial for miRNA delivery is extremely exciting. If the matrix could
deliver miRNA therapeutics, the beneficial effect of matrix treatment could be further enhanced
by up-regulating cardio-protective miRNAs or down-regulating harmful ones. The results
presented in this thesis have not proven that the matrix is able to deliver functional therapeutic
miRNAs to cells; however, some experiments showed promise, and further optimization is

required.

Initially, the delivery potential of the matrix was assessed using a miRNA mimic for a miR-
39, which is only expressed in c. elegans. Copies of cel-miR-39 were detectable in THP-1 cells
and fibroblasts after being plated on a matrix containing the mimics. In addition, the number of
copies detected in the samples was positively correlated with the concentration of mimics plated
in the matrix. This highlighted the possibility that the amount of mimic delivered to the
surrounding cells could be controlled by varying the concentration mixed into the matrix. This is
important as a relation between the concentration of delivered anti-miRNASs in vivo has been
associated with miRNA repression in off-target effects.” Despite these promising findings, cel-
miR-39 copies were detected within experimental negative controls (matrix only, cells only, cells
& matrix and 10nM and 100nM cel-miR-39 matrix washes). The detection of mimics in the
washing controls could be a result of contamination from the matrix dislodged during the process
performed to mimic lifting the cells off the matrix. Therefore, it is unclear whether or not the
MIRNASs detected in the cells & cel-miR-39 matrix samples were intracellular or from within the
matrix dislodged during the washing process. In addition, the presence of cel-miR-39 in samples
that had never come in contact with the miRNA mimic was alarming and added further uncertainty
as to whether or not the mimics had been taken up by the cells from the matrix. This technical

issue was tackled with the use of TagMan probes but was unable to be resolved.
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Interestingly, the matrix was able to retain miRNAs within the matrix after being in a
culture environment for 1.5 days. The ability of the matrix to retain miRNA therapeutics, to a
certain extent, is important as it shows that the miRNA is being incorporated into the matrix and
when delivered in vivo could minimize off-target effects and provide cells with miRNAs for an

extended period of time.

The functionality of the miRNAs once delivered is of utmost importance. Since there were
technical issues with the cel-miR-39 system, the matrix’s potential to deliver miRNA mimics was
tested with a second system. This consisted of a dual luciferase plasmid containing the 3°UTR of
ABCAI1 and miR-33 mimics; as ABCA1 is a well-known target of miR-33.1% A 3°UTR luciferase
assay was then used to detect a depression in luciferase activity when the miRNA binds to its
target. When HEK?293 cells were transfected with the plasmid and plated on a matrix containing
miR-33 mimics, a 20% depression of luciferase activity was observed in comparison to the control,
indicating that the matrix could be delivering functional miRNAs to the cells. Unfortunately,
HEK?293 viability on the matrix was reduced and highly variable, therefore the experiment was
unable to be successfully repeated. The same experiment was repeated using other cell types:
HELA cells, which also didn’t fare well on the matrix, and fibroblasts and BMDMSs, which were

not successfully transfected.

Western blot analysis was then utilized to test whether or not the matrix was able to deliver
miR-33 mimics to BMDMs to repress ABCAL protein levels. This technique was selected as it
would also be able to tell us if the miRNA was functional once delivered without relying on an
efficient transfection protocol. A significant reduction of ABCAL was not observed in BMDMs
plated on a matrix containing 1uM of mimic for 2, 3 or 5 days. Also, 2.5uM of mimic and anti-

miR-33 applied to BMDMs on matrix for 3 days had no effect on ABCA1 levels. ABCAl
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stimulation with an LXR agonist was performed on cells plated on a mimic-enriched matrix since
the = 3’UTR luciferase assay was promising. Despite the activation of ABCA1, a significant down-
regulation was not observed when the miR-33 mimic was added. Although no observed significant
differences were observed, it is important to note that most experiments were only performed once
or twice. In addition, a visible reduction in the band size of ABCAL in BMDMs plated on a matrix
containing mimics was occasionally observed in a duplicate indicating that the matrix might be
able to deliver miRNA mimics to cells, but further optimization is required. For instance the
preparation of the solutions used to make the matrix should be reassessed in addition to miRNA
incorporation in the matrix. The 5-day and LXR ligand experiment offered the most promise, thus
protein turnover or time might be necessary for the detection of miRNA delivery and functionality

and should be repeated.

A similar study, which delivered miRNAs with a collagen matrix demonstrated the
relationship of crosslinking concentration with miRNA elution and miRNA doping concentration
with the regulation of its target proteins.® Therefore, tests to determine the ideal cross-linking and
miRNA concentration should be further explored. Encapsulation of the miRNA before being
doped in the matrix to potentially improve cellular uptake and functionality could also prove

promising.

5. Conclusion

In conclusion, this study showed that the matrix is capable of regulating endogenous
miRNA levels in vitro and in vivo. Specifically, in vitro it was shown that the matrix was able to:

1) down-regulate fibroblast expression of miR-21; and 2) down-regulate miR-92a expression in
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BMDMs. In addition, compared to PBS controls, matrix treatment delivered 3 hours post-MlI
significantly altered the in vivo expression of 119 pre-miRNAs and mature miRNAs in the infarct
and border zone of cardiac tissue 2 days after treatment. The observed down-regulation of miR-
92a was of particular interest, since therapeutically reduced miR-92a expression has been shown
to reduce scar formation, improve vascularisation and increase cardiac function post-MlI. The in
vitro results in the present study, in addition to evidence in the literature, suggest that the beneficial
effects observed after matrix treatment could result, in part, from the down-regulation of miR-92a
in M2 macrophages. Matrix therapy could potentially be enhanced if it could concomitantly be
used to deliver miRNA therapeutics. This ability was also explored in the present study. Although
it was not confirmed that the matrix is able to deliver functional miRNAs to cells, the results

obtained did show promise that this will be possible, but further optimization is required.
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mmu-mir-383
mmu-mir-3969
mmu-mir-216b
mmu-mir-471
mmu-mir-450a-2
mmu-mir-695
mmu-mir-3058
mmu-mir-4660
mmu-mir-1934
mmu-mir-1264
mmu-mir-5099
mmu-mir-129-2

mmu-mir-669¢
mmu-mir-124-1
mmu-mir-5125
mmu-mir-30e
mmu-mir-544
mmu-mir-5109
mmu-mir-29b-2
mmu-mir-9-1
mmu-mir-465¢-1
mmu-mir-29¢
mmu-mir-466-4
mmu-mir-1298
mmu-mir-720
mmu-mir-5117
mmu-mir-467f
mmu-mir-703
mmu-mir-466e
mmu-mir-30e
mmu-mir-542
mmu-mir-669a-10
mmu-mir-1843b
mmu-mir-3572
mmu-mir-15a
mmu-mir-499
mmu-mir-1185
mmu-mir-676
mmu-mir-466k
mmu-mir-669d
mmu-mir-5098
mmu-mir-433
mmu-mir-3074-1
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Figure 7.1. Heat map of altered miRNAs in infarct and peri-infarct tissue 2 days after
treatment with a collagen matrix and PBS performed 3 hours after MI. miRNAs were
sequenced in the cardiac tissue using the Affymetrix GeneChip miRNA Array. A heat map was
constructed for the 89 mature miRNAs and 30 stem loop pre-miRNAs that had a fold-change
greater than +/-0.3 log. between the matrix and PBS treatment groups where green signified a

down-regulation, red an up-regulation and black no alteration of the miRNA.
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Mature Fold
. change Target messenger :
mMiRNA or . Target Function
(matrix vs. RNA
stem-loop PBS)
Tall Transcription factor with a role in
miR-758 2.1 anglogenests _
ILK Angiogenesis and survival
Bcl2 Prevents apoptosis
TGo5 CeII_-matrlx_ communication,
angiogenesis
miR-92a-1 56 TGV Cell-matrix communication,
(stem-loop) ' angiogenesis
S1P1 Up-regulates FGF, promotes survival
RAP1b Role in integrin and VEGF signaling
VEGF Major angiogenic cytokine
IGF-1 Angiogenic cytokine
miR-377 -2.4 Bcl2 Prevents apoptosis
TGaV CeII_-matrlx_ communication,
angiogenesis
MiR-763 27 TGo5 CeII_-matrlx_ communication,
angiogenesis
MiR-375 23 ITGBI Regulgtlon of integrin-associated
signaling
mlR;;66a- 2.5 VEGF Major angiogenic cytokine
miR-3572 2.1 Spredl and Spred2 | inhibit FGF signaling
miR-296 .
(stem-loop) 2 UNC5A Pro-apoptotic
miR-433-5p 5.1 IL1-Rand IL-1a Activators of inflammation
CCR5 Increases inflammatory response
miR-382 9 IFNy Activator of inflammation
(stem-loop) PTEN Suppresses M1-to-M2 macrophage
differentiation

Table 7.1. Top miRNA candidates regulated by the matrix after myocardial infarction. Ten
miRNAs were selected for RT-gPCR validation with the use of online miRNA databases that
identify target mMRNA, pathways and the genomic location of a miRNA. The table indicates the
fold-change of these miRNAs for matrix treatment vs. PBS treatment and the mRNA that they

target with roles matching the functional benefit of the matrix.
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