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Abstract

Atrial fibrillation (AF) is the most common sustained clinical arrhythmia leading to heart failure
(HF). Atrial fibrosis, the main component of structural remodeling, features extracellular matrix
(ECM) deposition within the myocardium and provides a key substrate for AF maintenance.
Multiple cytokines, growth factors, signal transducers, and microRNAs (miRNA) are known to
regulate the fibrotic response; however, the detailed mechanism of atrial fibrosis is not fully
understood. Reversing fibrotic remodeling would be beneficial for AF prevention. The aim of
this thesis was to identify novel mediators of atrial fibrotic remodeling with the ultimate goal of
providing insights for new therapeutic approaches for AF. The principal animal model used in
this thesis was ventricular tachypacing (VTP) in dogs. This model produced congestive heart
failure (CHF)-related AF, and progressive atrial-selective fibrosis.

The platelet-derived growth factor (PDGF)-Janus kinase (JAK)-signal transducers and
activators of transcription (STAT) pathways are important pro-fibrotic regulators. I observed
increased expression of multiple PDGF-JAK-STAT components in CHF atria and set out to
evaluate their possible functional role. Following PDGF stimulation, JAK-STAT enhancement
and increased ECM secretion occurred in atrial fibroblasts, while smaller changes were observed
in ventricular fibroblasts. The STAT3-selective inhibitor S31-201 reduced STAT3
phosphorylation and abolished the pro-fibrotic effects of PDGF stimulation on fibroblasts. In
vivo S31-201 administration attenuated left atrial structural remodeling and fibrosis in a mouse
myocardial infarction model.

While attempting to identify potential mediators of the differential response of atria and
ventricles to stimuli, | found greater miRNA expression changes in CHF atria versus ventricles,

implicating miRNAs in the atrial-selective fibrotic response. I therefore performed the first



detailed characterization of time, chamber, and cell-type selective miRNA changes in CHF. The
time, tissue, and cell-type selective pattern of change in multiple miRNAs suggested their
potential role in the atrial-selective fibrotic response. My findings also emphasized the
importance of considering cell specificity of miRNA expression in studying mechanisms of
cardiac remodeling paradigms, an important point ignored in most prior studies.

Based on my findings regarding the role of miRNAs in atrial remodeling, | considered its
possible importance in the cardiac JAK-STAT system that | had studied. Opposite changes in
JAK2 and miR-30a/133a in CHF suggested that miR-30a and miR-133a contribute to atrial
fibrotic responses by targeting JAK2. PDGF reduced the expression of miR-30a and miR-133a
and induced JAK2 expression in atrial fibroblasts. Luciferase assays confirmed that miR-30a and
miR-133a target JAK2, and miR-133a overexpression reduced the expression of JAK2 in
fibroblasts. The upregulation of JAK2 and collagen type | expression induced by PDGF-AB
stimulation was reversed by miR-133a overexpression in atrial fibroblasts, directly implicating
miR-133a in the changes | saw.

In conclusion, 1) the PDGF-JAK-STAT system is a novel contributor to atrial-selective
fibrosis in HF; 2) a complex chamber and cell-type specific response of miRNAs contributes to
the atrial-selective fibrotic response in CHF; 3) miR-30a and miR-133a may participate in AF-
associated fibrotic responses by mediating PDGF effects targeting JAK2. My work suggests that
a variety of miRNAs, together with the JAK-STAT system, are involved in atrial fibrosis and

might represent novel therapeutic targets for AF prevention.
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R&umeé
La fibrillation auriculaire (FA) est I'arythmie clinique la plus fréguente menant al'insuffisance
cardiaque (I1C). Fibrose auriculaire, le composant principal du remodelage structurel, comporte
une matrice extracellulaire (MEC) déoséal'int&ieur du myocarde et fournit un substrat clé
pour la maintenance de la FA. De multiples cytokines, des facteurs de croissance, des
transducteurs de signaux et les microARN (miARN) sont connues pour reguler la réonse
fibrotique toutefois les meéeanismes déailléde la fibrose auriculaire n'est pas totalement
comprise. Inverser le remodelage fibrotique serait bééfique pour la préention de la FA.
L'objectif de cette theése &ait d'identifier de nouveaux médiateurs impliquédans le remodelage
auriculaire dans le but de fournir de meilleurs outils pour la prévention de FA. Le modée animal
principal utilisédans cette thése &ait les chiens en tachystimulation ventriculaire (VTP). Ce
modée produit de l'insuffisance cardiaque congestive (ICC)-reli€aFA, et la fibrose progressive
au niveau auriculaire.

Le facteur de croissance d&ivédes plaquettes (PDGF)-Janus Kinase (JAK)-transducteurs
et activateurs du signal de la transcription (STAT) est un r&yulateur pro-fibrotique importante. Je
observéune expression accrue des composants de PDGF-JAK-STAT au niveau des oreillettes en
ICC et acommencer aévaluer leur r@e fonctionnel possible. Suite ala stimulation de PDGF, la
voie de JAK-STAT s’est activé et a causé la sécrétion des MEC dans les fibroblastes
auriculaires. Nous avons aussi observéde plus petits changements dans les fibroblastes
ventriculaires. L'inhibiteur de STAT3-s&ective S31-201 a re&luit I'expression de STAT3
phosphorylé et a abolit les effets profibrotiques de stimulation par PDGF sur les fibroblastes. In
vivo I’administration de S31-201 a attéuéle remodelage structurel auriculaire et la fibrose dans

un modée d'infarctus du myocarde de la souris.



Tout en essayant d'identifier des médiateurs potentiels de la réonse diffé&entielle des
oreillettes et des ventricules &des stimuli, je remarquéde plus grands changements dans
I'expression des miARN de ICC auriculaires par rapport aux ventricules, impliquant les miARN
séectif dans la réponse fibrotique auriculaire. Donc je rélisé€la premiére caract&isation
déaillé des miARN en ICC basésur le temps, la localisation structurelle, et le type cellulaire.
En fonction du temps, des changements auriculaires et des fibroblastes s@ectifs de plusieurs
miARN ont &abli leur rde potentiel dans une réonse fibrotique auriculaire séective. 1l a
&jalement soulignél'importance de considérer la speeificitécellulaire de I'expression des
miARN dans les paradigmes de remodelage cardiaque, un point important ignoréde la plupart
des éudes anté&ieures.

Basésur mes conclusions concernant le rde des miARN dans le remodelage auriculaire,
je considéais son importance possible dans le systéne JAK-STAT cardiaque que j’avais étudié.
Les changements opposé de JAK?2 et de miR-30a/133a en ICC sugge&e que miR-30a et miR-
133a peuvent contribuer ala réponse auriculaire-fibrotique en ciblant JAK2. Le PDGF réluit
I'expression de miR-30a et miR-133a et induit I'expression de JAK2 dans les fibroblastes
auriculaires. Les miR-30a et miR-133a, ont é&é&confirmees pour cibler JAK2 par dosage de la
luciféase et la surexpression de miR-133a réuit I'expression de JAK2 dans les fibroblastes. La
régulation ala hausse de JAK2 et du collageéne de type 1 induit I'expression par la stimulation
de-PDGF-AB qui a ééinfirmeé par la surexpression de miR-133a dans fibroblastes auriculaires,
impliquant directement miR-133a dans les changements que je voyais.

En conclusion, 1) le systene de PDGF-JAK-STAT est un nouvel contributeur ala fibrose
auriculaire dans IC; 2) réonse complexe de miARN basésur la localisation et le type de cellule

speifique contribue ala réonse fibrotique auriculaire s@ectif en ICC; 3) miR-30a et miR-133a



peuvent participer ades réponses fibrotiques associés aFA via le PDGF en ciblant directement
JAK2. Mon travail suggére qu'une variééde miARN, avec le systame JAK -STAT, sont
impliqués dans la fibrose auriculaire et pourrait repréenter de nouvelles cibles thé&apeutiques

pour la prévention AF.

Mots-clé&s: fibrillation auriculaire, I'insuffisance cardiaque, la fibrose auriculaire, JAK-STAT,

miARN
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Statement of Originality

The McGill Faculty of Graduate and Postdoctoral Studies guidelines state that: “The Preface of a
Doctoral thesis must also include a statement clearly indicating those elements of the thesis that

are considered original scholarship and distinct contributions to knowledge.”

Chapter 2

Atrial-fibrillation-associated atrial selective fibrotic remodeling has been identified in previous
studies but the mechanism is unknown. PDGF is a potential regulator but its downstream
signaling in cardiac fibrosis has not been elucidated. Specific treatment for reversing atrial
fibrotic remodeling is not available. More fibrotic signaling pathways need to be identified and
characterized for the development of anti-fibrotic therapy.

The novel findings addressing the above concerns in this chapter are as follows:

e The activation of PDGF-JAK-STAT components were enhanced in a canine experimental
heart failure model. Fibroblasts stimulated with PDGF, revealed JAK-STAT as an active
downstream effector.

e Elevation of the PDGF-JAK-STAT system in heart failure and in cultured fibroblasts
(with PDGF-stimulation) was atrial-selective, corresponding to the predominant atrial
fibrotic response seen in congestive heart failure or atrial fibrillation.

e Itis the first study that provided a signaling mechanism for atrial selective remodeling
and explained how PDGF contributed to an atrial selective fibrotic response.

e STATS3 blockade was effective in preventing atrial fibrotic remodeling in vitro and in
vivo. STATS3 inhibition may serve as a novel therapy for the prevention of atrial selective

fibrosis and atrial fibrillation.
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Chapter 3

Individual quantification of miRNA expression with related functions has been shown in the

literature. However, a detailed system response of miRNAs in cardiac remodeling has never been

studied. Fibroblasts and cardiomyocytes have distinct roles in cardiac remodeling but cell-type

specific miRNA changes have not been demonstrated. Again, the molecular mechanism of atrial-

selective fibrosis is not fully understood and miRNAs are a potential regulator that warrants

further study.

The novel contributions in this chapter are as follows:

A detailed characterization was provided of miRNA changes overtime, both cell-specific

and chamber-specific in a heart failure model.

MiRNAs are potential novel contributors to atrial-selective fibrotic remodeling, given by

the following evidence:

1) MIRNA changes matched the time course of atrial fibrosis development;

2) Atrial changes were larger than ventricular;

3) Fibroblasts were particularly affected;

4) ECM protein changes correlated with those of regulatory miRNAs in fibroblasts.

Two novel notions are raised in this study:

1) The system response of multiple miRNAs may be more functionally relevant to a
disease condition than a single miRNA change. MiRNAs may work in concert by
targeting common signaling pathways and fibrotic genes.

2) Cellular changes could not be predicted from tissue data. Cell-type specific miRNA

changes must be considered in analyzing miRNA function.
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Chapter 4

In this chapter, we continued to explore the regulatory role of miRNAs in atrial fibrotic
remodeling, specifically regulating the JAK-STAT system, of which the significance has been
shown in Chapter 2. The novel contributions to knowledge of this study are as follows:

e MiR-1, miR-30a, miR-133a were responsive to PDGF-stimulation in cardiac fibroblasts.
MiRNA changes were inversely correlated to JAK-STAT alterations.

e JAKZ2 was validated as a direct target of miR-30a and miR-133a.

e JAK2 expression, collagen type | secretion, and fibroblast response to PDGF-stimulation
can be modulated by miR-133a manipulation. Interfering with miR-133a expression may
serve as a novel method of reversing fibrotic remodeling.

e JAK-STAT system and regulatory miRNAs are novel contributors to atrial fibrosis

development and are potential targets for atrial fibrillation prevention.
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a-MHC
a-SMA
ACE(ls)
AF
AMO
Ang-I1
AP
AP-1
APD
ARBs
AT1/AT2
ATP
ATR
AV node
CaMKIllI
CHF
CcoO
CSCs
CT-1
CTGF
CVvD

Cx

List of Abbreviations
Alpha-myosin heavy chain
Alpha-smooth muscle actin
Angiotensin-converting enzyme inhibitors
Atrial fibrillation
Antagomir oligonucleotide
Angiotensin Il
Action potential
Activating protein-1
Action potential duration
Angiotensin-receptor blockers
Angiotensin Il type 1 or type 2 receptor
Atrial tachypacing
Atrial tachycardia remodeling
Atrioventricular node
Calcium/calmodulin-dependent protein kinase 11
Congestive heart failure
Cardiac output
Cardiac stem cells
Cardiotrophin-1
Connective tissue growth factor
Cardiovascular diseases

Connexins
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DADs Delayed afterdepolarizations

EADs Early afterdepolarizations
ECG Electrocardiogram
ECM Extracellular matrix
EGF Epidermal growth factor
EMT Epithelial-mesenchymal transition
EndoMT Endothelial-mesenchymal transition
ERK Extracellular signal-regulated kinase
ERP Effective refractory period
ET-1 Endothelin-1
FGF Fibroblast growth factor
FSP-1 Fibroblast-specific protein 1
HDAC Histone deacetylase
HF Heart failure
IcaL L-type calcium current
IFN-a/p/y Interferon-alpha/beta/gamma
Ik1 Background K* current
IkAch Constitutive acetylcholine-regulated K* current
Ikr Rapidly activated delayed rectifier potassium
current
Iks Slowly activated delayed rectifier potassium current
IL-1/6 Interleukin-1 or 6

lto Transient outward K* current



JAK
JNK
LA
LEF
LOX
LV
MAPKSs
Ml
MiR/MiRNA
MMPs
NADPH
NCX
NFAT
NF-kB
NSR
PDGF(R)
PIAS3
Pitx2
PKA/C
PTPN1
RA
RAAS

RISC

Janus kinase
c-Jun N-terminal kinase
Left atrium orleft atrial
Lymphoid enhancer-binding factor
Lysyl oxidase
Left ventricle or left ventricular
Mitogen-activated protein kinase(s)
Myocardial infarction
MicroRNA
Matrix metalloproteinase(s)
Nicotinamide adenine dinucleotide phosphate
Na*/Ca?* exchanger
Nuclear factor of activated T cells
Nuclear factor-kappa B
Normal sinus rhythm
Platelet derived growth factor (receptor)
Protein inhibitor of activated STAT3
Paired-like homeodomain transcription factor 2
Protein kinase A/C
Protein tyrosine phosphatase non-receptor type 1
Right atrium
Rennin angiotensin aldosterone system

RNA-induced silencing complex
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ROS
RV
RyR2
SA node

SMAD

SR
STAT
SOCS
TAK1
TGF-B
TGFBR1/2
TIMP
TNF-a
TRPC
TRPM
UTRs
VEGF
Vs.
VTP

ZFHX

Reactive oxygen species
Right ventricle
Ryanodine receptor type 2
Sinoatrial node
Contraction of Sma and Mad (Mothers against
decapentaplegic)
Sinus rhythm
Signal transducers and activators of transcription
Suppressor of cytokine signaling
TGF-B1-activated kinase 1
Transforming growth factor-beta
Transforming growth factor-beta receptor 1 or 2

Tissue inhibitor of metalloproteinase

Tumor necrosis factor alpha
Transient receptor potential canonical
Transient receptor potential melastatin

Untranslated regions
Vascular endothelial growth factor
Versus
Ventricular tachypacing

Zinc finger homeobox 3
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Index and calculation formula used to evaluate cardiac functions
End-systolic/diastolic volume index:

LVDs - Left ventricular dimension at end cardiac systole

LVDd - Left ventricular dimension at end cardiac diastole

LVVs - left ventricular volume at end cardiac systole

LVVd - left ventricular volume at end cardiac diastole

Cardiac output (CO) = Heart rate X stroke volume /1000

Left Ventricular Stroke volume = LVVd - LVVs

LV-EF% (left ventricular ejection fraction) = (LVVd - LVVs) / LVVd X 100%
LV-FS% (left ventricular fractional shortening) = (LVDd - LVDs) / LVDd X 100%
LV-FAC% (Left ventricular fractional area change) = (LVAread — LVAreas) / LVAread X

100%
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Chapter 1

Introduction
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1.1 Overview

Cardiovascular diseases (CVDs) are the leading cause of natural death globally; more people die
annually from CVDs than from any other cause. Cardiac arrhythmias are common and lethal
manifestation affecting the cardiovascular system [1]. The focus of this thesis is to determine the
mechanisms underlining atrial fibrillation (AF), which is the most common cardiac arrhythmia
observed in clinical practice. A schematic outline of Introduction and the relationships among

sections is provided in Figure 1.

1.2 Cardiac structure and function

1.2.1 Cardiac structure

The heart is a powerful muscular organ that works as a pump to send oxygen-rich blood through
the circulatory system to all parts of the body, and assists in the removal of metabolic waste from
tissues [2]. On average, a human heart beats 100,000 times per day and pumps more than 16,000
L of blood throughout the body. The heart is composed of four chambers, two upper chambers
known as the atria, and two lower chambers known as the ventricles (Figure 2). The interatrial
septum separates the atria, while the interventricular septum separates the ventricles. In a
healthy heart, heart valves ensure unidirectional blood flow through the heart and prevent
backflow (Figure 2). In addition, the heart is enclosed in a protective double-membraned sac

known as the pericardium, and has its own blood supply—the coronary circulation.
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Figure 1. Schematic outline of the Introduction.

Title names in larger font indicate the sections numbering with the highest level. Red color
indicates the key words of the introduction and the main sections. Blue color indicates the
numbering of corresponding sections.
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1.2.2 Cardiac function

1221 Blood flow

The heart circulatory system includes the systemic circulation maintained by the left side of the
heart, the left atrium (LA) and left ventricle (LV), and the pulmonary circulation maintained by
the right side of the heart, the right atrium (RA) and right ventricle (RV). Blood in the pulmonary
circulation collects oxygen from the lungs and delivers carbon dioxide for exhalation. Blood in
the systemic circuit transports oxygen to the body and returns relatively deoxygenated blood and
carbon dioxide to the lungs. The ventricles are stronger and have thicker muscular walls than the
atria because ventricles pump blood further away from the heart. The chambers of the heart may
be found in one of two states—systole (contraction) and diastole (relaxation). The coordination
between atria and ventricles ensures blood is pumped efficiently to the body. Cardiac output
(CO) is the volume of blood pumped by the heart in one minute, and is determined by the heart
rate and the stroke volume. On average, a heart can eject approximately 5-5.5 L of blood per

minute at rest [2-5].

1.2.2.2  Cardiac electrical system

Sinus rhythm (SR) is the normal rhythm of the heart and produces correct activation of the entire
heart in an appropriate sequence. Any variation from SR is termed an arrhythmia. The sinoatrial
node (SA node) is the heart’s pacemaker, which is located in the upper and back wall of the RA.
The SA node spontaneously fires periodically to begin each activation, and proceeds to activate
both atria before reaching the atrioventricular node (AV node). At the AV node, activation
proceeds more slowly to allow for optimal ventricular filling. The activation then enters the His-

Purkinje system, which allows rapid propagation throughout the ventricles to induce a strong and
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synchronized contraction. The heart beats and produces a single coordinated electrical wave that
can be seen as a normal electrocardiogram (EKG or ECG). Variations in the waveform and
distance between the peaks of the ECG can be used clinically to diagnose arrhythmias,
myocardial infarction (M), congenital heart conditions, and electrolyte imbalances [3, 4, 6]. The

Electrical system of the heart and its correlation to the ECG is illustrated in Figure 3.

Superior
Vena Cava

Pulmaonary
Artery

Valve

Pulmonary |
Valve

Tricuspid ™"
Valve

Inferior Vena Cava

Figure 2. Simplified structure of the human heart.

This illustration depicts the chambers, valves, arteries, and veins. The white arrows indicate the
normal direction of blood flow. The left atrium (LA) receives blood from the pulmonary veins.
The right atrium (RA) receives blood from the superior vena cava (carrying deoxygenated blood
from the head and upper body) and the inferior vena cava (carrying deoxygenated blood from the
legs and lower torso). The right ventricle (RV) pumps oxygen-poor blood through the pulmonary
artery and to the lungs. The left ventricle (LV) pumps oxygen-rich blood through the aorta and to
the rest of the body. The four main cardiac valves are the two atrioventricular valves known as
the mitral and tricuspid valves, and the two semilunar valves known as the aortic and pulmonary
valves.
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Figure 3. Electrical system of the heart and its correlation to the ECG.

The SA node spontaneously beats to begin each activation, and proceeds to activate both atria
and reach the AV node. At the AV node, the activation then enters the His-Purkinje system,
which allows rapid propagation throughout the ventricles to induce a strong and synchronized
contraction. P-wave (green color) represents the spread of electrical impulse through the atrial
musculature (activation or depolarization); QRS complex (black color) represents the spread of
electrical impulse through the ventricular muscle (depolarization); T-wave (blue color)
represents the period of recovery for the ventricles (repolarization). AV node, atrioventricular
node; ECG, electrocardiogram; SA node, sinoatrial node.



1.3 Cellular composition

The wall of the heart is made up of three layers: the epicardium, myocardium, and endocardium
[3]. The myocardium is the middle muscular layer predominantly comprising cardiomyocytes,
fibroblasts, endothelial cells, and vascular smooth muscle cells. Together, these cells maintain
the electric, chemical, and biomechanical function of the organ. Different cell types
communicate with each other via autocrine and paracrine actions of secreted factors, as well as
direct cell—cell interactions. Alterations in these biomechanical inputs can cause adaptive or

deleterious remodeling in the heart.

1.3.1 Cardiomyocytes

The cardiomyocyte is the most important cell component and makes up approximately 75% of
cardiac tissue volume [7]. The properties and functions of cardiomyocytes provide the unique
ability of cardiac contractility, automaticity and rhythmicity. Cardiomyocytes are tightly bound
and connected by gap junctions, through which ions can move. Action potentials (AP)
originating from pacemaker cells excite cardiomyocytes and then spread to adjacent

cardiomyocytes to allow succinct coordinated contraction of the atria and ventricles [8].

1.3.2 Fibroblasts

The major non-myocyte cells in the heart are predominantly fibroblasts, which are widely
distributed and constitute 60%—70% of all cells in cardiac tissue [9]. Cardiac fibroblasts are
mesenchymal in origin; the cells are flat and spindle-shaped with multiple processes sprouting
from the main body [10, 11]. Fibroblasts derive from cardiac resident fibroblasts, endothelial

cells via endothelial-mesenchymal transition (EndMT), epicardium-derived (epithelial) cells
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through epithelial-mesenchymal transition (EMT), as well as perivascular cells, bone marrow-
derived progenitor cells, and circulating fibrocytes; however, the functional relevance or
contribution of each of these sources to fibrosis is unclear [12-15].

Cardiac fibroblasts play a central role in the maintenance of myocardial tissue structure
and function. Unlike cardiomyocytes, fibroblast content increases with normal development and
aging [9]. Fibroblasts are usually resting or quiescent. In response to external stressors,
fibroblasts are activated and differentiate into myofibroblasts, which are more mobile, express
alpha-smooth muscle actin (a-SMA), and acquire a contractile phenotype (Figure 4) [16, 17].
Activated fibroblasts display extensive rough endoplasmic reticulum, which is utilized to secrete
extracellular matrix (ECM) [18]. The global functions of fibroblasts also include proliferation,
migration, and the synthesis/secretion of ECM-regulating molecules such as cytokines, growth
factors, and matrix metalloproteinases (MMPs) (Figure 4) [10]. Fibroblasts respond to a wide
range of mechanical, chemical, and electrical signals, as well as stimuli such as hypoxia [9, 18].
It has been shown to sense mechanical stress via integrins, stretch-activated ion channels, and
second messengers. Mechanical stimulation can induce signal transduction pathways, cell
proliferation, and the upregulation of ECM, MMP, cytokines, and growth factors [9]. Chemical
signals include hormones (e.g. adrenergic stimulation), circulating pro- or anti-inflammatory
cytokines (e.g.interleukin-1 beta [IL-1p], interleukin-6 [IL-6], tumor necrosis factor alpha [TNF-
a]), pro-fibrotic factors (e.g. angiotensin Il [Ang-I1], transforming growth factor-beta [TGF-f],

and platelet-derived growth factor [PDGF]).
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Figure 4. Reciprocal interactions between fibroblasts, cardiomyocytes, and endothelial
cells.

Fibroblasts and cardiomyocytes are responsive to external mechanical stress, and communicate
through chemical and electrical coupling. Many growth factors and cytokines act in an autocrine
and/or paracrine fashion to induce proliferative responses of fibroblasts, hypertrophic responses
of cardiomyocytes and angiogenesis of endothelial cells. Fibroblasts are activated and
differentiate to myofibroblasts which is featured by a-SMA stress fiber. Fibroblasts and
myofibroblasts synthesize and secrete ECM. ECM degradation is controlled by the balance
between functional MMPs and TIMPs. This scheme only depicts some of the factors identified.
a-SMA, alpha-smooth muscle actin; Ang-I1, angiotensin II; ANP, atrial natriuretic peptide; BNP,
brain natriuretic peptide; CT-1, cardiotrophin-1; ECM, extracellular matrix; FGF-2, fibroblast
growth factor 2; IGF-1,insulin-like growth factor-1; IL-33, interleukin-33; LIF, leukemia
inhibitory factor; MMP, matrix metalloproteinase; PDGF, platelet-derived growth factors; TGF-
B, transforming growth factor-p; TIMP, tissue inhibitor of matrix metalloproteinase.

38



1.3.3 Cardiomyocyte—fibroblast communication

Fibroblasts and cardiomyocytes have an extensive, reciprocal communication via several means,
including paracrine signaling molecules and direct contact via gap junctions (Figure 4). Cardiac
fibroblasts induce proliferation of cardiomyocytes through fibroblast growth factor (FGF), ECM,
periostin, and heparin-binding epidermal growth factor (EGF)-like growth factor in a paracrine
fashion [19-21]. IL-6 is also important for maintaining the survival of adult cardiomyocytes [22,
23]. Signaling molecules like Ang-Il, TNF-a and TGF-f are involved in cardiomyocyte
hypertrophy during adaptive and maladaptive cardiac remodeling [24-26]. In turn, most of these
mediators (e.g. Ang-Il, TGF-B, and PDGF) are secreted by cardiomyocytes and trigger fibroblast
proliferation, differentiation, and ECM deposition or turnover [26], with the exception of atrial
natriuretic peptide and brain natriuretic peptide, which suppress the fibrogenic activity of
fibroblasts [27, 28].

The electrical coupling between cardiomyocytes and fibroblasts has been well-
established in vitro. The coupling of cardiomyocyte and fibroblast via gap junctions in culture
system provides the possibility for electrical transmission and contribute to arrhythmogenesis
[29]. Changes in expression of connexin (Cx) 43 in fibroblasts modulate intercellular coupling of
cardiomyocytes [30-33]. However, whether, and how much, of such coupling exists in vivo is
under strong debate. Immunohistochemical studies suggested the localization of Cx and
functional coupling between cardiomyocytes and fibroblasts in native tissues [34-36]. Some
other reports such as one study on rabbit SA node did not support the regular presence of
heterocellular gap junctions in the heart [37]. Recently, potassium (K*) channels have been

identified in fibroblasts and connect with cardiomyocytes in vitro [38, 39].
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1.3.4 Other cell types

The remaining cell types in cardiac tissue are endothelial cells, vascular smooth muscle cells,
resident stem cells, immune cells and neural elements. Endothelial cells are capable of producing
various chemical mediators that contribute to cardiac hypertrophy and fibrosis, such as
endothelin-1 (ET-1). Communication between fibroblasts and endothelial cells affects
angiogenesis during wound healing through FGF and vascular endothelial growth factor (VEGF)
secreted by fibroblasts (Figure 4) [10, 40]. Resident stem cells, or cardiac progenitor cells, have
the potential to differentiate into specific cardiac cells [41-43]. Stem cell therapy reduces
myocardial scar formation and improves overall cardiac function experimentally and clinically
[44-47]. Immune cells, such as macrophages are recruited and infiltrate the myocardium during
cardiac injury and can promote cardiac remodeling by releasing cytokines and MMPs [48, 49].
Neural elements are part of autonomic nervous system which controls the heart rate and is

involved in cardiac arrhythmogenesis [50].

1.4 Cardiac remodeling

Cardiac remodeling is defined as molecular, cellular, and interstitial changes that manifest
clinically as alterations in structure (e.g. dimensions, mass, size, and shape) and function of the
heart [51]. Cardiac remodeling can be classified as physiological (adaptive) or pathological

(maladaptive) [52].

1.4.1 Physiological and pathological remodeling
Physiological remodeling describes the compensatory changes in the dimensions and function of

the heart in response to physiologic stimuli such as endurance exercise and pregnancy. In order
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to maintain or improve LV function and CO, the heart must either increase heart rate (as
observed during transient exercise) or stroke volume (as observed with long-term exercise). The
increase in stroke volume usually appears as increased heart mass, wall thickness, and chamber
size. Physiological remodeling is a reversible and benign adaptation, associated with normal or
enhanced cardiac function. Pathological remodeling, which occurs in cardiovascular diseases, is
irreversible and associated with reduced cardiac function, accumulation of collagen (fibrosis) and
increased mortality [53]. Pressure (or hemodynamic) overload, volume overload, and cardiac
injury are the most observed causes of pathological remodeling. Cardiac injury is typically seen
in MI. It is characterized by cell death and compensatory scar formation in the infarcted cardiac
region, and a combination of volume and pressure load in non-infarcted zones. The different
subtypes of cardiac remodeling share common molecular, biochemical, mechanical, and
electrical alterations. Cellular changes that occur during cardiac remodeling include hypertrophy,
apoptosis or necrosis of cardiomyocytes, and proliferation or differentiation of fibroblasts [54-
56]. These alterations further deteriorate cardiac performance and contribute to the genesis of

cardiac arrhythmias.

1.4.2 Cardiac remodeling and heart failure

Adverse remodeling causes loss or failure of cardiac functions which is heart failure (HF) [51].
Neurohormonal activation including norepinephrine of the sympathetic nervous system,
angiotensin Il (Ang Il), and aldosterone in the renin angiotensin aldosterone system (RAAS), and
endothelin 1 (ET-1), is increased by positive feedback as pathological remodeling progresses and
further deteriorates cardiac performance. This is accompanied by an elevated end-systolic

volume index and reduction in LV ejection fraction. Changes in cardiac function index are
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important predictors of mortality [57]. The transition from pathological remodeling to HF and its

time course vary greatly under different conditions [51].

1.4.3 Atrial and ventricular remodeling

Atrial remodeling has not been investigated as extensively as ventricular remodeling. Atrial
remodeling is often due to LV diastolic dysfunction whereby the atria are adaptively changed to
meet the requirement of pumping more blood into the ventricles. Similar cellular and molecular
changes occur during atrial and ventricular remodeling [58, 59]. Qualitative- and quantitative-
differential remodeling between the two chambers was first reported in dogs with ventricular
tachypacing-induced HF [60, 61]. A clinical analysis found that cardiac remodeling occurred in a
chamber-specific manner and that ECM content was greater in the atrial myocardium compared
to the ventricle myocardium [62]. Various substrates including HF, hypertension, valve disease
and sinus node disease cause atrial remodeling [63-69] and predispose to AF [70]. Atrial
remodeling has emerged as a key pathophysiological mechanism underlying AF [70]. This thesis

focuses on the molecular basis of atrial remodeling and how it provides substrates for AF.

15 AF

AF is a cardiac dysrhythmia (an irregular heart rhythm) in which there is chaotic electrical
activity (at 350-600 beats per minute) in the atria. This causes the atria to quiver instead of
contracting in an organized way. With rapid and irregular impulses traveling to the ventricles, the

ventricles contract at a rapid rate and in an irregular rhythm (Figure 5).
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1.5.1 Epidemiology of AF

AF is the most common sustained clinical arrhythmia associated with high risk for stroke, HF,
thromboembolic events, and mortality [71, 72]. AF can occur at any age and its prevalence
increases markedly with increasing age. The prevalence of AF is close to 2% in people older
than 65 years and 10% in those aged above 80 years. AF is also more prevalent in men than in
women [73]. AF can occur in patients without evident heart disease (so-called lone AF);
however, clinical conditions such as congestive heart failure (CHF), hypertension,
cardiomyopathy, valvular and coronary artery diseases are usually associated with the occurrence

and persistence of AF and contribute to the development of AF substrate [70, 74, 75].

Atrial Fibrillation

Abnormal electrical pathways

/

Electrical signals
fire from multiple
locations instead
of SA node only

Chaotic signals
passing through
AV node

Rapid ventricular impulses

Fibrillating atria, irregular rippling
effect, absent of p-waves

1]

Irregular beating (faster) ventricles (QRS)

Figure 5. An illustration of atrial fibrillation (AF).

The top panel shows the pattern of abnormal electrical pathways in the atria and ventricles. The
bottom panel shows the typical ECG recording of a patient with AF. AV, atrioventricular; ECG,
electrocardiogram; SA, sinoatrial.
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1.5.2 Mechanisms of AF
AF is often initiated by rapid firing (or triggers) from the pulmonary veins. In the early course of
AF, SR can be spontaneously restored. As the substrate remodels further over time, AF becomes
persistent or permanent [75]. Atrial remodeling promotes the occurrence or maintenance of AF
by influencing the fundamental arrhythmia mechanisms, which are ectopic firing (or triggered
automaticity) and reentry [69].

A normal cardiac action potential (AP) is illustrated in Figure 6A. The AP is governed by
a sequence of actions involving the influx and efflux of sodium (Na*), K*, and calcium (Ca%*)
ions. Contractile cells have an AP with a much more stable resting phase and an extended
plateau phase. This property results in an extended refractory period to allow complete
contraction for the heart to pump blood effectively before cells are capable of firing for a second
time. Triggered automaticity is generated in three ways: enhanced automaticity, early
afterdepolarizations (EADSs), or delayed afterdepolarizations (DADs) (Figure 6B and 6C).
Ectopic firing provides triggers for the induction of reentry. When an ectopic beat encounters
refractory tissue in one direction during propagation, it may be able to conduct in faster-
recovering tissue in the other direction. If the impulse traverses the entire circuit slowly enough
for all points to regain excitability, or the conduction time is greater than the longest refractory
period in the circuit, reentry is maintained. The wavelength, which is the distance traveled by an
impulse in one refractory period, or the shortest path length for reentry, determines the size of
functional reentry circuits. Shortened AP refractory periods, slowed conduction velocity, and

increased size/number of waves promote reentry [69].
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Figure 6. (A) A normal cardiac action potential (AP). Phases 0 to 4 occur in sequence and are

shown in different colors with corresponding cellular changes, the responsible ion channels and

currents. The dashed arrows indicate the influx (downward arrow) or efflux (upward arrow) of

ions from the cell. During the effective refractory period (ERP) another AP cannot be generated.

Threshold potential is the voltage at which the cell fires an AP. (B) Enhanced automaticity.

Increased slope of the Phase 4 leads to spontaneous depolarization and next AP occur before one

would normally arise. (C) Early afterdepolarizations (EADs) and delayed afterdepolarizations

(DADs). EADs are caused by excessive AP prolongation, which allows Ca?* channels (Phase 2)
to recover and depolarize the cell leading to the generation of a premature AP. DADs are caused

by spontaneous diastolic Ca?* release leading to more positive membrane potentials and the
firing of a premature AP.
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AF itself causes AF-promoting abnormalities and induces atrial remodeling that makes
spontaneous SR more difficult to recover, then promote the perpetuation of AF [77]. These
findings have led to the theory that “AF begets AF” [76, 77]. There are four principal cellular or
molecular mechanisms contributing to AF: electrical remodeling, Ca* handling abnormalities
(sometimes included in electrical remodeling), autonomic nervous system changes, and structural
remodeling (Figure 7A) [69, 78]. These mechanisms can create or facilitate electrical re-entrant
circuits or triggers that lead to AF. Each mechanism will be described in detail in the following

sections.

15.2.1  Electrical remodeling

AF alters atrial electrophysiological properties, promoting AF induction and maintenance [77].
Electrical remodeling denotes the alterations in atrial electrical properties, including rapid
functional changes and slower alterations in ion channel gene expression. Electrical remodeling
predominantly shortens the atrial refractory period by decreasing action potential duration
(APD). The principle components of electrical remodeling have been identified as decreased L-
type Ca?* current (Ica) carried by L-type Ca?* channels (the mechanism of Ca2* entry into the
cell), increased inward-rectifier K* currents such as background current k1 and the constitutive
acetylcholine-regulated K* current (Ikach), decreased transient outward K* current (li), and

abnormal expression/distribution of the gap junction Cx channels [78-82].
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Figure 7. Principal mechanisms contributing to AF.

(A) The contributions of electrical remodeling, Ca?* handling abnormalities, autonomic nerve
remodeling, and structural remodeling. lon channel expression or functional changes cause
current alternation and abbreviate APD and ERP, providing reentry substrates (Electrical
Remodeling). Atrial structural alterations induce conduction disturbances, facilitating re-entrant
mechanisms (Structural Remodeling). Ca* release causes DADs and induces focal ectopic
firing (Ca?* handling abnormalities); Sympathetic activation increases spontaneous Ca?* release
leading to atrial ectopic beats. Increased vagal activation increases Ikach and shortens APD
(Autonomic Nervous Remodeling), thereby promoting AF. AF causes positive-feedback
enhancement of these pathophysiological changes, allowing AF to become more stable with
time. (B) Fibrotic remodeling contributes to AF. Cardiomyocyte death, fibroblasts proliferation
and excess ECM deposition cause conduction disturbances between cardiomyocytes and impede
electric propagation, favoring reentry. AF, atrial fibrillation; APD, action potential duration;
DADs, delayed afterdepolarizations; ECM, extracellular matrix; ERP, Effective refractory
period; IcaL, L-type calcium current; Ikach, acetylcholine-dependent potassium currents; lka,
background K* current; Iy, transient outward K* current.
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Atrial cardiomyocytes respond by reducing Ca?* influx via lca to prevent potentially
cytotoxic Ca®* overload. Reduced lca decreases the influx of positive ions (Ca?*) into the cell
(Figure 6A, Phase 2), favoring APD shortening and AF perpetuation [78]. Sustained AF causes
more persistent lca. decreases, predominantly via downregulation of L-type Ca?* channel subunit
MRNA or via posttranscriptional mechanisms [78]. Oxidative stress, zinc homeostasis related
protein ZnT-1 and tyrosine kinases are found to play an important role in Ica. changes [83-85].
Ik1, which controls the cardiomyocyte resting potential, (Figure 6A, Phase 4) is formed by Kir2-
family subunits, especially Kir2.1 [69]. AF increases expression of Kir2.1 mRNA and protein,
enlarging k1 and abbreviating APD [81, 86]. The inward-rectifier K* current Ikacn is activated by
acetylcholine which is released from vagal nerve endings mediating cardiac parasympathetic
effects. Increased lkacn causes cell-membrane hyperpolarization and promotes AF by stabilizing
atrial reentry [69]. Different from Ik1, Ikach enhancement in AF is not due to increased
expression of the underlying ion channel subunits but increased protein kinase C-mediated
phosphorylation [82, 87]. I, produces an outward-current component that oppose inward Na*
current during the AP upstroke (Figure 6A, Phase 0). So the reduced I, may facilitate wave
propagation by indirectly increasing AP amplitude rather than shortening APD [78]. Reduction
of mRNA and protein level of its pore-forming subunit Kv4.3 was seen in dog model of AF [88].
Increased proteolysis via calpain, and protein phosphatase calcineurin are suggested to suppress
Kv4.3 expression in AF [89, 90]. Comparatively, less is certain about gap junction remodeling in
AF [91]. Time-course changes in the distribution and content of Cx40 were observed in a goat
AF model [92]. Clinical evidence was also provided on the link of Cx40 genetic variance and AF

vulnerability [93, 94].
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15.2.2 Ca?* handling abnormalities

Abnormalities in Ca?* handling can cause EADs and DADs. EADs generate abnormal
depolarizations at plateau potentials. DADs cause cell firing either as a single ectopic beat or as a
sustained tachycardia (Figure 6B and 6C). Any change that enhances diastolic Ca?* loading will
favor Ca?* extrusion from the cell through the Na*/Ca?" exchanger (NCX) which produces a
depolarizing current causing arrhythmogenic DADs and producing triggered activity. Cytosolic
changes that favors DADs include enhanced phospholamban phosphorylation, protein kinase A
(PKA) and Ca?*/calmodulin-dependent protein kinase 11 (CaMKII) activity, calsequestrin
deficiency and increased open probability of the ryanodine receptor type 2 (RyR2) through
which Ca?* leaves the sarcoplasmic reticulum (the principal Ca?* storage organelle) to produce
Ca?*-induced Ca?* release, and these changes were important contributor to AF-related ectopic
activity [69, 78]. In addition, Ca?*-activated K* channels (SK channel) activated by increased
levels of intracellular Ca2* can abbreviate the APD [95]. These abnormalities may be due to

underlying heart disease or genetic pre-disposition.

1.5.2.3  Autonomic nerve remodeling

Autonomic nervous system activation can induce significant changes in atrial electrophysiology
and induce AF [96]. Heterogeneously increased atrial sympathetic innervations was documented
in dogs with pacing-induced AF or ventricular myocardial infarction [97, 98]. Increased
sympathetic nerve densities were also found in AF dogs and patients [99, 100]. The sympathetic
and parasympathetic nervous subsystems have been implicated in regulating atrial
electrophysiology, and both play a critical roles in the initiation of AF [70, 101, 102].

Sympathetic activation via adrenergic activation through beta-adrenoceptors (primarily 1-
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receptors) increases spontaneous Ca?* release by altering lcaL, RyR2 open probability, and
phospholamban phosphorylation (governing sarcoplasmic reticulum Ca?* load), and promote
arrhythmogenesis. Adrenergic drive is required to manifest Ca®* release and ectopic activity in a
canine model of atrial ischemia [103]. In addition, slow delayed rectifier K* current (Is, Figure
6A, Phase 3) and Ik: are regulated by adrenergic activity. Ica., Iks and lkz are closely related to
the occurrence of enhanced automaticity and EAD. The parasympathetic or vagal stimulation via

cholinergic activation causes increased constitutive Ikachand APD shortening [96].

1.5.2.4  Structural remodeling

Atrial structural remodeling includes atrial hypertrophy, dilation, necrotic and apoptotic cell loss,
and fibrosis. Atrial dilation increases the amount of atrial tissue and promotes AF by increasing
circuit path space so that larger reentry circuits can be supported and/or a larger number of
circuits can be accommodated. Atrial dimensions are an important determinant of the occurrence
of multiple-circuit reentry, and a clinical predictor of AF maintenance [104]. In contrast, fibrosis
mainly interferes with local atrial conduction by disturbing the continuous cable-like
arrangement and impairing the mechano-electric coupling of cardiomyocytes (Figure 7B) [63,
105]. A study using a pacing sheep model concluded that electrical remodeling is sufficient to
induce spontaneous AF maintenance, while structural changes are necessary for longer-lasting
persistent AF [106]. After full hemodynamic recovery from CHF, atrial dilation resolves but

fibrosis remains, which probably underlies the AF inducibility [105].

1.6 Fibrosis

1.6.1 Description
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In general, tissue fibrosis is a scarring process characterized by fibroblast accumulation and
excess deposition of ECM proteins. Fibrosis leads to distorted organ architecture and function
[107]. Cardiac fibrosis is similar to fibrosis in other organs such as the liver, lungs, and kidney;
there is excessive ECM deposition, as well as the accumulation of activated fibroblasts and
mononuclear infiltrate [108, 109]. Fibrosis manifests in two forms: reparative and reactive
fibrosis. Reparative (or replacement) fibrosis often refers to scarring or wound healing and
usually accompanies cardiomyocyte death. This is typically seen after acute cardiac injury such
as MI. Reactive fibrosis appears as interstitial or perivascular deposits and is not directly
associated with cardiomyocyte death. Cardiac fibrosis is initially an adaptive response aimed to

preserve the capacity or function of the heart [110, 111].

1.6.2 Atrial fibrosis and AF

Atrial fibrosis is an important factor in the progression from paroxysmal to persistent and
permanent AF [105]. Fibrotic replacement between cardiomyocytes causes conduction delays
and allows for alternate pathways of conduction [69]. Atrial fibrosis is sufficient, but it is not
necessary, for the induction of AF. Canine models of HF have demonstrated a progressive
increase in AF inducibility with increasing fibrosis [63, 112]. Chronic fibrosis induced by
chronic rapid ventricular pacing or overexpression of TGF-1 significantly increased AF
susceptibility [113, 114]. However, atrial biopsy samples from patients with lone AF revealed
that 25% of these patients exhibited no hallmarks of atrial fibrosis; subsequently, a goat model of
AF was developed without significant evidence of atrial fibrosis [115, 116]. AF is also capable
of enhancing atrial fibrosis. It has been shown that AF patients with normal sized atria upon

diagnosis showed structural remodeling of the atria over a subsequent period of 20 months [117].
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1.6.3 ECM

Imbalance between ECM deposition and degradation is the main cause of cardiac fibrosis. The
ECM includes a variety of proteins such as collagens, proteoglycans, glycoproteins, and
proteases. The ECM serves several purposes under physiological conditions including providing
scaffolding for all cardiac cells, transducing mechanical signals to individual cells, and
electrically separating the atria and the ventricles [108]. However, excessive ECM deposition
throughout the myocardium results in pathological remodeling: (1) it increases mechanical
stiffness and diastolic dysfunction; (2) it disrupts electrical coupling between cardiomyocytes,
leading to impaired cardiac conduction (Figure 7B); and (3) it can lead to perivascular fibrosis
which may decrease the flow of oxygen and nutrients [118-120]. Fibroblasts are responsible for
ECM homeostasis due to their ability to secrete and breakdown proteins that form the ECM.
ECM accumulation is a secondary effect influenced by signaling pathways induced by cytokines,

growth factors, hormones, cellular transformation, and physical stress [121].

1.6.3.1  Collagen and fibronectin

Increased production or accumulation of collagens is the hallmark of tissue fibrosis. There are
more than 30 types of collagen and collagen-related proteins but the most abundant type is
collagen 1 [122]. Collagen type | and type Il comprise approximately 90% of all collagen in the
heart, responsible for maintaining the structural integrity of myocardial tissue [122]. Collagen
type | is characterized by thick fibers that confer stiffness and resistance to stretch and
deformation; it contributes to systolic and diastolic dysfunction in cardiomyopathy [123].
Procollagen is secreted to the extracellular space where it undergoes further processing,

including cleavage, aggregation, and crosslinking to fibrils and fibers. The deposited mature
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collagens with decreased digestibility in the myocardium contribute to myocardial fibrosis and
dysfunction [124]. Synthesis and deposition of collagens are highly coordinated processes, and
are regulated by autocrine and paracrine factors such as Ang-11, TGF-B, and aldosterone [125]. In
addition to secretion, changes in the degree of collagen crosslinking is also associated with
cardiac function [126].

Less abundant ECM molecules in the myocardium include collagen types 1V, V, and VI,
fibronectin, fibrillin, elastin, and laminin [127]. Different cardiac pathologies have different
ECM characteristics. Fibronectin is a dimeric glycoprotein that connects cardiomyocytes to
collagen fibers, and influences diverse cellular properties including adhesion, growth, and wound
repair [128]. Fibronectin has been shown to interact with collagen type I and is critical for
collagen fibril formation in vivo [122]. It also plays an essential role in the assembly of fibrillin-1
into a structural network [129]. In HF and AF, fibronectin-1 and fibrillin-1 are upregulated and

correlate with increases in collagens [130, 131].

1.6.3.2  MMP and Tissue inhibitors of MMP (TIMP)
Fibroblasts modulate the degradation of ECM by altering the expression of MMPs and their
natural inhibitors, TIMPs. MMPs are a family of zinc-dependent endopeptidases and in most
cases are secreted to the extracellular space as inactive pro-MMPs. Twenty-six human MMPs
have been identified, and all are extracellular including the membrane-bound ones like
membrane-type | MMP (MT1-MMP) [132, 133]. In contrast, there are only 4 types of TIMPs,
TIMP-1 to -4. TIMPs can directly inhibit the proteolytic activity of activated MMPs [134].

It was reported that MMP-9 expression or activity was increased in an atrial-paced canine

model with HF and AF patients [62, 135, 136]. Upregulation of MMP-2 and downregulation of
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TIMP-1, TIMP-2, and TIMP-4 were also observed in AF atria [136-138]. However, in a rapid-
pacing sheep and porcine model, MMP-2 expression was decreased and TIMP-1/2/3 expression
was increased [106, 139]. A delicate balance between MMPs and TIMPs in ECM degradation is
seen in AF [62, 130, 135]. Expression of MMPs and TIMPs can be regulated by neurohormonal
peptides, Ang-I1, growth factors (e.g. TGF-B), inflammatory cytokines (e.g. IL-1a and TNF-a),
and reactive oxygen species (ROS) [140-142]. The detailed fibrogenetic signaling pathways

related to ECM turnover will be explained in the following sections.

1.7 Molecular regulation of atrial fibrosis

The molecular mechanisms that lead to the development of atrial fibrosis are highly complex
(Figure 8).Yet the precise mechanisms and signaling pathways involved remain to be clarified.
Expression of pro-fibrotic or anti-fibrotic proteins can be regulated by transcriptional and post-

transcriptional modification, which will be detailed in the following sections.

1.7.1 Transcriptional regulation
1.7.1.1 Ang-l11

Ang-11 is part of the renin-angiotensin system that helps regulate blood pressure. Ang-I1
is converted from Ang-1 and binds to Ang-I1 receptors type | (AT-1) and type 1l (AT-2), which
induce opposing responses. The activation of AT-1 by Ang-I11 activates mitogen-activated protein
kinases (MAPKSs), which stimulate proliferation of fibroblasts [143, 144]. The phosphorylation
cascade includes orderly activations of Src family, small GTPase Ras, and serial activation of
extracellular signal-regulated kinases (ERK)-related kinases [142]. Transcription factors

activated by the Ang-11 pathway include activating protein-1 (AP-1), nuclear factor-kappa B
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(NF-xB), and signal transducers and activators of transcription (STAT) [145]. In vascular smooth
muscle cells and cardiomyocytes, Ang-11 signaling cascade induces Ca?* release from
intracellular stores by activating protein kinase C (PKC), cellular hypertrophy, and apoptosis
[146-148]. In contrast, activation of AT-2 inhibits MAPK resulting in anti-proliferative effects,
which supports cell survival [149, 150].

Many studies support the role of Ang-Il in AF. Overexpression of cardiac-specific
angiotensin-converting enzyme (ACE) causes atrial fibrosis and cardiac arrhythmia in mice
[151]. In clinical studies, Ang-Il concentrations are elevated and ERK activation is increased in
patients with atrial fibrosis and AF development [143]. Furthermore, several studies in patients
with CHF and animal models of AF have shown that ACE inhibitors and angiotensin-receptor

blockers (ARBs) reduce atrial fibrosis and the occurrence of or vulnerability to AF [152-155].
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Figure 8. Known pro-fibrotic signaling pathways in the heart.

Signaling pathways induced by Ang-I1, TGF-B, oxidative stress, CTGF, PDGF, and TRP
channels are depicted. MAPK is a central downstream mediator of oxidative stress, Ang-II
(AT1R), TGF-B, CTGF, and TRP channels. Multiple transcription factors participate in the
activation of gene transcription responsible for proliferation and differentiation of fibroblasts, or
ECM synthesis including collagens, MMPs and TIMPs. Bold arrows indicate direct activation
and dash arrows indicated indirect activation. Ang-Il, angiotensin Il; AT1R, angiotensin 11 type |
receptor; CTGF, connective tissue growth factor; ECM, extracellular matrix; JAK, Janus kinase;
MAPKSs, mitogen-activated protein kinases; MMPs, matrix metalloproteinases; NADPH,
nicotinamide adenine dinucleotide phosphate; PDGF, platelet-derived growth factor; PDGFR,
platelet-derived growth factor receptor; PLC, phospholipase C; PKC, protein kinase C; ROS,
reactive oxygen species; SMADs, contraction of Sma and Mad (Mothers against
decapentaplegic); STAT, signal transducers and activators of transcription; TGF-p, transforming
growth factor-beta; TIMPs, tissue inhibitor of matrix metalloproteinases; TRP, transient receptor
potential.
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1.71.2  TGF-B

There is accumulating evidence to suggest a critical role for TGF-B1 in atrial fibrosis and AF
pathogenesis. TGF-B1 is a growth factor belonging to the TGF-f family involved in many
cellular process including cell growth and cell differentiation. It can be upregulated by Ang-11
and norepinephrine [156, 157]. TGF-B1 induces signaling cascades through binding to
serine/threonine kinase receptors and phosphorylating the SMAD family of intracellular signal
transducers. The most important responsive gene of TGF-B1 related to fibrosis is collagen type |
[140]. TGF-B1 can also upregulate MMP-2 and membrane-type MMPs in fibroblasts [156, 158].
In addition to the SMADSs, transcription factors that participate in TGF-B1 signaling include c-
Jun, AP-1, activated transcription factor-2, and Elk-1 [145]. Other than pro-fibrotic effects, TGF-
B1 is involved in immunosuppression and tumor suppression as it is anti-proliferative in
epithelial cells [159]. TGF-pB1 signaling is upregulated in porcine fibrillating atria, canine CHF
atria, and in clinical patients with AF [61, 160, 161]. Transgenic mouse models overexpressing
TGF-B1 exhibit atrial-selective fibrosis [114]. TGF-B1 monoclonal antibodies are shown to
reduce ECM expression and prevent fibrosis and diastolic dysfunction [162, 163]. The use of
TGF-p production inhibitor pirfenidone reduced arrhythmogenic atrial remodeling and AF

vulnerability canine model of HF [164-166].

1.7.1.3  Inflammation and oxidative stress

As previously mentioned, inflammatory mediators such as IL-1p3, TNF-a, and IL-6 modulate
fibroblast behavior by activating transcription factors like NF-kB and AP-1 through ERKSs, JNK,
p38, or ROS. By activating MMP activity, inflammatory cytokines are important regulators of

ECM protein turnover [167-169]. Inflammatory infiltrates have been found with fibrosis in atrial
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tissue of patients with AF and in a canine model [115, 170, 171]. Atrial fibrosis and
susceptibility to AF increase by overexpressing TNF-a. in a transgenic mouse model [172]. ROS
arises from oxidative stress through the activation of nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase. It activates similar pathways to the inflammatory pathways which
are activated in both cardiomyocytes and fibroblasts. The recognized functions of ROS include
increasing fibroblast proliferation and collagen expression, as well as maintaining balance
between MMP and TIMP activities [173, 174]. Treatment with anti-inflammatory and anti-
oxidant agents appear to reduce atrial structural remodeling and the recurrence of AF [155, 175,

176].

1.7.1.4 CTGF

CTGF is a cysteine-rich mitogenic protein secreted in connective cells, e.g. fibroblasts. The
specific receptor for CTGF has yet to be identified but binding to integrins and heparin is
essential for CTGF activity [177]. CTGF can trigger many of the cellular processes that
contribute to fibrogenesis, such as cell proliferation, adhesion, migration and ECM synthesis
[178]. There are TGF-B1 responsive elements localized in the CTGF promoter site and CTGF is
coordinately expressed with TGF-p1 [178-180]. In addition to TGF-B1, a number of regulators of
CTGF expression have been identified, including Ang-Il, VEGF, TNF-a, shear stress, cell
stretch, and ROS. CTGF can directly bind matrix components such as fibronectin, and it
functions as a molecular bridge aiding in the integration between extracellular and intracellular
signaling networks [181, 182]. CTGF acts through Racl to activate the mixed-lineage protein
kinase 3 (MLK3)/JNK pathway and trigger collagen | expression [183]. Adam et al. showed that

the left-atrial fibrosis in patients with AF was associated with elevated expression of CTGF,
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which contributed to the Ang-1l-induced signal transduction during the atrial fibrogenesis [184-
186]. CTGF is upregulated in the atrial tissue of AF dogs, and patients with chronic AF, and
higher baseline level of serum CTGF is associated with the AF recurrence in patients with non-
paroxysmal AF following catheter ablation [187-189]. All these suggest the important role of

CTGF in AF pathogenesis.

1.7.1.5 PDGF
PDGF is a member of the VEGF family and is known to stimulate proliferation, migration, and
differentiation in multiple types of cardiac cells. PDGF precursors including A-, B-, C-, and D-
chains are synthesized and undergo processing and intracellular assembly before secretion.
PDGF-A and -B are induced by early growth response factor-1 (Egr-1) and Krippel-Like Factor-
5 (KLF5) activated by Ang-11 [190]. PDGF homo- or hetero-dimers, including PDGF-AA, -AB,
-BB, -CC, and -DD bind to PDGF receptor dimmers (PDGF receptor aa, af, or Bf3). The
expression level and mitogen effects of PDGF isoforms differ in different cardiac cell types.
After PDGF binds to its receptor, PDGF receptors dimerize and activate a tyrosine kinase (e.g.
Janus kinases, JAKS) that initiates the RAS/ERK1, phosphoinositide 3-kinase (PI3K)/AKT,
JAK/STAT, or phospholipase C (PLC)/PKC signaling pathways. PDGFs elevate the
transcription of mitogenic genes such as c-Myc and Fos [69, 191]. However, the detailed
signaling pathways triggered by PDGF in fibrogenesis remain poorly understood.

Transgenic mice with cardiac-specific overexpression of PDGF-A/-C/-D show cardiac
fibrosis followed by HF or early lethality [192, 193]. PDGF-D promotes fibrogenesis through
activation of the TGF-f1 pathway, which exerts positive feedback on PDGF-D synthesis [194].

PDGF receptor blockade significantly suppresses fibrogenesis in non-infarcted myocardium
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post-MI [195]. Thus, PDGF is a crucial molecule that mediates cardiac fibrosis. In addition,
PDGF is associated with atrial-selective fibroblast hyper-responsiveness observed in
experimental HF model [196, 197]. In addition, administration of PDGF-AA promoted atrial
fibrosis and enhanced AF susceptibility in normal hearts; Injection of neutralizing PDGF
receptor a-specific antibody attenuated atrial fibrosis and AF inducibility in pressure-overloaded
hearts [197]. Furthermore, PDGF released by myofibroblasts contributes to electrical remodeling
by shortening the APD and reducing the density of IcaL in cardiomyocytes [198]. All this

evidence suggests the important role of PDGF in atrial fibrosis and AF.

1.7.1.6  JAK-STAT pathway

JAK belongs to a family of non-receptor protein tyrosine kinases comprising JAK1, JAK2,
JAKS3, and Tyk2. Each JAK is associated with particular cytokine receptors. STATS are latent
transcription factors that reside in the cytoplasm until activated. Seven mammalian STATSs have
been identified: STATL, 2, 3, 4, 5A, 5B, and 6. More than 30 cytokines and hormones can
activate the JAK-STAT pathway, including Ang-Il, PDGF, IL-6, interferons alpha/beta/gamma
(IFN-a/B/y), cardiotrophin-1 (CT-1), and leukemia inhibitor factor (LIF) [199]. When ligands
bind to the receptor, two JAKSs are brought into close proximity allowing cross-phosphorylation
of tyrosine residues on each JAK. Activated JAKSs subsequently phosphorylate the receptor and
STATS on the tyrosine sites. Phosphorylation permits dimerization and translation of STATS into
the nucleus. STAT dimers bind to DNA and other gene regulatory proteins and stimulate the
transcription of target genes [200]. JAKSs also phosphorylate other signaling proteins, linking
JAK signaling to pathways such as MAPK [201]. The responsive genes of the JAK-STAT

pathway include cell-cycle progression genes such as Fos, cyclin-D, c-Myc, and
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angiotensinogens [190, 202]. Therefore, the JAK-STAT pathway plays a key role in cytokine-
mediated signal transduction leading to cell growth, differentiation, and death. The JAK-STAT
signaling pathway is illustrated in Figure 9.

The JAK-STAT pathway participates in CTGF-induced proliferation and differentiation
of human hypertrophic scar fibroblasts [203]. STAT3 mediates IL-6-induced cardiac collagen
upregulation during hypertrophy in rats [204]. Ang-I1 is found to activate STAT3 via Racl in
atrial fibroblasts and cardiomyocytes in vitro, as well as in the atrial tissue of patients with
permanent AF [205, 206]. STAT1 and STAT3 are activated and nuclear translocation of STAT3
is increased in a pacing-induced sustained AF model [207]. In addition, the JAK-STAT pathway
is involved in cardiomyocyte hypertrophy, ventricular remodeling, and decreased expression of
L-type Ca?* channel [202, 207].

Thus far, evidence linking PDGF stimulation and the JAK-STAT pathway is limited.
PDGEF is known to induce phosphorylation of the JAK family (JAK1, JAK2, and Tyk?2) and
STAT proteins (STATL1, STAT3 and STATS5), accompanied by specific DNA binding activities
[208, 209]. STAT6 and JAK1 are common elements in PDGF and IL-4 signaling in fibroblasts
[210]. One recent study found that STAT3-mediated Myc expression is required for PDGF-
induced mitogenesis [211]. JAK1 and JAK2 inhibitors, such as INCB16562 and Ruxolitinib
(INCBO018424) have been used clinically for the treatment of myelofibrosis [212, 213]. The
STATS3 selective inhibitor cryptotanshinone relieves cardiac fibrosis in acute myocardial
infarction by downregulating Ang-1l-induced ERK1/2 phosphorylation and upregulating the
expression of MMP-2 [214, 215]. Another STATS3 selective inhibitor S31-201 decreases collagen
synthesis in hypertrophied hearts [216]. In addition, S31-201 can protect against Ang-l1-induced

oxidative stress, endothelial dysfunction and hypertension [217].
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Figure 9. Schematic representation of JAK-STAT signaling.

Binding of cytokines or hormones cross-links adjacent receptors, leading to cross-phosphorylation of JAKs and phosphorylation on
the receptors. The STATS that dock on the receptor are phosphorylated by JAKSs. After dissociation from the receptor, the STATs
dimerize and migrate into the nucleus where they bind to DNA and other gene regulatory proteins to activate gene transcription. JAKs
also phosphorylate other signaling proteins such as MAPKs and PI3K. MAPK, mitogen-activated protein kinase; JAK, Janus kinase;
P, phosphorylation; PI3K, phosphoinositide 3-kinase; STAT, signal transducers and activators of transcription.
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1.7.1.7 Transient receptor potential (TRP) channels

Recently, TRP channels were found to be Ca?* permeable channels in fibroblasts and are
associated with fibroblast proliferation and differentiation [218, 219]. TRP channels are sensitive
to mechanical stretch, chemical stimuli, oxidative stress and intracellular Ca?* concentration
[220, 221]. TRP canonical 3 (TRPC3) is a non-selective cation channel implicated in cellular
Ca?" entry, particularly in the response of fibroblasts [222]. TRPC3 enhances fibroblast
proliferation and differentiation via Ca®* dependent ERK1/2 signaling [219]. Atrial fibroblast
TRPC3 current is increased in canine models of AF and protein expression is upregulated in
clinical AF [219].

Taken together, there is a highly coordinated network of pro-fibrotic signaling pathways
with many reactive regulators involved. Cytoplasmic effectors including signaling transducers
and transcription factors overlap among the different pathways. There is cross-regulation among
the secreted regulators as well. The regulatory network is summarized in Figure 10. Note that in
addition to MAPKSs (shown in Figure 8), JAK-STAT is a potential signal transducer of multiple

pro-fibrotic cytokines and growth factors (Figures 9 and 10).

1.7.1.8  Histone modification

Histone deacetylase (HDAC) reverses the action of histone acetyl transferases by removing
acetyl groups from lysine residues on histones and non-histone regulators of transcription,
leading to chromatin condensation and transcriptional repression [223]. Cardiac-specific
knockout of HDAC3 (class | HDAC) or Sirtuin 3/6 (class 111 HDAC) in mice revealed severe
ventricular hypertrophy and fibrosis [224-227]. On the other hand, HDAC inhibition appears to

reverse atrial fibrosis, Cx40 remodeling, and atrial arrhythmia vulnerability dependent or
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independent of Ang-I11 stimulation [228]. Thus, histone modification also participates in the
atrial-fibrotic response. Histone modification, together with chromatin remodeling, DNA
methylation and non-coding RNA are epigenetic alterations that occur in HF [229]. Among
these, only microRNA (miRNA, miR), a class of small non-coding RNAs, has been intensively
studied in atrial fibrogenesis. The post-transcriptional regulation achieved by miRNAs will be

discussed in the following section.

Cardiac stress
(mechanical stretch or injury)

4

Norepinephrine Ang-ll Inflammatory cytokines
\ / 4 (TNF-aorlL-6)
TGF-p1 /
PDGF. |
N NAD(P)H oxidase
JAK-STAT or ROS

Figure 10. Regulatory network of the fibrotic factors secreted in the heart.

Under cardiac stress, such as mechanical stretch or cardiac injury, multiple cytokines and growth
factors are released and active the downstream signaling pathways and cross-regulate other pro-
fibrotic regulators. For example, Ang-11 increases TGF-B1, CTGF, and PDGF expression, while
TGF-B1 activates CTGF and PDGF. JAK-STAT is a common downstream signal transducer of
Ang-Il, IL-6, PDGF, and CTGF. JAK-STAT can induce Ang-11 expression. Ang-11, angiotensin
I1; CTGF, connective tissue growth factor; IL-6, interleukin 6; JAK-STAT, Janus kinase—signal
transducers and activators of transcription; PDGF, platelet-derived growth factor; ROS, reactive
oxygen species; TGF-B1, transforming growth factor-beta type 1; TNF-a, tumor necrosis factor
alpha.
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1.7.2 Post-transcriptional regulation

1.7.21 MiRNAs

MiRNAs are short naturally-occurring interfering RNAs, which are evolutionarily conserved.
Mature miRNAs are single-stranded with 18-24 nucleotides. To date, more than 1400 miRNAs
have been identified in the human genome, and appear to regulate the expression of more than
60% of protein-coding genes [230]. Each tissue or disease condition has its own miRNA
expression profile. In most cases, altered expression of miRNAs leads to a modest 1.5- to 4-fold
change in protein expression of their target genes. However, if a miRNA is sufficiently abundant

it can behave as a “switch” to turn some genes on or off [231].

1.7.2.2  MIRNA biogenesis and functions

Most miRNA genes are located in introns, exons and untranslated regions (UTRS) of protein-
coding genes. MiRNAs can be independent transcription units, or co-expressed with host genes
[232]. MiRNAs are transcribed as pri-miRNAS, which contain one or more mature miRNA
sequences. Pri-miRNAs are cleaved by endonuclease Drosha, creating pre-miRNAs that are 60—
100 nucleotide hairpin structures. Pre-miRNAs are then transported to the cytoplasm and further
processed by Dicer, another endonuclease that releases a functionally active, mature miRNA
duplex with a length of ~22 nucleotides. The mature single-stranded short nucleotide sequence,
which is called the “seed strand” is incorporated into the RNA-induced silencing complex
(RISC), allowing the recognition of target mMRNA and the formation of a miRNA:mRNA duplex

(Figure 11) [232].
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Figure 11. Schematic representation of miRNA biogenesis and functions.

MiRNAs are transcribed as pri-miRNAs by RNA Polymerase 11, and cleaved to pre-miRNAs by
Drosha. Pre-miRNAs are then transported to the cytoplasm and further processed by Dicer,
producing mature miRNA duplexes. The “seed strands” of miRNAs are then released and
incorporated into the RISC that binds with high affinity via “seed sequences” to the
complementary sequences of mMRNAs. This partial complementary binding interferes with
protein translation from the target mMRNA, reducing its protein expression. Perfect
complementary binding destabilizes target mMRNA, reducing mRNA and protein expression.
MIRNA, microRNA; mMRNAs, messenger RNAS; Pri-miRNA, primary miRNA; Pre-miRNA,
precursor miRNA; RISC, RNA-induced silencing complex; 3°-UTR, 3’-untranslated region.

66



The complementary binding sites reside at the seed region at nucleotides 2—8 of the
miRNA, and 3’-UTR of the binding mMRNA. The gene-repression function of miRNA occurs
either through translational silencing of mRNA through partially complementary or “imperfect”
binding, or degradation of mMRNA when miRNA:mRNA binding is perfectly complementary
( Figure 11). Translational repression predominates in humans; however, in rare cases miRNAs
can switch their negative regulatory function towards gene activation [233]. The nature of partial
complementarity of miRNA:mRNA binding allows for high flexibility — one miRNA can target
hundreds of genes, and one gene can be regulated by multiple miRNAs [234, 235]. The
miRNA:mRNA interaction is influenced by other variables, such as miRNA binding site
accessibility, RNA secondary structure, position of the binding site in the 3’-UTR, and reciprocal
interference between different miRNAs sharing the same target [232, 236]. Although the
regulation of miRNA expression has not been fully uncovered, miRNAs are able to control their
own expression by positive or negative regulatory loops [237]. Also, DNA and histone

modifications also modulate miRNA transcription [238].

1.7.2.3 MiRNAs and AF

MiRNAs play important pathophysiological roles in development and in various cardiac
conditions. Studies have revealed altered miRNA expression in the atrial tissue and blood of
animal models and patients with AF [239]. MiRNAs are relatively stable molecules and easily
detectable in plasma and serum. Several circulating miRNAs have been suggested as potential
biomarkers for AF [239]. For example, miR-150 level was decreased in the plasma of patients
with paroxysmal and persistent AF [240]. MiR-29b was reduced in the plasma of patients with

CHF or AF, and was further decreased in patient with CHF and AF [241]. And miR-328 was
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associated with prevalent AF [242]. However, none are currently used as biomarkers or as

treatment options for AF.

1.7.24  MiRNAs in AF-associated electrical remodeling

MiRNAs are known to exert their functions in the AF paradigm by targeting electrical
remodeling, Ca?* handling abnormalities and structural remodeling. Several miRNAs have been
implicated in altering ion channel expression and current, such as Iki and Icar. Levels of miR-1
were found to be reduced in patients with persistent AF, with an increase in Kir2.1 expression; a
reduction of miR-1 expression may enhance lk: [243]. In contrast, another study on rabbit with
atrial tachypacing suggested that miR-1 upregulation abbreviates atrial ERP by targeting K*
channel subunit voltage-gated potassium channel subfamily E member 1 (minK) and voltage-
gated potassium channel subfamily B member 2 (Kv2.2) [244]. Luo et al. found that miR-26
isoform expression was reduced in atria from dogs and patients with AF, and miR-26 had a
protective role in AF by targeting Kir2.1 and governing lk: [245]. MiR-208a-knock out mice
developed frequent spontaneous AF with unknown mechanism [246]. MiR-21 and miR-328 are

pro-arrhythmic miRNAs that upregulated AF dogs or patients — they both decrease Ica. by

reducing expression of L-type calcium channel o and  subunits [247, 248]. MiR-499 was also
found to be upregulated in AF patients and it targets and downregulates small conductance
calcium-activated potassium channel protein 3 (SK3) [249]. The uncovered miRNA functions

contributing to AF-associated electrical remodeling are summarized in Table 1.
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Table 1. MiRNAs related to AF-associated electrical remodeling

MiRNA o : .
(change in AF) Model Target(s) Target validation Potential role in AF
AF patients KCNJ2 N.A. Miviat Kir2.1 [243]
miR-1(]/1) . -
: KCNEL,KC . : ks, JAERP via [minK  [244]
ATP rabbits NB2 In vivo functional assay and Kv2.2
Reporter gene assay; target protein .
miR-21(1) Chronic AF patients CACNALC changes in mimic/silencing Ueavia JAPD |Cavl.2  [247]
CACNB2 . ; and Cavp1
miRNA transfection
AF patients; ATP
MiR-26(1) dogs;_mlce subjected KCNI2 Repo_rter gene assay; in vivo Mt via Kir2.1 [245]
to atrial-programmed functional assay
stimulation
i . . Maintain expressions of  [246]
miR-208a(|) miR-208a-Tg mice Unknown  N.A. Cx40, Hop and GATA4
AF patients; ATP Reporter gene assay; target protein
MiR-328(1) dogs; miR-328-Tg CACNAI1C changes in mimic/silencing llcaL latrial APD via | [248]
! mice; miR-328- CACNB1 miRNA transfection; in vivo Cavl.2 and Cavpl
knockdown-Tg mice functional assay
Reporter gene assay; target protein [249]
miR-499(7T) AF patients KCNN3 changes in mimic/silencing Llksvia | SK3

miRNA transfection

AERRP, atrial effective refractory period; AF, atrial fibrillation; APD Action potential duration; ATP, atrial-tachypacing; CACNA1C,

L-type calcium channel a subunit (Cavl1.2); CACNBL; L-type calcium channel B subunit (Cavp1); Cx40, connexin 40; GATAA4,
GATA binding protein; Ica. L-type calcium current; Ik: background K™ current; Iks, slowly activated delayed rectifier potassium
current; KCNB2, voltage-gated potassium channel subfamily B member 2, (K,2.2); KCNEL, voltage-gated potassium channel

subfamily E member 1(minK); KCNJ 2, inward-rectifier potassium channel 2 (Kir2.1); KCNN3, small conductance calcium-activated
potassium channel protein 3 (SK3); N.A., not applicable; Tg, transgenic.
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1.7.2.5  MiRNAs involved in cardiac fibrosis

According to the literature, more than 10 miRNAs have been associated with cardiac fibrosis by
targeting pro- or anti-fibrotic genes, ranging from regulatory cytokines, growth factors, signal
transducers, and ECM proteins. The role of miRNAs in cardiac fibrogenesis and target genes of
these miRNAs are summarized in Table 2. Within these miRNAs, some have been shown to
have direct pro- or anti-fibrotic effects in vivo (e.g. miR-21, miR-29b, and miR-133); some
modulate fibroblast proliferation and differentiation in vitro (e.g. miR-26); while some regulate
ECM production (e.g. miR-17, miR-18, miR-19), though direct links to cardiac fibrosis have yet
to be revealed. Some miRNAs are involved in ventricular fibrosis (e.g. miR-208, miR-22 and
miR-24), some are directly associated with AF-induced atrial remodeling (e.g. miR-21, miR-26,
miR-29b, miR-133, and miR-590). Here we focus on the pro- or anti-fibrotic miRNAs that have

been implicated to play a role in AF-associated atrial fibrosis.

MiR-21

MiR-21 has been intensively studied in models of hypertrophy and MI (mouse and rat) [250-
252]. MiR-21 is confirmed to target and suppress expression of sprout homologue 1 (Spry-1), a
negative regulator of a pro-fibrotic factor extracellular signal-regulated kinase (ERK) [250].
MiR-21 expression was enhanced in atria from MI rats with increased susceptibility to AF; miR-
21 knockdown reduced atrial fibrosis and prevented AF substrate development in M1 rats [252].
In addition, miR-21 responses to ischemia-reperfusion in the mouse heart and regulates
fibroblast MMP-2 expression by targeting phosphatase and tensin homologue (PTEN) [253].
Patients with AF also showed increased miR-21 expression in the atria [254]. To date, miR-21 is

probably the most well-known player in AF-inducing fibrotic remodeling.
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Table 2. MiRNAs related to cardiac fibrosis

MiRNA

Model (chamber)

Target(s)

Target validation

Proposed roles in fibrosis

Pro-fibrotic miRNAs

— i o . TIMP1 Reporter gene assay; in vivo Regulate matrix
miR-17 M1 mice; miR-17-Tg mice (LV) TIMP2 functional assay remodeling [255]
MI rats/mice (LA); TAC mice Erecﬁgirrt]e;r?:r?geegsisrlay; et De-repression of [250
miR-21  (LVEAFR(LAMHRLY) - Spryl mimic/silencing MiRNA ERK/MAPK via Spryl ~ 252-
patients; Racl/miR-21-Tg mice PTEN A . .
) ) transfection; in vivo functional TMMP via PTEN 254]
(LV); MI mice (LV)
assay
protein functional changeain  LMimecer
miR-22 Aging mice (LV) Mimecan ~ Protein tunctl cnang TFibroblasts senescence [256]
mimic/silencing miRNA : S
. and migratory activity
transfection
| Myocardial contractility,
MiR-208  miR-208-mutant mice (LV) THRAP1 Repo_rter gene assay; in vivo TFibrosis by| negative [257]
functional assay regulators of stress
response genes
Anti-fibrotic miRNAs
. Target protein changes in
miR-18a, SN : CTGF e |CTGF
19a/b Aging-associated HF mice (LV) TSP-1 m|m|c/S|_IenC|ng mMiRNA | TSP-1 [258]
transfection
Target protein changes in
MmR-24 M1 mice (LV) Eurin mimic/silencing miRNA | TGF-p signaling via [259]

transfection; in vivo functional
assay

Furin
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Model (chamber) Target(s) Target validation Proposed roles in fibrosis Ref.#

. ) . |FB activation via
miR-26 QE dpeait:;ﬂtﬁ ((:IT_"AI‘:A(‘?_ SF canine  trpc3 Reporter gene assays (?a”dc_apendent ERK [219]
signaling
COL1Al1  Reporter gene assays; target
MI mice (LV); AF patients COL1A2  protein changes in Directly |collagen and [241
miR-29b  (RAA); AF canine model with  COL3A1  mimic/silencing miRNA other ECM synthesis 260]’
CHF (LA) FBN1 transfection; in vivo functional
ELN1 assay
Reporter gene assay; target
. Pathological hypertrophy protein changes in . .
miR-30¢ rodents/patients (LV) CTGF mimic/silencing miRNA |CTGF signaling [261]
transfection
Pathological hypertrophy
rodents/patients (LV); diabetic Reporter gene assay; target L
: mice (LA); nicotine-induced CTGF MRNA changes in |TGF-p §|gna_llng, [261-
miR-133 . . TGF-p1 T . L JCTGFsignaling,|COL1A
AF canine model/patients (LA COLI1A1 mimic/silencing miRNA; in vivo 1 263]
& RA); Ang-Ill-dependent functional assay transfection
hypertension rats
Reporter gene assay; target
. Nicotine-induced AF canine MRNA changes in . .
mMiR-530 model/patients (LA & RA) TGFpR2 mimic/silencing miRNA |TGE-f signaling [262]
transfection

MiRNAs in fold have been implicated in AF-associated atrial fibrosis. AF, atrial fibrillation; COL, collagen; ECM, extracellular
matrix; ELN, elastin 1; CTGF, connective tissue growth factor; ERK, extracellular signal-regulated kinase; FBN1, fibrillin 1; HF,
heart failure; LA, left atria; LV, left ventricle; ; MAPK, mitogen-activated protein kinase; MI, myocardial infarction; MMP, matrix
metalloproteinase; PTEN, phosphatase and tensin homolog; RAA, right-atrial appendage; Spry1, protein sprouty homolog 1; TAC,
transverse aortic constriction; Tg, transgenic; TGF-B(R), transforming growth factor-beta (receptor); THRAP1, thyroid hormone
receptor associated protein 1; TIMP1/2, tissue inhibitor of metalloproteinase 1 or 2; TRPC3, transient receptor potential canonical 3;
TSP-1, thrombospondin-1.
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MiR-26

In addition to its role in electrical remodeling, miR-26 has been recently revealed to be involved
in atrial fibrotic remodeling contributing to AF-inducing substrate. MiR-26 directly targets and
represses the expression of TRPC3, a channel that mediates fibroblast proliferation and
differentiation (Section 1.7.1.7) through ERK signaling [219]. MiR-26 is downregulated in atrial
fibroblasts from a canine model with AF, and atrial tissue from AF patients [220]. Experimental
knock-down of miR-26 activates fibroblast proliferation [220]. Therefore, miR-26 is an

important regulator of atrial-fibrosis in AF development by modulating TRPC3 in fibroblasts.

MiR-29

The role of miR-29 in cardiac fibrosis was first revealed in a mouse model with MI [261]. It is
downregulated in the region of the ventricular tissue adjacent to the infarct [261]. MiR-29 family
targets multiple ECM genes including collagens, fibrillins, and elastin [260]. Later on, miR-29b
was found reduced in the atrial tissue and fibroblasts from dogs with AF [242]. In vivo
knockdown of miR-29 in mice increases atrial collagen production [242]. And miR-29b

expression level is reduced in plasma and atria of patients with CHF or AF [241].

MiR-30, miR-133 and miR-159

MiR-30 and miR-133 regulate ventricular fibrosis by depressing the expression of CTGF, an
important pro-fibrotic protein (Section 1.7.1.4) [261]. Atrial expression of miR-30 and miR-133
(decreased) were inversely related to the change of CTGF expression (increased) in human
pathological left ventricular hypertrophy [262]. The downregulation of miR-133a contributes to

Ang-ll-induced ventricular fibrosis via directly targeting collagen lal [263]. Furthermore, miR-
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133 and miR-590 are reduced in a dog model of a nicotine-induced AF, which accounts for the
increase of their target TGFB-1 and TGF receptor II [262]. However, none of miR-30, miR-133

and miR-159 expression has been measured in tissue or blood samples from AF patients.

1.8 Clinical therapies for AF

The clinical treatments for AF patients depend on the severity of symptoms, the length of the AF
condition, and other underlying medical issues. Medication options include blood thinners or
anti-clotting drugs, rate controllers and rhythm controllers. The anti-clotting drugs such as
Aspirin and Warfarin are prescribed to decrease the risk of thromboembolism. The
pharmacological rate controllers are predominantly beta blockers and Ca?*channel blockers. The
rhythm controllers (or anti-arrhythmic drugs) are mainly Na* and K* channel blockers, which act
to prolong atrial refractoriness and thereby prevent AF [264]. Certain classes of drugs are only
effective for certain types of arrhythmias [264]. Long-lasting AF alters atrial electrophysiological
properties, making drug-induced termination more difficult [265]. Although there is
improvement in quality of life, the limitation of the present pharmacological therapy includes
limited range of available choices, incomplete efficacy and significant adverse effects, such as
pro-arrhythmic complications (in the ventricle) of anti-arrhythmic agents, and bleeding with anti-
coagulants [266, 267]. Non-pharmacologic therapies including left atrial ablation and AV node
ablation and pacemaker implantation which are only effective in strictly selected cases, or
patients in whom pharmacologic drug is ineffective [267]. Therefore, the development of new
drugs that target AF-substrates is needed to meet the precise needs of individual patients with

greater efficacy and safety.
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1.8.1 Pharmacological therapies targeting structural remodeling

Therapeutic development for AF aiming at reversing structural remodeling has triggered more
and more attention. “Upstream therapy” is a term that describes the targeting of remodeling-
induced substrate development, which refers to the use of non-antiarrhythmic drugs that
modulate the target-specific mechanisms of AF [268]. The key targets of upstream therapy are
structural changes in the atria, such as fibrosis, hypertrophy, inflammation and oxidative stress.
At the same time, they have direct or indirect effects on atrial electrophysiology by modulating
ion channels, gap junction and Ca?* handling. As AF is a progressive disease secondary to aging
and deterioration of underlying heart diseases, the current therapy aims at preventing the
occurrence of AF (primary prevention) and its consequences (secondary prevention) [269, 270].
Accumulated clinical evidence suggests that upstream therapy may have different effects on

primary prevention and secondary prevention [268, 269].

1.8.1.1 Inhibitors of rennin-angiotensin-aldosterone system (RAAS)

Inhibitors of RAAS include angiotensin-converting enzyme inhibitors (ACEIs) and angiotensin
receptor blockers (ARBSs). Retrospective analyses and reports show in the studies in which AF
was a secondary endpoint, new-onset AF was sustainably reduced by ACEIls and ARBs in
patients with left ventricular dysfunction, hypertrophy and heart failure [154, 270]. Treatment
with the ACEI trandolapril reduces the incidence of AF in patients with LV dysfunction after
acute MI (Trandolapril Cardiac Evaluation, TRACE study) [271]. The ARB valsartan can reduce
the risk of newly detected AF in patients with heart failure (Valsartan Heart Failure Trial, Val-
HeFT) [272]. Thus, ACEIs and ARBs may be effective in the primary prevention of AF. The

effect of RAAs inhibition on primary prevention of AF was less evident in hypertension than in
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CHF, and less clear in other risk factors including diabetes mellitus, coronary artery disease, etc.
[268]. For secondary prevention, no strong recommendation can be made regarding the use of
ACElIs and ARBs for reduction of AF recurrences [269]. The anti-fibrotic effects of these agents
may be associated with the effects on hypertrophy and electrical remodeling [152]. The direct

roles of ACEIs and ARBs in patients with atrial fibrotic remodeling remain to be elucidated.

1.8.1.2  Statins

Statins are 3-hydroxy-3-methylglutaryl-coenzyme reductase inhibitors. The effects of statins in
preventing AF are derived from its properties of anti-inflammatory, anti-oxidant actions, MMP
regulation and improvement of lipid metabolism (preventing atherosclerosis) [268]. However,
the key mechanism of its antiarrhythmic effects on atrial myocardium have not been established.
To date, the beneficial effects of statins for primary prevention for AF has only been clearly
demonstrated in patients undergoing cardiac surgery, and is recommended for post-operative AF
or AF-CHF by European Society of Cardiology guidelines on AF management [273]. However,
controversial evidence and lack of data from randomized controlled studies preclude definite

recommendations for the use of statins for secondary prevention of AF [269].

1.8.1.3  Polyunsatuarted fatty acids (PUFA) and corticosteroids

The possible anti-fibrillatory mechanisms of PUFAs include regulating membrane fluidity and
multiple ion channels (such as Ina, lkach, IcaL), anti-inflammatory, anti-oxidant actions and
regulation of MAPK activity [268]. In experimental AF model induced by ventricular
tachypacing, vagal stimulation and cardiac surgery, n-3 (o-3) PUFA attenuated structural

modeling in the atria and reduce AF susceptibility [274-276]. However, proof of its efficacy on
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AF in large-scale clinical trials is lacking, and its anti-arrhythmic effect on AF after cardiac
surgery remains controversial [268]. Corticosteroids are steroidal anti-inflammatory agents. The
effect of corticosteroids on AF prevention is limited in post-operative AF [277-279]. And
corticosteroids therapy is associated with incidence of hypertension, diabetes and CHF; high-
dose corticosteroids may cause ventricular pro-arrhythmic and promote AF [268, 280]. At
present there is not robust evidence to make any recommendation for the use of PUFAS or
corticosteroids for secondary prevention of AF [269].

In summary, upstream therapy with RAAS inhibitors, statins, and possibly n-3 PUFA
may be valuable for primary prevention of AF in selected patient categories. These effects may
be due to the possibly reversal of atrial structural remodeling, and treatment of the underling
cardiovascular disease that promotes the development of AF. Clear clinical indications remain to
be defined and confirmed. A safe and effective preventive measures or therapy for AF is still far
way to go, but identifying or understanding of the key molecular mechanisms should help us in

defining targets for therapeutic interventions.

1.9 Rationale for thesis

AF becomes more frequent and less reversible when the atria undergo structural remodeling due
to progressive fibrosis associated with hemodynamic stress or injury [281]. It will be important
to develop early-diagnosis or upstream prevention strategies that target AF substrates before they
become fixed and irreversible. Therefore, reversal of atrial fibrosis is important for AF
prevention. However, specific treatments that reverse cardiac fibrosis are still lacking and the
clinical potential and mechanisms of this approach are still under investigation. The

identification of novel regulators of atrial fibrogenesis and corresponding upstream/downstream
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signaling, is essential before we can develop more specific therapies for fibrotic remodeling in
AF. The main goal of this thesis was to identify novel aspects of the molecular control of atrial
fibrosis in atrial-selective AF-associated remodeling, with the ultimate aim of aiding in the

development of new pharmacological strategies to prevent atrial fibrosis and AF.

Project #1 (Chapter 2) — Does PDGF-activated JAK-STAT signaling cascade contribute to AF-
substrates?

Ventricular tachypacing (VTP)—induced experimental CHF models display marked
differences in remodeling between the atria and ventricles [60, 61, 63]. A previous study
published by the laboratory of Dr. Nattel highlights a potential role for PDGF in atrial—-
ventricular remodeling differences in HF [196]. However, the underling mechanism and
downstream molecules mediating the effects of PDGF are still unknown. When investigating the
transcriptional regulators of fibrotic signaling, we found that the JAK-STAT system is involved
in controlling fibroblast behavior, which is similar to MAPKS; however, its function in cardiac
fibrosis has not been clearly identified. Therefore, we aimed to evaluate the involvement of the
JAK-STAT system in atrial fibrotic responses associated with AF. We first studied the JAK-
STAT system in atria versus ventricles in a canine HF model that has atrial-selective fibrosis and
high AF inducibility. We also attempted to mimic the fibrotic response in vitro by PDGF
stimulation, and compared the behavior of atrial and ventricular fibroblasts with changes in the
JAK-STAT system. Finally, we used a STATS3 selective inhibitor to confirm the pro-fibrotic

involvement of the JAK-STAT system in vitro and in vivo.
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Project #2 (Chapter 3) — What is the system-response of miRNAs in HF? How might it
contribute to arrhythmogenic structural remodeling?

Intensive studies have indicated the role of miRNAs in structural remodeling and the
functions of individual miRNA in AF have been revealed. However, no study has analyzed the
overall expression profile of miRNA responses in the atria and ventricles in AF conditions. This
led us to characterize and detail the miRNA changes that occur in an experimental HF-associated
AF model, with specific interest in comparing time, chamber, and cell-type selectivity, and the

relationship to ECM remodeling.

Project #3 (Chapter 4) — What is the role of miRNAs in the regulation of the JAK-STAT
system in the AF-related fibrotic response?

Multiple miRNAs have been shown to contribute to fibrosis by targeting ECM proteins
or upstream mediators, such as CTGF, TGF-B and TGFBR (Table 2). However, no studies have
investigated whether miRNA targets JAK-STAT components that contribute to cardiac fibrosis.
Based on the findings of Projects 1 and 2, we hypothesized that miRNAs may contribute to the
AF-promoting fibrotic response by directly targeting JAK-STAT genes. We first correlated the
changes in miRNA expression and JAK-STAT in an HF model and in cultured fibroblasts
stimulated with PDGF, with a focus on atrial alterations. We then validated the predicted targets
within the JAK-STAT system of the altered miRNAs. Finally, we manipulated miRNAs in

fibroblasts to measure effects on target proteins and downstream effectors (ECM proteins).
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Linking statement

As discussed in the Introduction, no specific treatment has been shown to control cardiac fibrotic
remodeling in clinical AF. Although some regulatory factors have been identified (Section 1.7),
the underlying mechanism of atrial fibrogenesis is still poorly understood. In this thesis | sought
to identify novel signaling pathways involved in AF-associated atrial fibrosis. Previous studies
from our laboratory have indicated the potential role of PDGF in regulating differential
behaviour of atrial versus ventricular fibroblasts, which makes the atria particularly vulnerable to
fibrosis and may potentially underlie AF substrate development. The JAK-STAT system, a
downstream signaling pathway of PDGF, has been implicated in fibrotic remodeling in other
systems but its role in AF-associated atrial fibrosis is poorly understood. In this Chapter, |
hypothesized that PDGF, together with its downstream JAK-STAT system, participates in the
atrial fibrotic response, in AF-inducing contexts. I used both ventricular tachypacing (VTP) to
create a heart failure (HF) model in dogs and a myocardial infarction (MI) model to induce
cardiac dysfunction in mice and examine the determinants of AF-associated atrial fibrosis. My
aim was to investigate the role of the PDGF/JAK-STAT system in HF-related atrial fibrotic
responses. Because | obtained evidence supporting a significant role for this system, | studied the
effects of STAT3 inhibition on fibroblast behaviour and atrial fibrosis, obtaining both

mechanistic support for my hypothesis and evidence for a potential therapeutic application.
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Abstract

Introduction: Left atrial (LA) fibrosis is an important feature of many atrial fibrillation (AF)
substrates. The JAK-STAT system, activated by platelet-derived growth factor (PDGF),
contributes to cardiac remodeling but its role in AF is unknown. Here we investigated how JAK-
STAT pathway components are altered in an AF-substrate and contribute to LA fibrotic
responses.

Methods: LA-remodeling was studied in dogs with heart failure (HF) induced by ventricular
tachypacing (VTP, 240 bpm), and in mice with left-ventricular (LV) dysfunction due to
myocardial infarction (MI). Fibroblasts (FBs) were freshly isolated from LA and LV. The
selective STAT-3 inhibitor S31-201 was administered to FBs in vitro or mice in vivo (10
mg/kg/day, osmotic mini-pump).

Results: HF-dogs developed LA-selective fibrosis and AF-susceptibility at 1-wk VTP. PDGF
isoforms A/C/D and JAK2 mRNA expression increased in LA FBs from 1-wk VTP. HF
upregulated protein-expression of PDGF-receptor 3 and phosphorylated (activated) STAT3 in
LA. PDGF-AB stimulation of LA fibroblasts increased PDGFR-a, STAT3 and phosphorylated-
STATS3 expression, as well as collagen-1 and fibronectin-1 protein secretion (by 1.6-20-fold),
with smaller changes in LV fibroblasts. Phosphorylated-STAT3 and collagen-1/3 upregulation
were suppressed by the STAT3-inhibitor S13-201. In vivo S31-201 treatment of MI-mice
attenuated LA fibrosis, LA dilation and P-wave duration changes versus vehicle-control.
Conclusions: HF activates the LA JAK-STAT system via enhanced PDGF-signaling. JAK-
STAT inhibition reduces the profibrotic effects of PDGF stimulation on canine fibroblasts in

vitro and attenuates in vivo LA fibrosis and remodeling post-MI in mice, suggesting that the
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JAK/STAT pathway contributes to LA-fibrogenesis and is a potential target for LA-fibrosis

prevention.

Keep words: Heart failure, PDGF, JAK-STAT, Atrial fibrosis

Introduction

Atrial fibrillation (AF) promoting atrial remodeling is induced by multiple stresses, including
mechanical stretch and cytokine stimulation [1, 2]. Atrial fibrosis, a major component of atrial
structural remodeling, can be induced by AF per se [3]. In the fibrotic response, fibroblasts are
activated and produce excessive extracellular matrix (ECM) remodeling that negatively
influences cardiac electrical, structural and contractile properties [3, 4].

A range of profibrotic signaling pathways has been implicated in myocardial fibrotic
remodeling. Angiotensin 1l (Ang-I11), transforming growth factor beta (TGF-), and connective
tissue growth factor (CTGF) are the best-known secreted factors [3, 5-7]. Mitogen-activated
protein kinases (MAPKS) are important downstream effectors that control fibroblast survival and
fibrosis [3, 8]. Platelet-derived growth factor (PDGF) stimulates fibroblast proliferation and
differentiation to myofibroblasts [9]. PDGF blockade reduces interstitial fibrosis of infarcted
hearts in rats [10] and a PDGF inhibitor suppresses atrial-selective canine fibroblast activation,
eliminating the characteristic atrial-ventricular fibroblast activation differences [11]. Limited
information is available about PDGF signaling and its downstream effectors in cardiac fibrosis
and congestive heart failure (CHF) paradigms. PDGF activates RAS-ERK1/2 or PI3K-
Akt/mTOR pathways, triggering the expression of proto-oncogenes such as c-fos and c-myc and

promoting proliferation and protein synthesis in vascular smooth muscle cells [12, 13]. Signal
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transducer and activator of transcription 3 (STAT3) is a latent transcription factor that plays a
critical role in cell survival and proliferation [14, 15]. PDGF directly activates the Janus kinase
(JAK)-STAT pathway and induces mitogens is in fibroblasts [16-18]. JAK-STAT is activated in
a pig model of electrically-maintained AF [19]. However, the contribution of the PDGF-
activated JAK-STAT system to atrial fibrosis and clinically-relevant AF-substrates is unknown.
The objective of this study was to assess the potential role of the PDGF-JAK-STAT system in

regulating atrial fibroblast behaviour and atrial-selective fibrosis in CHF.

Materials and Methods

Animals
Animal-care procedures followed the guidelines of the Canadian Council on Animal Care and
were approved by the Animals Research Ethics Committee of the Montreal Heart Institute. CHF
was induced by ventricular tachypacing (VTP, 240 bpm). Forty-seven adult mongrel dogs
weighing 18.4-35.0 kg were divided into five groups: non-paced controls (n=17), 12-hour VTP
(n=5), 24-hour VTP (n=5), 1-week VTP (n=5) and 2-week VTP (n=15). In a first series of dogs,
we examined tissue protein expression, with 5 control dogs and 5 dogs euthanized after 2 week
VTP. In a second series, we analyzed gene expression in fibroblasts from 12 control dogs, and 5
each at 12 hours, 24 hours, and 1 week VTP, and 10 dogs at 2 weeks of VTP. Surgical details of
dog preparation and handling for the VTP-model are detailed in the online-only Data
Supplement.

Twenty five male C57BL/6 mice (8-10 weeks) weighing 20 to 25 g (Charles River, Saint-
Constant, Quebec) were divided into three groups: sham controls (n=8), myocardial infarction

(MI) +vehicle (n=9), MI+S31-201 (n=8). MI was induced by left anterior descending coronary
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artery ligation (LAD), which was maintained for 2 weeks (methods detailed in the online-only
Data Supplement). Vehicle (Sham and MI groups) or S31-201 (10 mg/kg/day, MI+S3I1 group)
were delivered via osmotic mini-pumps (Alzet 2001; Cupertino, CA) implanted subcutaneously

one day before surgery.

Echocardiography

Transthoracic echocardiographic studies under 2%-isoflurane were obtained before and 14 days
after sham or MI surgery with a phased-array 10S probe (4.5-11.5 MHz) in a Vivid 7 Dimension
System (GE Healthcare Ultrasound, Horten, Norway). Echocardiographic methods and measures

are detailed in the online-only Data Supplement.

Tissue and cell harvesting
On study-days, dogs were anaesthetized with morphine (2 mg/kg s.c.) and alpha-chloralose (120
mg/kg i.v.) and mechanically ventilated. Dogs were then euthanized by cardiac excision. Their
hearts were removed via median thoracotomy and immediately immersed in oxygenated
Tyrode’s solution. LA appendage, LA free wall and left ventricular (LV) free wall samples were
fast-frozen in liquid-N2 for molecular biology and/or stored in formalin for histology. LA and
LV were perfused for cell isolation and collagenase digestion (see detailed description in Online
Supplement). Freshly-isolated fibroblasts and cardiomyocytes were snap-frozen in liquid-N2 and
stored at -80<C.

Mice were anesthetized with 2%-isoflurane and the hearts were excised, briefly washed
in cold 0.9% saline solution and weighed. Left atria were fixed in 10% formalin at room

temperature.
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Cell culture and treatment

Paired LA and LV cell-samples isolated from each control dog were plated in 6-well plastic
plates (Corning Inc., Corning, NY) in parallel at equal density and cultured in DMEM containing
5%-FBS and 1%-penicillin/streptomycin. Fibroblasts were allowed to adhere for 2 days,
rendered quiescent in serum-free medium for 16 hours, and then stimulated with PDGF-AB
(Sigma-Aldrich, St. Louis, MO) at different concentrations (1-50 ng/ml) for 24 hours (MRNA
quantification) or 48 hours (protein quantification) with or without the STAT3 inhibitor S31-201
(Selleckchem, Houston, TX, 20, 50 or 100uM). DMSO-treated fibroblasts served as vehicle
controls. Fibroblast number was counted by hemocytometer before plating and after the
treatment. After treatment, supernatants of culture medium were collected and fibroblasts were

pelleted by centrifugation followed by immediate freezing in liquid-N2 for RNA extraction.

RNA extraction and Quantitative Real-Time Polymerase Chain Reaction (PCR) Analysis
RNA was isolated with mirVana kits (Ambion/Life Technology, Carlsbad, CA). Real-time
quantitative polymerase chain reaction (QPCR) was performed with carboxy-fluorescein (FAM)-
labeled fluorogenic TagMan assay primers (Applied Biosystems, Foster City, CA) and TagMan
Universal Master Mix (Applied Biosystems). qPCR for PDGF isoforms A, B, C and D, JAK1,
JAK2, PDGF receptor A (PDGFRA) and B (PDGFRB), STAT3, and collagen isoforms 1-alpha-
1 (COL1A1) and 3 (COL3A1) was performed with dog-specific TagMan primers (Applied
Biosystems) and relative quantities (2—ACt) calculated with the geometric mean of two reference
genes (hypoxanthine phosphoribosyl transferase 1 [HPRT-1] and p2-microglobulin [B2M]) as

internal standards.

101



Protein Extraction and Immunoblots

Protein extracts (30pg) of snap-frozen LA and LV tissue from dogs or cultured fibroblasts were
separated by electrophoresis on 12% SDS-PAGE (Bio-Rad) and transferred to PVDF membranes
(EMD Millipore, Billerica, MA). For secreted collagen type I, the supernatants of the medium
(30 pl) from cultured fibroblasts were separated by electrophoresis on 8% SDS-PAGE and
transferred to nitrocellulose membranes (Bio-Rad). Membranes were blocked and incubated
overnight with the primary antibodies and then with secondary antibodies. All of the details

regarding antibodies are provided in the Online Data Supplement.

Histology

LA appendage and left ventricular free wall tissues from dogs, and entire LAs from mice were
preserved in 10% buffered formalin for paraffin embedment. Transverse sections of tissue (12-um
thickness, 500-um spacing) were stained with Masson Trichrome. Analysis of 400>images (5-8
images from each animal) was performed with Image-Pro 7.0 software. Perivascular areas were
avoided. Fibrous-tissue content was expressed as a percentage of field area and averaged across

fields for each dog or mouse.

Statistical Analysis

Data are meanSEM. For non-repeated measurements, one-way ANOVA was used for multiple-
group comparisons, with post-hoc Bonferroni-corrected t-tests (between two selected groups) or
Dunnett’s test (for comparisons between each intervention group and a single control group). For
repeated measurements, two-way ANOVA with Bonferroni post-tests were used. When a

significant interaction or main effect was found, pairwise comparisons were performed with
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Bonferroni-corrected t-tests. Statistical analyses were performed with GraphPad v5.0 (La Jolla,

CA). A two-tailed P<0.05 was considered statistically significant.

Results

PDGF-JAK-STATS3 pathway activation in experimental CHF

CHF dogs developed progressive AF susceptibility and atrial fibrosis. AF duration increased
significantly from 1-week VTP on and atrial-predominant fibrosis was noted (Supplemental Figure
1), consistent with previous work [3, 11]. The baseline expression levels of PDGFC and PDGFD
in atrial fibroblasts were greater than those in ventricular (Supplemental Figure 2A). Fibroblast-
selective expression (versus cardiomyocytes) was observed for PDGFB, PDGFC (in LA), and
PDGFD. In particular, PDGFD expression was 10-fold higher in LA fibroblasts compared to LA
cardiomyocytes (Supplemental Figure 2A). MRNA expression of PDGFA, PDGFC, and PDGFD
was up-regulated in atrial fibroblasts from CHF dogs, whereas PDGFB did not change
significantly (Figure 1A-D). No significant alterations were seen in ventricular fibroblasts, other
than an isolated increase in PDGFC at 12-hour VTP (Figure 1A-D). In summary, PDGF isoforms
showed fibroblast-selective expression at baseline and atrial-selective increases in CHF fibroblasts
at time-points corresponding to in vivo AF-promotion and fibrosis development.

PDGF receptors o and B were predominantly expressed in fibroblasts compared to
cardiomyocytes in both LA and LV (Supplemental Figure 2B). Protein expression of PDGF
receptor oo (PDGFRa) in LA tissue was higher than in LV tissues (Figure 1E-F). However, no
significant differences were seen between control and 2-week VTP. PDGF receptor § (PDGFRp)

showed similar expression levels in LA versus LV (Figures 1E and 1G) but was increased in CHF
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LA (but not LV) versus control (Figure 1G). These observations indicate that the expression of
PDGF receptors may be related to atrial-selective fibrogenesis in the development of CHF.

The expression levels of the downstream effectors of PDGF signaling, JAK1/2 and STATS3,
in control and CHF fibroblasts are shown in Figure 2. The mRNA expression of JAK1 did not
change significantly with CHF (Figure 2A). JAK2 expression, however, was up-regulated with
significant changes beginning at 1-week VTP, and similar changes in LA and LV fibroblasts
(Figure 2B). Protein expression of phosphorylated and total STAT3 were increased by CHF in
both LA and LV (Figure 2C-E). The ratio of phosphorylated-STAT3 to total-STAT3 was
significantly upregulated, indicating STAT3 activation, in LA but not LV tissue (Figure 2F). A 2-
fold greater expression of JAK2 was seen in fibroblasts versus cardiomyocytes (Supplemental
Figure 2C), but the baseline expression of STAT3 was similar in fibroblasts and cardiomyocytes.
In all, our results demonstrated that PDGFA/C/D, PDGFR, JAK2 and phosphorylated-STAT3

were upregulated in CHF dogs, and that the changes were atrial-selective.

PDGF-JAK-STAT3 pathway activation in fibroblasts after PDGF-stimulation

Our results indicate LA-selective enhancement of the expression of PDGF and its B-receptor
isoform in CHF. It is tempting to speculate that the PDGF changes are responsible for the JAK-
STAT activation that we noted. In order to study the effects of the PDGF-system enhancement
observed in CHF dogs, freshly isolated fibroblasts from control dogs were cultured and exposed
to recombinant PDGF-AB. PDGF-AB caused an augmentation of mRNA expression of PDGFRa
and PDGFRJ (Figures 3A and B). Changes in the protein expression of PDGFRa were consistent
with the mRNA changes (Figures 3C and D), and showed clear preferential response in LA versus

LV at very low (5 ng/ml) concentrations.
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The mRNA expression of JAK2 increased significantly, to a similar level in LA and LV
fibroblasts at both 10 ng/ml and 50 ng/ml of PDGF (Figure 4A), consistent with the increases in
JAK2 expression in both LA and LV fibroblasts with CHF (Figure 2B). In contrast, mRNA
expression of STAT3 increased significantly in LA fibroblasts with 10 ng/ml (but not the higher
concentration) of PDGF, without significant changes in LV fibroblasts at either PDGF
concentration (Figure 4B). Phosphorylated-STAT3 to total-STAT3 ratio was increased
significantly in LA fibroblasts by 4.2-fold at 5 ng/ml and 5-fold at 10 ng/ml PDGF versus vehicle
(Figure 4D). There were no significant changes in LV fibroblasts at any concentration. Overall,
the in vitro changes produced by PDGF were qualitatively similar to the expression changes seen
for samples from CHF dogs, suggesting that PDGF activation is responsible for many of the

alterations observed.

ECM production changes in fibroblasts after PDGF-stimulation

PDGF-stimulation (50 ng/ml) increased the cell number by 2.2-fold in LA fibroblasts, and by 1.9-
fold in LV fibroblasts (Figure 5A). Fibroblast secretion of collagen type | (Collagen-1) into the
culture supernatant was significantly increased by PDGF-stimulation (50 ng/ml) in LA fibroblasts;
however, no changes were seen in LV fibroblasts (Figure 5B and C). Fibronectin-1 secretion was
increased in a dose-dependent manner with PDGF-stimulation, and greater changes were seen in

LA fibroblasts compared to LV fibroblasts (Figures 5B and D).

Effects of PDGF-stimulation on fibroblasts were attenuated by the STAT3 inhibitor S31-201.
The mRNA expression of STAT3, collagen-1al, and collagen 3al were all reduced by S31-201

treatment in a dose-dependent manner (Figure 6 A-C). The protein level of phosphorylated-STAT3
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was increased by PDGF-stimulation and the change was reversed by S31-201-treatment, while S3I-
201 did not affect the expression level of total-STAT3 (Figure 6D), so that the ratio of
phosphorylated-STAT3 to total-STAT3 was upregulated by PDGF and reversed by treatment with
S31-201 (Figure 6E). Furthermore, S3I-201 reversed the augmentation in collagen-1 secretion
caused by PDGF-stimulation of LA fibroblasts (Figures 6 F and G). PDGF-exposure and S31-201
had smaller and statistically nonsignificant effects on LV fibroblasts (Figures 6F and G), consistent
to with atrial selective actions. Taken together, our results indicate that the in vitro pro-fibrotic
effect induced by PDGF could be attenuated by the STAT3 phosphorylation inhibitor S31-201,
and implicate the JAK-STAT system in mediating profibrotic effects of PDGF.

To examine further possible downstream signaling, we studied the changes in the
transforming growth factor beta (TGFp) system, known to be important in atrial fibrosis [2, 3],
caused by PDGF. PDGF increased the expression of both TGFp and its type-2 receptor (TGFBR2)
in LA fibroblasts (Supplemental Figure 3). These actions were blocked by the STAT3 inhibitor
S31-201, indicating that PDGF activation of the JAK-STAT system can activate the profibrotic

TGFp system.

Effects of S31-201 in mice with post-MI LV dysfunction

Mice studied 2 weeks post-MI showed LV hypertrophy manifested as increased heart weight and
increased LV mass/body-weight ratio (black bars in Supplemental Figures 4A and B). Their LVs
were dilated (Supplemental Figures 4C and D) and showed significant functional impairment
(Supplemental Figures 4E-H). Considerable LA fibrosis was noted (Figures 7A and B) and
electrocardiographic P-wave durations were prolonged (Figure 7C), indicating LA conduction

abnormalities. The LA was dilated in both systole and diastole (Figures 7D and E). These results
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indicate significant LA-disease due to the LV dysfunction post-MI. The effects of the STAT3
blocker S31-201 are illustrated in Figure 7 and Supplemental Figure 4 by the gray bars. S31-201
did not significantly alter post-MI LV remodeling and dysfunction (Supplemental Figure 4).
However, adverse LA remodeling post-MI was significantly attenuated, with nearly complete
reversal of changes in LA fibrous tissue composition and P-wave duration (Figures 7A-C). LA
dilation was modestly but significantly attenuated when measured at LV end-systole (Figure 7D),
but not significantly altered at end-diastole (Figure 7E). Overall, the results indicate an important
role of the JAK-STAT system in LA structural remodeling due to LV dysfunction in a clinically

relevant in vivo model.

Discussion

In this study, we obtained novel insights into the role of PDGF/JAK-STAT signaling in the fibrotic
process leading to the AF-substrate in CHF. We found that the PDGF/JAK-STAT pathway is
activated in CHF-related atrial fibrotic remodeling (Figure 8 red arrows). We then tested the effects
of PDGF-stimulation on atrial fibroblasts, noting that it induced up-regulation of JAK-STAT
expression and activity, along with enhanced ECM-protein production (Figure 8 blue arrows). The
profibrotic cellular effects of PDGF were attenuated by the STATS3 inhibitor S31-201 (Figure 8
green symbols). Finally we showed that in vivo administration of S31-201 reduces atrial structural,
electrical and fibrotic remodeling in mice with LV-dysfunction after MI (Figure 8 green signs of
blockade). Our findings suggest that the JAK-STAT pathway plays an important role in atrial
fibrogenesis, and that its inhibition could be a novel therapeutic option for the prevention of atrial

fibrosis and AF.
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JAK-STAT in cardiac remodeling

Mechanical stretch, pressure overload [22, 23], myocardial infarction [24] and Ang-11 treatment
[25] have been shown to activate cardiac JAK-STAT signaling. In cardiomyocytes, JAK-STAT
activation enhances cell survival and reduces apoptosis by regulating the expression of multiple
cardioprotective, anti-inflammatory, or growth related genes [14]. The activation of STAT3
during the early stage of heart failure might be a protective response [14]. Myocyte-specific
STAT3 KO mice are significantly more susceptible to cardiac injury [26]. IL-10 and IL-11
attenuate cardiac dysfunction, preventing apoptotic cell death and reducing inflammation, by
activating STAT3 [24, 27]. On the other hand, JAK-STAT signaling activated by IL-1p and
Ang-I1l leads to cardiomyocyte hypertrophy in vitro and in the mouse heart with pressure-
overload [28, 29]. S31-201 protects against Ang-11 induced oxidative stress, endothelial
dysfunction and hypertension in rats [30]. In the present study, S3I-210 attenuated atrial
enlargement in mice with LV-dysfunction 2 weeks post-Ml, but did not significantly affect
ventricular remodeling.

Most studies analyzing the effects of JAK-STAT signaling at the cellular level have been
performed in cardiomyocytes, with much less known about JAK-STAT actions in cardiac
fibroblasts. JAK-STAT activation was found to correlate with early cell trans-differentiation,
proliferation, and differentiation of fibroblasts in human hepatic and cutaneous scar tissue [31,
32]. Bowman et al. delineated the PDGF-Src-Stat3—Myc signaling pathway and pointed out its
importance in normal PDGF-induced mitogenesis in NIH 3T3 fibroblasts [18]. Tsai et al. found
that Ang-11 activates STAT3 via Racl in both atrial cardiomyocytes and fibroblasts [33]. In the
present study, we noted PDGF/JAK-STAT activation in CHF-induced atrial remodeling and

demonstrated that the fibroblast-activating effects of PDGF, manifested as enhanced
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proliferation and ECM-protein production) is mediated, at least in partial through JAK-STAT
activation. JAK-STAT activation was atrial-selective, consistent with the greater degree of
fibrosis in LA versus LV (Supplemental Figure 1), and was also selective for fibroblasts over
cardiomyocytes, which did not show important JAK-STAT activation (Supplemental Figure 5).
Our findings suggest that the JAK-STAT system plays an important role in regulating atrial

fibroblast behaviour, likely contributing to atrial fibrotic remodeling.

JAK-STAT in atrial fibrosis associated with AF

Tsai et al. showed that STAT1 and STAT3 were both activated in pigs with pacing-inducing
sustained AF [19]. Xue et al. showed that STAT3 protein expression was increased in atrial
tissue from permanent AF patients with rheumatic heart disease compared to those in sinus
rhythm, paralleling changes in atrial fibrous tissue content [36]. Our finding of reduced atrial
fibrosis with STATS3 inhibition is consistent with observations that STAT3 inhibition has anti-
fibrotic effects in other systems. For example, Pang et al. showed that inhibition of STAT3
attenuates renal interstitial fibroblast activation and interstitial fibrosis in obstructive
nephropathy [34]. Mir et al. noted that inhibition of STAT3 attenuates collagen synthesis and

hypertrophy in a rat cardiac hypertrophy model [35].

Novelty and potential significance

To the best of our knowledge, this is the first study to elucidate the role of the JAK-STAT system
in AF-promoting atrial fibrotic remodeling. While the JAK-STAT system is indicated in schemas
of potential profibrotic pathways in AF [37], the pathway has not previously been directly

addressed in studies of atrial profibrillatory remodeling. JAK-STAT signaling can be activated
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downstream to either Ang-I1 or PDGF receptors; the present study points to PDGF as an important
component of the atrial profibrotic JAK-STAT axis.

This is also the first study to demonstrate atrial-selective activation of the PDGF/JAK-
STAT system in cardiac remodeling. Our observations suggested that the JAK-STAT plays a
significant role in atrial-selective fibrosis, which is an important component of the substrate for
AF. In our study, the expression of TGFB1 and TGFBR2 were increased by PDGF-stimulation in
fibroblasts, effects attenuated by the STAT3 inhibitor S31-201 (Supplemental Figure 3). Our
results implicate activation of TGF-f1 signaling as a possible pathway for the pro-fibrotic effects
of JAK-STAT stimulation. Other known profibrotic pathways, such as those mediated via Ang-II,
IL-6 and CTGF, can involve the participation of JAK-STAT [32, 33]. Ang-Il activates JAK-STAT
through Racl in rat fibroblasts [33], and CTGF induces JAK-STAT activation in human
hypertrophic scar fibroblasts [32]. JAK2 activation also leads to the phosphorylation of other
proteins such as mitogen-activated protein kinases (MAPKSs) [37]. In addition, JAK-STAT
signaling represents one limb of an autocrine loop for Ang-11 generation, which serves to amplify
the action of Ang-1l in cardiac remodeling [22]. Therefore, the JAK-STAT system is well
positioned to serve as a central mediator in fibrotic responses and contribute to atrial remodeling.

Although PDGF is secreted by both fibroblasts and cardiomyocytes, PDGF receptors are
predominantly expressed in fibroblasts (Supplemental Figure 2B). Thus, PDGF/JAK-STAT
system is a potential target for fibroblast-specific treatment. PDGF receptor inhibitors attenuate
fibrosis in multiple studies [10, 38, 39] and suppress atrial-selective cardiac fibroblast activation
[11]. However, most PDGFR inhibitors are non-selective tyrosine kinase inhibitors, greatly

limiting their clinical use. Therefore, the identification of JAK-STAT as an alternative target, and

110



the development of JAK-STAT inhibitors like S31-201 may help in providing novel therapeutic

approaches for AF-prevention.

Potential limitations

It has been shown that during myocardial fibrosis in salt-sensitive hypertensive rats, PDGFRa acts
at early stages, but PDGFRp function is enhanced throughout the remodeling process [9]. This
might explain why we observed up-regulation of PDGFR protein in CHF but no changes in
PDGFRa. (Figure 1F and G), as we analyzed tissue samples from dogs with 2 week-VTP only
because of a lack of protein sample availability from earlier time-points.

In this study, we focused on changes in fibroblasts since we were interested in the role of
the JAK-STAT system in profibrillatory fibrotic remodeling. We did study the evolution of JAK2
and STAT3 mRNA expression over VTP time in cardiomyocytes from CHF dogs. As shown in
Supplemental Figure 5, the only change we saw was an isolated increase in STAT3 expression at
12-hour VTP. However, a detailed exploration of possible JAK-STAT changes in CHF
cardiomyocytes would require measurement of protein expression of JAK-STAT components, as

well as phosphorylated-JAK/STAT moieties.
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Figure Legends

Figure 1. PDGF isoforms and PDGF receptors (PDGFRs) were upregulated in CHF dogs. (A-D)
MRNA expression of PDGF A/B/C/D in left atrial and left ventricular fibroblasts during as a
function of ventricular tachypacing (VTP) time. Results are mean*SEM, n=5-12/group, *p<0.05,
**p<0.01, ***p<0.001, vs. corresponding control (CTL). (E) Representative immunoblots for
PDGFRa and PDGFR from atrial and ventricular tissue. (F-G) Band-intensities for PDGFRa
and PDGFR normalized to GAPDH. Mean¥SEM, **p<0.01, ***p<0.001. One-way ANOVA
with Dunnett’s tests (A-D) or Bonferroni-corrected t-tests (F and G) were used for statistical
analysis. FB, fibroblast; LA, left atrial; LV, left ventricular; CTL, non-paced controls; CTL-A,
control atrium; CTL-V, control ventricle; CHF-A, congestive heart failure atrium; CHF-V,

congestive heart failure ventricle.

Figure 2. JAK and STAT changes in CHF dogs. (A-B) mRNA expression of JAK1 and JAK2 in
left atrial and left ventricular fibroblasts as a function of ventricular tachypacing (VTP) time.
Mean3SEM, n=5-12/group, *p<0.05, **p<0.01, vs. corresponding control (CTL). (C)
Representative immunoblots for phosphorylated STAT3 (p-STAT3) and total STAT3 (t-STAT3)
from atrial and ventricular tissue. (D-F) Band-intensities for p-STAT3, t-STAT3 (normalized to
GAPDH), and phosphorylated-STAT3/t-STAT3 ratio. *p<0.05, **p<0.01, ***p<0.001. One-
way ANOVA with Dunnett’s tests (A and B) or Bonferroni-corrected t-tests (D-F) were used for
statistical analysis. FB, fibroblast; LA, left atrial; LV, left ventricular; CTL, non-paced controls;
CTL-A, control atrium; CTL-V, control ventricle; CHF-A, congestive heart failure atrium; CHF-

V, congestive heart failure ventricle.
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Figure 3. PDGF receptor (PDGFR) changes caused by exposure to PDGF-stimulation of
fibroblasts. (A-B) mRNA expression of PDGFRa and PDGFRP in atrial and ventricular
fibroblasts stimulated with PDGF-AB at different concentrations. (C) Representative
immunoblots for PDGFRa in left atrial and ventricular fibroblasts stimulated with PDGF-AB.
(D) Band-intensities for PDGFRa normalized to GAPDH. MeantSEM, n=4-5/group,*p<0.05,
**p<0.01, ***p<0.001 vs. corresponding vehicles. One-way ANOVA with Dunnett’s tests were
used for statistical analysis. LA, left atrial; LV, left ventricular; FB, fibroblast; VVeh: vehicle; P,

PDGF.

Figure 4. JAK2 and STAT3 response to PDGF-stimulation in fibroblasts. (A-B) mRNA
expression of JAK2 and STAT3 in left atrial and ventricular fibroblasts stimulated with PDGF-
AB at different concentrations. (C) Representative immunoblots of phosphorylated-STAT3 and
total-STAT3 in left atrial and ventricular fibroblasts stimulated with PDGF-AB at concentrations
indicated. (D) Band-intensities for p-STAT3/t-STAT3 ratio. MeanZSEM, n=4-5/group,*p<0.05,
**p<0.01, ***p<0.001 vs. corresponding vehicle. One-way ANOVA with Dunnett’s tests were
used for statistical analysis. LA, left atrial; LV, left ventricular; FB, fibroblast; VVeh: vehicle; P,

PDGF.

Figure 5. Cell number, collagen-1 and fibronectin-1 secretion in response to PDGF-AB
stimulation in fibroblasts. (A) Fibroblast cell-count (cells/culture-dish) after 24-hour incubation
with PDGF-AB at indicated concentrations. (B) Representative immunoblots of secreted
collagen type | and fibronectin-1 from culture medium of fibroblasts stimulated with PDGF-AB

for 24 hours. (C-D) Band-intensities for secreted collagen type | and fibronectin-1(normalized to
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cell number). MeantSEM, n=3-4/group,*p<0.05, **p<0.01, vs. corresponding vehicle. One-way
ANOVA with Dunnett’s tests were used for statistical analysis. LA, left atrium; LV, left

ventricle; Veh: vehicle; P, PDGF; COL-1, collagen type-1; FN-1, fibronectin-1.

Figure 6. The effects of the STAT3 inhibitor S31-201 on PDGF-AB action. (A-C) mRNA
expression of STAT3, collagen lal and collagen 3al in fibroblasts stimulated with PDGF-AB
and incubated with S31-201 at different concentrations. (D) Representative immunoblots of p-
STAT3 and t-STATS3 in fibroblasts stimulated with PDGF-AB with or without S31-201 (20 piv).
(E) Quantitative protein expression of p-STAT3/t-STAT3 ratio.(F) Representative immunoblots
of secreted collagen-1 from culture-medium of left atrial and ventricular fibroblasts stimulated
with PDGF-AB with or without S31-201 (50 uM). (G) Band-intensities for secreted collagen-1
(normalized to cell number). n=5-8/group. MeanSEM, *p<0.05, **p<0.01, ***p<0.001. One-
way ANOVA with Dunnett’s tests (A-C) or Bonferroni-corrected t-tests (E and G) were used for
statistical analysis. COL1A1, collagen 1al; COL-1, collagen type | COL3Al, collagen 3al; LA,

left atrium; LV, left ventricle; Veh, vehicle; P, PDGF; S31-20/50/100, S31-201 at 20/50/100uM.

Figure 7. Effects of S31-201 administration in vivo on atrial remodeling in mice with 2-week old
myocardial infarction. (A) Representative histological tissue sections (Masson Trichrome
staining) of left atria. (B) Quantification of left atrial fibrous tissue content as %-cross-sectional
area. (C) P-wave duration at end-study was decreased by S31-201 versus vehicle-control (MI).
(D-E) Systolic (LADs) and diastolic (LADd) left-atrial dimension. MeantSEM, *p<0.05,

**n<0.01, ***p<0.001 vs. sham; #p<0.05, #p<0.01, ##p<0.001 vs. MI. Sham, sham surgery
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without ligation; MI, myocardial infarction; M1+S3I, myocardial infarction with S31-201

treatment. Two-way ANOVA with Bonferroni post-tests was used for statistical analysis.

Figure 8. Schematic illustration of our findings. Congestive heart failure (CHF; VTP-dogs or
MI-mice) increased PDGF-JAK-STAT components and atrial fibrosis (red upward arrows);
PDGF-stimulation activated JAK-STAT system and altered fibroblast behavior in vitro (blue
upward arrows); S31-201 reduced STAT3 expression/activation and collagen deposition, and
attenuated atrial fibrosis (Green “<L” indicates inhibitory effects). Inhibitory effect of S31-201 on
STATS3 activation occurs via inhibition of phosphorylation, dimer formation and nuclear

translocation.
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Figure 8
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Online-only Data Supplement

Materials and Methods

Surgical Procedures of VTP in dogs and M1 in mice

VTP-dogs were anesthetized under diazepam (0.25 mg/kg IV)/ketamine (5.0 mg/kg
IV)/halothane (1% to 2% P1) anesthesia, intubated and ventilated. Bipolar pacing leads were
fixed to the right-ventricular apex via the left jugular vein, and connected to pacemakers (St.
Jude Medical, Minneapolis, MN) implanted subcutaneously in the neck. Following twenty-four
hours post-operative recovery time, ventricular-pacing was initiated at 240 bpm. The duration of
AF induced by 10 Hz burst pacing was measured repeatedly to measure mean AF-duration as an
index of AF-sustainability. The AF-duration for 10 inductions was averaged for each dog.

All experimental mice were fed and housed under a 12:12-hour light/dark cycle at 21<C
and 30% humidity. Mice were housed one mouse per cage and had free access to tap water and
food. MI mice were anesthetized with 2% isoflurane, intubated, and ventilated after preoperative
buprenorphine (0.1 mg/kg S.C.) injection. The thorax was shaved and sterilized with 2% w/v
chlorhexidine gluconate in 70% v/v isopropyl alcohol. Body temperature was maintained at 37<C
on a heating pad (Harvard Apparatus, Holliston, MA). The beating heart was accessed via a left
thoracotomy. Then the left anterior descending coronary artery was ligated with 10-0 silk.
Ligation was confirmed by the whitening of a region of the left ventricle, immediately post-
ligation. MI mice were compared with sham controls that underwent similar procedures but
without left anterior descending ligation. The chest was closed with 5-0 silk and the skin closed
with autoclips. The animals were placed in a prone position until the occurrence of spontaneous
breathing. Additional doses of ketoprofen (5 mg/kg) and buprenorphine (0.1 mg/kg) were

administered subcutaneously immediately after surgery, and 18 hours postoperatively.
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Echocardiography

Left ventricular (LV) regional wall motion was scored in LV short axis view at the level of the
papillary muscle for the 6 segments viewed in this view as follows: (1) normal, (2) hypo-Kkinesia,
(3) akinesia, (4) dyskinesia, and (5) aneurysmal. Wall motion score index (WMSI) was the mean
value of all scores. LV area at end cardiac diastole (LVAg) and systole (LVAs) were measured in
this view. LV fractional area change was calculated as FAC = (LVA4-LVAs) X 100%. Thickness
of LV anterior and posterior wall at end cardiac diastole (LVAW4, LVPWy), LV dimension at end
cardiac diastole (LVDg) and systole (LVDs) were measured by M-mode echocardiography (M-
mode) also in this view. LV fractional shortening (FS) and ejection fraction (EF) were obtained by
software algorithms within the Vivid 7 system. LV mass was calculated using the formula
developed by Liao Y et al, and indexed to body weight (BW) [1]. Left atrial dimension at end
cardiac systole (LAD;s) and diastole (LADg) were measured by M-mode in parasternal long axis
view. The average of 3 consecutive cardiac cycles was used for each measurement, with the

operator being blinded to treatment assignment.

In Vivo Electrophysiology

At baseline and 2 weeks post-MI, mice were anaesthetized with 2% isoflurane for
electrocardiogram (ECG) recording. Body temperature was maintained at 37 <C with a heating
pad. A surface ECG (lead 1) was obtained with four 25-gauge subcutaneous electrodes and
transmitted to a computer via an analogue-digital converter (I0X v1.585, EMKA Technologies)
for monitoring and later analysis with ECG-Auto 2.8.1.18 software (EMKA Technologies).
Recordings were filtered between 0.5 and 500 Hz. Measurements were based on averages of a

minimum of 10 complexes. Standard criteria were used to measure P-wave duration.
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Fibroblast and Cardiomyocyte Isolation

The heart was removed after intra-atrial injection of heparin (10,000 U), immersed in 2 mmol/L
Ca?*- containing Tyrode’s solution containing (in mM): NaCl 136, KCI 5.4, MgCl. 1, CaCl; 2,
NaH2PO4 0.33, HEPES 5 and dextrose 10, pH 7.35 (NaOH). The left circumflex coronary artery
was cannulated and all leaking branches were ligated, followed by perfusion with Ca®*-free
Tyrode’s solution for 10 minutes. The preparation was then perfused at 10 mL/min with Ca?*-
free Tyrode solution containing type Il collagenase (0.48 mg/mL, Worthington, OH) and
albumin (0.1%, Bioshop Canada Inc. Burlington, ON) for one hour. The harvested cells were
collected in DMEM medium and dispersed by gentle trituration with a pipette. Filtration (500-
M nanomesh) was used to remove debris and cells were centrifuged at 800 rpm for 5 minutes to
pellet cardiomyocytes. The supernatant was collected and filtered through 20 pm nanomesh and
centrifuged at 2,000 rpm for 10 minutes to pellet fibroblasts. Pelleted, freshly isolated fibroblasts

and cardiomyocytes were immediately frozen in liquid-N2 and stored for RNA extraction.

Protein Extraction and Immunoblots

Protein extracts (30 ug) of snap-frozen LA and LV tissue from dogs or cultured fibroblasts were
separated by electrophoresis on 12% SDS-PAGE (Bio-Rad) and transferred to PVDF membranes
(EMD Millipore, Billerica, MA). For secreted collagen type I, supernatants of medium (30 ul)
from cultured fibroblasts were separated by electrophoresis on 8% SDS-PAGE and transferred to
nitrocellulose membranes (Bio-Rad). Membranes were blocked and incubated overnight with the
primary antibodies and then with secondary antibodies. All of the primary antibodies are listed in
Table 1. Secondary antibodies were horseradish peroxidise—conjugated anti-mouse or anti-rabbit

(1:10000; Jackson Immuno Research Laboratories). Antibody signals were visualized with
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enhanced chemiluminescence (PerkinElmer, Waltham, MA). Data were normalized to GAPDH
band intensity from the same samples on the same membranes and/or normalized to cell number
(medium supernatant).

Supplemental Table 1. Primary antibodies that were used.

Name (anti-)  Species Type Dilution Source

PDGFR-a Rabbit  Polyclonal ~ 1:2,000  Santa Cruz Biotechnology,
Santa Cruz, CA

PDGFRp Rabbit  Polyclonal ~ 1:2,000 Santa Cruz Biotechnology

STAT3 Rabbit  Polyclonal 1:2,000 Cell signaling Technology,
Danvers, Mass

Phosphorylated Mouse  Monoclonal 1:2,000  Cell signaling Technology

- STAT3

Collagentype I Rabbit Polyclonal  1:25,000 MD Biosciences, Zurich
Switzerland

GAPDH Mouse  Monoclonal 1:10,000 Research Diagnostics Inc. RDI,

Fitzgerald Industries, NJ

References—Online Supplement
[1]. Liao, Y., et al., Echocardiographic assessment of LV hypertrophy and function in
aortic-banded mice: necropsy validation. Am J Physiol Heart Circ Physiol, 2002. 282(5):

p. H1703-8.
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Supplemental Figure Legends

Supplemental Figure 1. Ventricular tachypacing (VTP) dogs developed progressive AF
susceptibility and atrial fibrosis. (A) Mean AF duration increased substantially at 1-week and 2-
week VTP. (B) Quantification of fibrosis during the course of CHF induced by VTP. (C)
Representative histological tissue sections (Masson Trichrome) of left atria (LA) and left
ventricles (LV). Area stained with blue color is collagen. MeantSEM, n=3-8/group, *p<0.05,
**p<0.01, ***p<0.001 vs. corresponding CTL. One-way ANOVA with Dunnett’s tests was used

for statistical analysis. AF, atrial fibrillation; CTL, non-pacing control.

Supplemental Figure 2. mRNA expression of (A) PDGF isoforms, (B) PDGF receptor
(PDGFR) isoforms, and (C) JAK2 and STATS3 in fibroblasts and cardiomyocytes from control
dogs. MeantSEM, n=4/group. *p<0.05, **p<0.01, ***p<0.001. One-way One-way ANOVA
with Bonferroni-corrected t-tests was used for statistical analysis. LA, left atrium; LV, left

ventricle; FB, fibroblast; CM, cardiomyocyte.

Supplemental Figure 3. mRNA expression of TGFB1 and TGFp receptors (TGFBRs) in
fibroblasts stimulated with PDGF-AB with or without the addition of S31-201. (A) TGFB1
MRNA expression was induced by PDGF-stimulation and the increase was reversed by S31-201
treatment. (B) TGFBR1 expression was not affected by either PDGF-stimulation or S31-201
treatment. (C) TGFBR2 mRNA expression was induced by PDGF-stimulation and the increase
was reversed by S31-201 treatment. MeantSEM, n=4-10/group. *p<0.05, **p<0.01,

***n<0.001. One-way ANOVA with Bonferroni-corrected t-tests was used for statistical
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analysis. TGFBR1/2, TGF beta receptor 1/2; Veh, vehicle; P, PDGF; S3120/50/100, S31-201

20/50/100 uM.

Supplemental Figure 4. Effects of S31-201 on LV-remodeling. (A-B) Ratio of heart weight to
body weight and LV mass to body weight were increased 2 weeks after myocardial infarction
(M1), changes attenuated by S31-201 treatment. (C-H) LV dilation and LV contractile
dysfunction were induced by MI but not improved by S31-201. Mean3SEM, *p<0.05, **p<0.01,
***1<0.001 vs. sham; #*p<0.05, #p<0.01 vs. MI. Two-way ANOVA with Bonferroni post-tests
was used for statistical analysis. HW, heart weight; BW, body weight; LV, left ventricular;
LVDs, left ventricular dimension at end systole; LVDd, left ventricular dimension at end
diastole; FS, fractional shortening; EF, ejection fraction; FAC, fractional area change; WMSI,
Wall motion score index; Sham, sham surgery without ligation; MI, myocardial infarction;

MI+S3l, myocardial infarction with S31-201 treatment.

Supplemental Figure 5. mRNA expression of (A) JAK2 and (B) STAT3 in left atrial (LA) and
left ventricular (LV) cardiomyocytes during the ventricular tachypacing (VTP) time-course.
Mean3SEM, n=5-12/group, *p<0.05 vs. corresponding CTL. One-way ANOVA with Dunnett’s
tests was used for statistical analysis. CM, cardiomyocyte; LA, left atrium; LV, left ventricle;

CTL, non-paced controls.
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Supplemental Figure 1
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Supplemental Figure 2
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Supplemental Figure 3
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Chapter 3
The characterization of microRNA changes in congestive heart

failure
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Linking statement

MicroRNAs (miRs) have been studied in cardiac fibrosis but evidence about their role in AF-
related atrial fibrotic remodeling is still limited (Section 1.7.2.4). Prior studies from our lab
demonstrated potential roles for miR-21, miR-29b and miR-26 in regulating fibroblast behaviour
and atrial fibrotic responses. However, despite the fact that multiple miRs have been implicated in
atrial fibrosis, no studies have considered a number of important questions: 1) how do the multiple
potential miRs that may modify atrial fibrosis change their expression over time in the heart; 2)
how do their expression changes compare in different tissues and cellular compartments. I
hypothesized that the system-response of miRs is involved in arrhythmogenic fibrotic remodeling.
I therefore performed a detailed time-, chamber- and cell-type-specific miRNA analysis in the
canine AF-substrate model, aiming to reveal its role in the AF-promoting atrial-selective fibrotic

response.
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Abstract

Background—Heart failure (HF) causes left-atrial (LA) and left-ventricular (LV) remodeling,
with particularly-prominent changes in LA that create a substrate for atrial fibrillation (AF).
MicroRNAs (miRs) are potential regulators in cardiac remodeling. This study evaluated time-
dependent miR expression-changes in LA and LV tissue, fibroblasts and cardiomyocytes in
experimental HF.

Methods—HF was induced in dogs by ventricular tachypacing (varying periods, up to 2 weeks).
Following screening-microarray, 15 miRs were selected for detailed real-time qPCR assay.
Extracellular matrix mRNA-expression was assessed by qPCR.

Results—Tachypacing time-dependently reduced LV ejection-fraction, increased LV-volume and
AF-duration, and caused tissue-fibrosis with LA changes greater than LV. Tissue miR-expression
significantly changed in LA for 10 miRs; in LV for none. Cell-selective analysis showed
significant time-dependent changes in LA-fibroblasts for 10/15 miRs, LV-fibroblasts 8/15, LA-
cardiomyocytes in 6/15 and LV-cardiomyocytes 3/15. Cell-expression specificity did not predict
cell-specificity of VTP-induced expression-changes, e.g. 4/6 cardiomyocyte-selective miRs
changed almost exclusively in fibroblasts (miR-1, miR-208b, miR133a/b). Thirteen miRs
directly implicated in fibrosis/extracellular-matrix regulation were prominently changed: 9/13
showed fibroblast-selective alterations and 5/13 LA-selective. Multiple miRs changed in relation
to associated extracellular-matrix targets.

Conclusions—Experimental HF causes tissue and cell-type selective, time-dependent changes in
cardiac miR-expression. Expression-changes are greater in LA versus LV, and greater in
fibroblasts than cardiomyocytes, even for most cardiomyocyte-enriched miRs. This study, the

first to examine time, chamber and cell-type selective changes in an experimental model of HF,
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suggests that multiple miR-changes underlie the atrial-selective fibrotic response and emphasize
the importance of considering cell-specificity of miR expression-changes in cardiac remodeling

paradigms.

Keywords: microRNA, heart failure, remodeling, fibrosis

Introduction

Congestive heart failure (CHF) is a leading cause of mortality and morbidity [1], and is
associated with important cardiac remodeling [2]. MicroRNAs (miRNAs, miRs) are short, non-
coding RNAs that regulate gene-expression by binding to complementary sequences, generally
in the 3’-untranslated region, of mRNAs to prevent protein transcription and, in many cases, to
destabilize the mRNA. CHF markedly changes cardiac gene-expression profiles at the
ventricular [3,4] and atrial [4,5] levels. There is extensive evidence for an important role of
miRNAs in CHF-induced cardiac gene-expression remodeling [1,6].

Tissue fibrosis, an important part of the CHF remodeling response, is much more intense
at the atrial than ventricular level [7], a difference that is paralleled by discrete gene-change
profiles [4]. However, most studies of miRNA changes in CHF-related remodeling have focused
on ventricular changes. Those that have examined atrial alterations have not compared them
directly to ventricular changes in the same animal.

The targets of miRNAs are many, and their programmatic effects are consistent with the
complex gene-expression changes in CHF [1,6]. Furthermore, miRNAs can target and elicit
different biological responses in different cell-types [8]. While cardiomyocyte-changes are

central to the contractile dysfunction that characterizes CHF, fibroblasts also importantly
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contribute to remodeling, notably via altered extracellular-matrix (ECM) protein synthesis,
which causes tissue fibrosis, as well as paracrine interactions with cardiomyocytes. A major
deficiency in the available literature on miRNA alterations occurring with CHF is that virtually
all studies have assayed miRNA-expression changes in whole tissues. It is quite conceivable that
the miRNA-responses are cell-type specific, yet no work of which we are aware has
systematically examined miRNA changes in different heart-cell compartments.

The objectives of the present study were: 1) to examine the time-dependent changes in
miRNA-expression in a well-established dog model of dilated cardiomyopathy; 2) to examine
differentially the changes in atria versus ventricles, as well as the cell-selectivity (cardiomyocyte
versus fibroblast) of the miRNA-remodeling process; and 3) to relate changes in miRNA

expression to those of extracellular-matrix gene targets.

Methods

Animal model

Animal-care procedures followed the guidelines of the Canadian Council on Animal Care and
were approved by the Animals Research Ethics Committee of the Montreal Heart Institute. CHF
was induced by ventricular tachypacing (VTP, 240 bpm). Sixty-five mongrel dogs were divided
into five groups: non-paced controls (#=20), 12 hour VTP (n=10), 24 hour VTP (n=10), 1 week
VTP (n=10) and 2 week VTP (n=15). In a first series of dogs, we examined tissue
miRNA-expression, with 8 control dogs and 5 dogs each euthanized after 12 hour, 24 hour,

1 week, and 2 week VTP. In a second series, we analyzed cell-type selective changes in 12
control dogs, and 5 each at 12 hours, 24 hours, and 1 week VTP, and 10 dogs at 2 weeks of VTP.

VTP dogs were initially anesthetized with acepromazine (0.07 mg/kg i.m.), ketamine (5.3 mg/kg
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1.v.), diazepam (0.25 mg/kg, i.v.), and isoflurane (1.5%), intubated and ventilated. Bipolar pacing
leads were fixed to the right-ventricular apex via the left jugular vein, and connected to
tachypacemakers (St. Jude Medical, Minneapolis, MN) implanted subcutaneously in the neck,

with tachypacing started after a 24-hour recovery period.

Echocardiography

Transthoracic echocardiography was performed at baseline and on the last study day prior to
euthanasia, with an M3S probe (2.0-4.3 Megaherz) and a Vivid 7 Dimension system (GE
Healthcare Ultrasound, Horten, Norway) under sedation with acepromazine (0.07 mg/kg i.m.).
M-mode echocardiograms were obtained at the aortic-valve level in the parasternal long-axis
view to measure left-atrial (LA) diameters. Left-ventricular (LV) apical 4 and 2 chamber views
were recorded. The Simpson biplane method was used to determine LV volumes and ejection
fraction (LVEF). The average of three to six cardiac cycles was used for each measurement, with
the operator blinded to treatment assignment. The duration of AF induced by 10 Hz burstpacing
was measured repeatedly as previously described [2,4,5] to measure mean AF-duration as an

index of AF-sustainability. The AF-duration for 10 inductions was averaged for each dog.

Tissue and cell harvesting

On study-days, dogs were anaesthetized with morphine and (2 mg/kg s.c.) and alpha-chloralose
(120 mg/kg 1.v.) and mechanically ventilated, then euthanized by cardiac excision. Hearts, lungs
and adjacent tissues were removed and placed in Tyrode’s solution. In the first set of dogs
(n=28), right atrial (RA), LA and LV free wall samples were fast-frozen in liquid-N> for

molecular biology and/or stored in formalin for histology. In the second set of animals (n=37),
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the LA and LV were perfused via the left anterior descending coronary artery for cell isolation
and collagenase digestion as detailed previously [9,10]. Freshly-isolated fibroblasts were
analyzed to avoid the gene-expression changes that occur in culture [10]. After cell-isolation,

cell-isolates were snap-frozen in liquid-N> and stored at -80°C.

Fibrosis quantification

Fibrosis was quantified blinded to group assignment with Masson’s trichrome staining [11].
Microscopic images of Masson’s trichrome-stained sections at 400x magnification were digitized
(Scion Image Software, Olympus Microscopes, Center Valley, NJ) and analyzed with Sigmascan
4.0 (Jandel Scientific, San Rafael, CA). Fibrotic tissue content was quantified as a percentage of

surface area, excluding blood vessels.

RNA extraction and quantification

Total RNA of tissue-samples or freshly isolated cells from each dog was extracted with the
mirVana miRNA Isolation Kit (Ambion, Austin, TX) without performing the miRNA enriching
step. RNA was quantified by NanoDrop 2000 (Thermo Scientific, Waltham, MA) and diluted to
100 ng/ul. For details about methods for RNA quality control assessment and microarray

screening for miR changes, see Online Supplement.

Real-time polymerase chain reaction (PCR)
First-strand cDNA was synthesized from 87.5 ng of total RNA using the Tagman microRNA
Reversed Transcription Kit or High Capacity Reverse Transcription Kit (Applied Biosystems,

Foster City, CA).PCR-reactions were performedwiththeMx3005P Realtime PCR System
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(Agilent Technologies, Santa Clara, CA). Real-time PCR was performed with specific
6-carboxy-fluorescein (FAM)-labeled fluorogenic TagMan primers, 13 ng (for miRNA) or 10 ng
(for ECM-proteins) of cDNA combined with 2xTagMan Universal PCR Master Mix (Applied
Biosystems). Signals were detected in duplicate. The plates were thermal-cycled at 95°C

(10 minutes), followed by 40 cycles at 95°C (15 s)/60°C (1 minute). Data were analyzed with
MxPro qPCR Software (Agilent). U6 small nuclear RNA (snRNA) was the reference for
miRNA-expression. The geometric mean of HPRT and f2-microglobulin mRNA-expression was
used as reference for ECM mRNA-expression. All TagMan probes or primers were purchased

from Applied Biosystems.

In silico prediction of potential miRNA targets

MiRNA-targets were predicted by TargetScan v6.2, by searching for the presence of
conserved8-merand7-mersites on target mRNAs that match the miRNA seed region. Only
mRNA sequences with at least one conserved binding region across human and canine families

were chosen as potentially valid targets from mRNA target prediction.

Statistical analysis
Data are mean+=SEM. One-way ANOVA was used for multiple-group comparisons, with a post-
hoc Dunnett’s test to compare differences between individual group and control means. A two-

tailed p<0.05 represented statistical significance.

Results

Cardiac remodeling

150



Serial echocardiography revealed LV contractile dysfunction beginning 24 hours after VTP-onset
(Figure 1A), accompanied by progressive LV and LA dilation (Figures 1B, 1C). AF duration
increased progressively (Figure 1D) and substantial LA fibrosis occurred (Figure 1E,
Supplemental Figure 1), consistent with previous reports [11,12]. Significant changes in the
expression of alpha smooth-muscle actin (a-SMA), a marker of fibroblast differentiation to

myofibroblasts, occurred in LA but not LV fibroblasts (Figure 1F).

Screening microarray results

Of 260 miRNAs probed in dog (Supplemental Table 1), 99 in atrium and 36 in ventricle showed
>20% deviation in CHF compared to control (Supplemental Table 2). Changes ranged from a
561% increase to a 52% decrease in atrium, and from a 56% increase to a 40% decrease in
ventricle. We selected 21 miRNAs for further study, based on the magnitude of change and
known abundance in the heart. The expression heat-map for these 21 miRNAs (Supplemental
Figure 2) shows chamber-selective alterations, much larger in atrium than ventricle. Based on
this heat-map, we performed detailed time, tissue and cell expression analyses for at least one
isoform of each miRNA: miR-1, miR-21, miR-26a, miR-26b, miR-29b, miR-30a, miR-133a,

miR-133b, miR-146a, miR-146b, miR-208a, miR-208b, miR214, miR-218 and miR-222.

Tissue miRNA-expression

The tissue-expression data for miR-1 are shown in Figure 2A. Expression decreased
progressively in the LA, becoming statistically significant within 24 hours, but did not change
significantly in LV. MiR-21 increased substantially in LA, with significant changes beginning

after 1 week (Figure 2B); once more, LV-expression was unchanged. MiR-26a tended to decrease
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in LA, but the changes were not statistically significant, and no consistent trend was observed in
LV (Figure 2C). MiR-26b decreased significantly in LA within 12 hours of VTP-onset, and was
unchanged in LV (Figure 2D). MiR-29b (Figure 2E), miR-30a (Figure 2F) and miR-133a (Figure
2@G) showed rapid (12-24 hours) and sustained decreases in LA, without change in LV. MiR-133b
decreased to a lesser extent and later in LA, without changing in LV (Figure 2H). MiR-146a
expression did not change in either LA or LV (Figure 3A), but miR-146b increased significantly
in LA beginning at 1-week VTP (Figure 3B). By contrast, miR-208a expression decreased
rapidly in LA (Figure 3C), whereas miR-208b remained unchanged in both LA and LV (Figure
3D).MiR-214 expression did not change significantly (Figure 3E). LA miR-218 was
downregulated rapidly, beginning after 12-hour VTP, and remained suppressed thereafter,
without changing in LV (Figure 3F). While miR-222 showed a similar pattern to miR-218, the
changes were not statistically significant (Figure 3G). The absolute expression-levels were
highest for miR-1 and miR-133 (about 5-10 normalized to U6), intermediate for miR-21, miR26
and miR-30 (about 0.5-2 versus U6), smaller for miR-29b, miR-214 and miR-222 (0.05-0.15)

and smallest for miR-146, miR-208 and miR-218 (0.005-0.04).

Cell-type specificity of changes
To follow up on the tissue-changes described above, we prepared an additional series of dogs and
analyzed the cell type (fibroblast versus cardiomyocyte) selectivity of changes. We divided
miRNAs into fibroblast-enriched and cardiomyocyte-enriched groups based on expression-levels
in cells from control dogs (right panels of Figures 4-7).

Cellular miR-21 expression changes in LA (Figure 4A) had a similar time-course to those

in tissue: statistically-significant changes were seen at 1 and 2 weeks in fibroblasts and 1 week in
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cardiomyocytes. MiR-21 also showed significant increases in both LV-fibroblasts and LV-
cardiomyocytes (Figure 4B). At baseline, miR-21 expression in fibroblasts was about 4-fold that
in cardiomyocytes (Figure 4C).

In contrast to tissue (Figure 2C), which showed a nonsignificant tendency for decreased
miR-26a expression, LA-fibroblasts showed rapid and progressive decreases in miR-26a
(Figure 4D), while LA-cardiomyocyte expression remained unaltered; LV expression was not
significantly affected by VTP (Figure 4E). Similar to miR-26a, miR-26b decreased rapidly in
LA-fibroblasts (Figure4G), without changing significantly in LA-cardiomyocytes or LV cells of
either type (Figure 4H). Like miR-26a, miR-26b was expressed selectively in fibroblasts of LA
but not LV (Figure 41).

Cell-type selective analysis of miR-29b showed rapid (within 12 hours) and sustained
decreases in LA-fibroblasts (Figure 4J), with nonsignificant variations in LA-cardiomyocytes
and no significant alterations in LV (Figure 4K). MiR-218 showed a similar profile to miR-29b:
decreased early in LA-fibroblasts (Figure 4M) but nonsigificant changes in LA-cardiomyocytes
or LV (Figure 4N).

MiR-146a and miR-146b did not show sustained changes in either cell type or chamber,
although miR-146a expression decreased at 24 hours in LA-fibroblasts, and miR-146b increased
at 1 week in LV-fibroblasts (Figure SA, B, D, E).MiR-146b expression increased at 1 week in
both LA and LV cardiomyocytes (Figure 5D, E). MiR-214 was upregulated in LA-
cardiomyocytes at 1week (Figure 5G) and in LV-fibroblasts from 1 week (Figure SH). MiR-222

did not show any sustained alterations (Figure 5J, K).

Cardiomyocyte-enriched miRNAs
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MiR-1 showed rapid, substantial and statistically-significant changes in fibroblasts from LA
(Figure 6A) and LV (Figure 6B). Cardiomyocyte changes were not statistically significant,
despite up to >30-fold enrichment in cardiomyocytes (Figure 6C). MiR-30a expression decreased
significantly in fibroblasts and cardiomyocytes of both LA (Figure 6D) and LV (Figure 6E), with
about 4-fold enrichment in cardiomyocyte expression versus fibroblasts at baseline (Figure 6F).

MiR-133a showed small changes in LA (Figure 6G), with statistically-significant
decreases occurring only at the 1-week time-point in cardiomyocytes. In LV, fibroblasts showed
rapid and sustained miR-133a expression decreases, with no changes in cardiomyocytes (Figure
6H), despite about 9-fold enrichment in cardiomyocytes versus fibroblasts at baseline (Figure
61). The changes in miR-133b expression roughly paralleled those for miR-133a: no significant
changes in LA (Figure 7A) and fibroblast-restricted changes in LV (Figure 7B), with about 5-fold
enrichment of expression in cardiomyocytes versus fibroblasts at baseline (Figure 7C).

As for miR-133, miR-208 changes were noted predominantly in fibroblasts.Rapid
reductions in expression were noted in LA miR-208a expression for both fibroblasts and
cardiomyocytes (Figure 7D), but fibroblast changes were relatively much larger. No statistically
significant changes occurred in LV (Figure 7E). MiR-208b decreased significantly only in

fibroblasts (Figures 7G, 7H), with no significant changes in cardiomyocyte-expression.

MiRNA and ECM-related targets

In silico prediction and evaluation of ECM-related target genes

Taken together, our miRNA expression analysis indicates particularly strong changes in LA-
fibroblasts, compatible with the important LA-selective fibrotic response seen in this model

[4,7,12]. We therefore performed a target scan for fibrosis-related targets of the miRNAs studied.
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The principal relevant targets are shown in Supplemental Table 3: 190f the 21miRNAs had one
or more targets implicated in ECM remodeling. Many of the targets have been biologically
validated in the literature; in addition, we evaluated selected targets for post-transcriptional
regulation of ECM genes with dual luciferase reporter assay (for miR-26a, miR-133a and miR-
218). MiR-218 overexpression significantly decreased the luciferase-read out for collagen-1al
(COLI1A1, Supplemental Figure 4A). Knockdown of miR-218 reversed the effect of miR-218
overexpression. COLIAI gene-expression was downregulated by miR-218 overexpression
(Supplemental Figure 4B), indicating thatmiR-218 can lead to COLIA1 mRNA-degradation.The
predicted targeting of fibronectin-1 (FN1) and fibrillin-1 (FBNI) by miR-26a and miR-133a

respectively was not supported by the luciferase reporter assay (Supplemental Figures 4C, 4D).

Fibroblast ECM gene expression changes

We analyzed detailed fibroblast expression-profiles for the 9 predicted ECM target-genes shown
in bold in Supplemental Table 3. Figure 8 shows the profile of COL 1A 1-expression and its
regulating miRNAs. For clarity, statistical significance of changes is shown only for COLI1A1;
for statistical significance of changes in fibroblast-expression for each miRNA see Figures 4-
7.COL1A41-expression increased substantially in LA-fibroblasts, beginning at 1-week
VTP(Figure 8A), consistent with the time course of fibrosis development (Figure 1E). A similar
pattern was observed for miR-21, which regulates COL 14 Iindirectly by targeting
Sproutyhomolog-1 (SPRY1).All the miRNAs directly regulating COL1A41decreased early,
beginning at 12-hour VTP, consistent with a role in COL1A41-upregulation. Among the miRNAs
controlling COL1A41, miR-29b, miR-133 and miR-218 target COL1A ldirectly; miR-26 and miR-

30a regulate COL 1A Iindirectly by targeting transient receptor potential canonical channel type-3
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(TRPC3) and connective tissue growth factor (CTGF) [8]. In LV-fibroblasts, a significant
increase in COL 1A [-expression was noted only at 1-week VTP, correspondingly roughly to the
miR-21 expression-profile (Figure 8B).

Similar to COL1A41, other collagen-family members increased significantly in LA and LV
fibroblasts at 1-2 week VTP (Supplemental Figure 5). Their time-course again best-paralleled the
changes in miR-21, with changes in other potential regulating miRNAs beginning much earlier
in LA and showing much less significant change in LV. Changes in FNI and FBNIwere
directionally opposite to those in their regulating miRNAs miR-29b and miR-1 (Supplemental
Figure 6A-6D), consistent with miRNA-control. The expression of matrix metalloproteinase-2
(MMP?2) did not change significantly in LA-fibroblasts (Supplemental Figure 6E), inconsistent
with the observed decreases in miR-29b and increases in miR-21, both of which should have
upregulated MMP2. In LV-fibroblasts, changes in MMP2 (Supplemental Figure 6F) were
consistent with the increases observed in miR-21. The changes in tissue inhibitor of
metalloproteinase-3 (7IMP3) were also inconsistent with regulation by its targeting miRNAs

(Supplemental Figures 6G, 6H)

Discussion

In this study, we analyzed the expression of a variety of miRNAs as a function of time, cardiac

chamber and cell-type in a widely used experimental model of dilated cardiomyopathy [13]. We
found a complex pattern of changes, which were more marked in LA than LV and in fibroblasts
than cardiomyocytes. The time-course and cell-type selectivity of alterations argue against prior

notions about the miRNAs that are involved in the cardiac remodeling response, and indicate that
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some changes (notably in collagen expression) may result from multiple miRNAs acting in

concert.

MiRNAs in heart failure

MiRNAs are accepted to play an important pathogenic role in CHF [1,6,14,15]. The evidence
for this association includes miRNA expression-studies in clinical and experimental in vivo
models, analyses of the regulatory effects of miRNA knockdown and overexpression in model
cell-systems in vitro and the modulation of in vivo phenotypes in genetically-modified animals.
MiRNAs that have been implicated include miR-1, miR-21, miR-23, miR-133, miR-199,
miR-208 and miR-320 [15]. However, there remain important challenges in knowing the specific
role of individual miRNAs in CHF pathophysiology. First, the wide variety of miRNA
candidates that have been implicated in similar models begs the question of what role individual
miRNAs might play. Presumably, the phenotypic response results from a pattern of miRNA
changes occurring in response to the CHF-inducing stressor. The relative contribution and
importance of individual components is an important issue that has yet to be addressed. A second
concern is the cell-type specificity of changes. Virtually all studies that have examined altered
cardiac miRNA expression in cardiac hypertrophy/failure, and made inferences regarding their
potential pathophysiological participation, have analyzed miRNA expression in whole tissues
without considering the cell-type specificity of expression changes. Examples of investigations
examining whole tissue expression, but not specifically expression in cardiomyocytes, fibroblasts
or other cell types, include studies in transverse aortic constriction rodent models [16,17],humans

with pathological LV hypertrophy [17], mice and humans post-myocardial infarction (MI) [18],
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transgenic mouse models of hypertrophic cardiomyopathy [19], and end-stage human dilated
cardiomyopathy [20].

Whole-tissue analysis does not reveal the cell subtype(s) in which miRNA expression is
altered. The potential limitations of whole-tissue quantification are illustrated by the
discrepancies between our results for miRNA expression profiling at the whole-tissue (Figures 2
and 3) and isolated-cell level (Figures 4-7). At the whole-tissue level, statistically-significant
changes were seen only in the LA and not in the LV; in contrast, when analyses were performed
selectively on cardiomyocytes and fibroblasts, statistically-significant changes were observed in
LV-cardiomyocytes for 3 miRNAs (21, 146b, and 30a) and in LV fibroblasts for 8 miRNAs (1,
21, 30a, 133a, 133b, 146b, 124 and 208b). Cell-selective profiling also revealed that fibroblasts
show a much stronger miRNA response, with significant changes in 10/15 miRNAs for LA and
8/15 for LV, compared to cardiomyocytes (6/15 and 3/15 respectively). In addition, expression-
changes were often quantitatively greater and more persistent over time in fibroblasts compared
to cardiomyocytes. These observations suggest that miRNAs are likely to be particularly
important in fibroblast-dependent responses (like tissue-fibrosis). Indeed, the fact that only
3miRNAs (miR-21, 146b, and miR-30a) were dysregulated in LV-cardiomyocytes, and these
only at 1-week or 2-week VTP, suggests that none of the miRNAs we studied contribute to the
LV-remodeling observed at earlier time-points in our model (Figure 1). It is possible that some
aspects of cardiomyocyte remodeling previously attributed to miRNA-signaling in
cardiomyocytes may actually be secondary to paracrine effects [21] due to release of miRNAs

and/or other bioactive products from neighboring fibroblasts remodeled via miRNA-changes.

MiRNAs and chamber-selective fibrosis
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Tissue fibrosis is an important component of the cardiac remodeling observed in CHF [22]. The
VTP-induced CHF model manifests substantial tissue fibrosis, which is quantitatively greater
and faster in onset in LA compared to LV [12]. Our miRNA-analyses are consistent with a role
for a variety of miRNAs that have implicated in ECM regulation, including miR-21, miR-26,
miR-29, miR-30 and miR-133.Thum provided the first evidence for a role of miR-21 in
pathological LV fibrosis [23]. More recently, LA miR-21 upregulation was demonstrated to play
an essential role in LA fibrosis and atrial fibrillation (AF) promotion due to MI-induced CHF in
rats [24], and is likely the central mediator of Racl-induced atrial fibrosis and AF [25]. MiR-26
targets the nonselective cation-channel TPRC3, which appears to be an important contributor to
regulatory Ca’" entry in cardiac fibroblasts [26]. Mir-26 downregulation in AF disinhibits and
enhances TRPC3-channel expression in LA fibroblasts, promoting their proliferation and
differentiation, leading to an AF substrate [26]. In addition, our target predictions (Supplemental
Table 3) suggest that miR-26 targets ECM genes and ECM regulators like PDGF-receptor alpha
and CTGF, known to be important profibrotic factors [4,7,27]. MiR-29 prominently targets
collagen and is involved in post-MI fibrosis [18]. Recent work has implicated miR-29
downregulation in atrial collagen regulation associated with VTP-induced CHF [28]. CTGF-
targeting by miR-30 and miR-133 also mediates potentially important profibrotic properties [8].
Figure 8 and Supplemental Figures5 and 6 illustrate the ECM-genes validated to be
directly or indirectly targeted by the miRNAs we studied. We observed complex, time-dependent
changes in these ECM-regulating miRNAs in fibroblasts from VTP-dogs. Rapid downregulation
(within 12 hours) of miR26a/b, miR-29b and miR-30a was noted in LA fibroblasts, with delayed
upregulation (at 1 week) of miR-21. Based on the magnitude and time-course of changes,

miR-21 appears to be particularly important in the ECM-response, consistent with previous
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studies of the effect of miR-21 knockdown on fibrotic remodeling [23-25]. Significant
upregulation of collagen genes (COLIAI, COLIA2, COL3A1, COL5A1) and FBNI was not
observed until 1-week VTP (Figure 8 and Supplemental Figure 5 and 6), corresponding to the
time of miR-21 upregulation. Nevertheless, other miRNAs changed significantly prior to
increases in the expression of collagen genes and could also have contributed. FN/, a validated
target of miR-1 [29], was significantly upregulated in both LA and LV (Supplemental Figures 6C
and 6D). Within 12 hours of VTP-onset, decreased expression was seen for miR-1 (in both LA
and LV), potentially leading to the changes in FBNI. For FBNI, MMP2 and TIMP3, the
alterations in gene expression were generally not compatible with direct regulation by the
miRNAs studied (Supplemental Figure 6).

The greater miRNA change in atria versus ventricles and fibroblasts versus
cardiomyocytes is an interesting and novel observation of unknown mechanism. Previous studies
have documented greater changes in terms of gene-expression, tissue-fibrosis, inflammation,
neurohormones, mitogen-activated protein kinases and cell-death in LA versus LV [4,12]. Atrial
fibroblasts are known to be more responsive than ventricular to a broad range of stimuli [7]. The
atrial-selective miRNA response may simply be part of the generally more intense response of
the atria in CHF. The fibroblast versus cardiomyocyte differences remain unexplained, but may
relate to the important mechanosensitivity of fibroblasts [30] in response to the stretch imposed
by CHEF, particularly in this model of dilated cardiomyopathy with a high prevalence of mitral
regurgitation [2]. Transforming growth-factor B is differentially activated in LA versus LV in
CHF [12], and is known to regulate miRNAs like miR-21 and miR-29 [31,32], potentially

contributing to the differential responses we observed.
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Novelty and potential significance

To the best of our knowledge this is the first study to systematically evaluate time-dependent
miRNA remodeling in experimental CHF, while comparing miRNA profiling in LA vs. LV as
well as in fibroblasts vs. cardiomyocytes. Our results highlight the fact that miRs are distinctly
regulated in different cardiac cell-types and that expression data needed to assess hypotheses
about the role of miRNAs must be obtained in purified cell preparations of the relevant type.
Surprisingly, the expression of some cardiomyocyte-selective miRNAs generally assumed to be
central in adverse ventricular remodeling, like miR-1, miR-133 and miR-208, was not altered in
LV-cardiomyocytes, raising questions about their putative roles. Our results argue strongly that
if a miRNA is hypothesized to be directly involved in a cardiomyocyte response (e.g.
hypertrophy, cell death) the relevant expression-changes must be assessed in cardiomyocytes; if
in a fibroblast response (e.g. ECM-regulation, fibrosis) expression must be verified in fibroblasts,
because changes in overall tissue-expression do not necessarily reflect alterations in specific cell-
types. Baseline differences in cell-type specific expression is not a reliable indicator of cell-type
specificity of tissue expression changes: the fibroblast-enriched miRNA miR-21 was
significantly dysregulated by VTP in both LA and LV cardiomyocytes; whereas expression of the
cardiomyocyte-enriched miRNAs miR-1, miR-133a, miR-133b and miR-208b changed in
fibroblasts and not cardiomyocytes.

AF i1s a clinically important arrhythmia, often associated with CHF, in which atrial
fibrosis plays an important pathophysiological role [2,7,33]. Although there is evidence for the
involvement of a number of miRNAs in AF-associated atrial fibrosis [24-26,28], here we
characterize for the first time the detailed time-course of changes in multiple ECM-regulating

miRNAs in atrial fibroblasts from a model that produces clinically-relevant AF-promoting
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fibrosis. The results suggest that miR-21 is likely the most important contributor to profibrotic
collagen-production, but that a number of other miRNAs may well play an ancillary role. For
other ECM-genes, the pattern was largely incompatible with miRNA-regulation and other factors

must be involved.

Potential limitations

We used a specific canine model of CHF, which produces a well-characterized cardiomyopathy
[8]. Our results cannot be directly extrapolated to other forms of cardiomyopathy or causes of
CHEF, nor to other species, including man. Further work characterizing cell-specific expression
changes in miRNAs in other models and species would be of interest. In addition, we did not
continue VTP beyond 2 weeks to drive the dogs to severe/terminal CHF, because of the high
associated mortality-rate. Nevertheless, our dogs manifested substantial reductions in LV
ejection-fraction, increases in LV and LA dimensions, and LA fibrosis. Cell-culture is often used
to multiply and purify fibroblasts prior to analysis; however, it can substantially alter fibroblast
phenotype and gene-expression [10]. For this reason, we used a well-characterized acutely-
isolated fibroblast preparation [10]; however, this limited the amount of miRNA and mRNA
available for study and the number of analyses that were possible. We performed preliminary
miRNA microarray analysis (Supplemental Figure 2) in RA tissue (rather than LA) to select
miRNAs for further study, and then did further detailed analyses in LA, in order to make optimal
use of the limited atrial tissue samples available from each dog. The impression obtained from
the microarray experiment comparing RA to LV, that miRNA expression changes in atrium are

greater than those in ventricle, was confirmed by the subsequent detailed qPCR studies on LA
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and LV tissue (Figures 2 and 3). It would be of interest in future work to compare the time-
dependent miRNA changes in cardiomyocytes and fibroblasts isolated from LA versus RA.

We have focused primarily on miRNA regulation of ECM proteins, because of their
importance in AF and the predominance of changes in ECM-secreting fibroblasts. However,
miRNA-changes could also contribute to arrhythmogenesis by regulating targets like ion-
channels and Ca*"-handling in cardiomyocytes [34, 35]. This is an area that merits exploration in

future research.
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Figure Legends

Figure 1. Structural and functional remodeling during development of CHF. (A) Left ventricular
(LV) ejection fraction (LVEF) decreases within 24 hours of VTP-onset. (B) LV end-diastolic
volume (LVEDYV) increases progressively. (C) Left atrial (LA) diameters are increased beginning
1 week post VTP-onset. (D) Mean AF-duration increased substantially at 1-week and 2-week
VTP. (E) LA fibrosis appears at 1-week VTP. (F) mRNA expression of alpha-smooth muscle
actin (a-SMA) in atrial and ventricular fibroblasts (FBs). Values are mean+SEM, n=5/group
(A-C), n=5-12/group (D& F), *p<0.05, **p<0.01, ***p<0.005, vs. baseline (for repeated

measures) or control-dogs (CTL) for non-paced controls.

Figure 2. Tissue expression of miR-1, miR-21, miR-26 family, miR-29b, miR-30a and miR-133
family during VTP time-course. Values are mean+=SEM, n=5-8/group. *p<0.05, **p<0.01,
*#%p<0.005, vs. corresponding CTL-samples. CTL, non-paced controls; LA, left atrium; LV, left

ventricle.

Figure 3. Tissue expression of miR-146 family, miR-208 family, miR-214, miR-218 and miR-
222 during VTP time-course. Values are mean+SEM, n=5-8/group. **p<0.01, ***p<0.005, vs.

corresponding CTL-samples. CTL, non-paced controls; LA, left atrium; LV, left ventricle.

Figure 4. Cell-type selective expression-profile of fibroblast-enriched miRNAs during VTP
time-course. Left atrial (LA) results are at left, left ventricular (LV) in middle and baseline
fibroblast/cardiomyocyte expression-values are at right. Top: miR-21; 2" row: miR-26a; 3™ row:

miR-26b; 4™ row: miR-29b; Bottom: miR-218. Values are mean+SEM, n=>5-12/group. *p<0.05,
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*#p<0.01, ***p<0.005, vs. corresponding CTL-samples (left and middle panels) or between two

cell-types (right panels).FB, fibroblasts; CM, cardiomyocytes; CTL, non-paced controls.

Figure 5. Cell-type selective expression-profile of fibroblast-enriched miRNAs during VTP
time-course. Left atrial (LA) results are at left, left ventricular (LV) in middle and baseline
fibroblast/cardiomyocyte expression-values are at right. Top: miR-146a; 2" row: miR-146b; 3™
row: miR-214; Bottom: miR-222. Values are mean+SEM, n=5-12/group. *p<0.05, **p<0.01,
*#%p<0.005, vs. corresponding CTL-samples (left and middle panels) or between two cell types

(right panels).FB, fibroblasts; CM, cardiomyocytes; CTL, non-paced controls.

Figure 6. Cell-type selective expression-profile of cardiomyocyte-enriched miRNAs during VTP
time-course. Left-atrial (LA) results are at left, left-ventricular (LV) in middle and baseline
fibroblast/cardiomyocyte expression-values are at right. Top: miR-1; Middle: miR-30a; Bottom:
miR-133a. Values are mean+=SEM, n=>5-12/group. *p<0.05, **p<0.01, ***p<0.005, vs.
corresponding CTL-samples (left and middle panels) or between two cell-types (right

panels).FB, fibroblasts; CM, cardiomyocytes; CTL, non-paced controls.

Figure 7. Cell-type selective expression-profile of cardiomyocyte-enriched miRNAs during VTP
time-course. Left atrial (LA) results are at left, left ventricular (LV) in middle and baseline
fibroblast/cardiomyocyte expression-values are at right. Top: miR-133b; Middle: miR-208a;
Bottom: miR-208b. Values are mean+SEM, n=5-12/group. *p<0.05, **p<0.01, ***p<0.005, vs.
corresponding CTL samples (left and middle panels) or between two cell-types (right panels).FB,

fibroblasts; CM, cardiomyocytes; CTL, non-paced controls.
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Figure 8. Expression of COL1IA1ImRNA and regulating miRNAs in freshly-isolated fibroblasts
(FBs) from left atrium (A) and left ventricle (B) during VTP time-course. The scale for COL1A1-
expression (solid orange line) is shown at the left; that for miRNA-expression is on the right.
MiRNAs shown with solid lines regulate COL1Aldirectly; dashed lines indicate indirect
regulation. Values are meantSEM, n=>5-12/group. ***p<0.005, vs. corresponding CTL-
samples.COL1A1,collagen-1al; LA, left atrium; LV, left ventricle; FB, fibroblasts; CTL, non-

paced controls.
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Supplemental materials

Supplemental Methods

RNA quality control and MicroRNA array profiling

RA and LV tissue-samples were used for microRNA-array profiling. Each chamber included
pooled samples from each dog in a set: one set for the control group and one each for the four
VTP-time groups. After RNA-extraction, RNA quality was verified via Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA) profile. RNAs with an RNA integrity number (RIN) >7
were used for miRNA-array analysis. One pg of total RNA from pooled sample and reference
was labeled with Hy3™ and Hy5™ fluorescent-label, respectively, using the miRCURY™ LNA
Array power labeling kit (Exiqon, Vedbaek, Denmark). The Hy3™-labeled and Hy5™:-labeled
samples were mixed pair-wise and hybridized to the miRCURY™ LNA array version 11.0
(Exigon), which contains capture probes targeting all miRNAs for all other species than human,
mouse or rat registered in miRBASE version 14.0 (Sanger Institute). Hybridization was
performed according to the miIRCURY™ LNA array manual with an HS4800 hybridization
station (Tecan, Grodig, Austria). After hybridization, the microarray slides were scanned and
stored in an ozone free environment (ozone-level below 2.0 ppb) to prevent fluorescent-dye
bleaching. Microarray slides were scanned with the Agilent G2565BA Microarray Scanner
System (Santa Clara, CA) and image analysis was performed with ImaGene 8.0 software (El
Seguno, CA). The quantified signals were background-corrected (Normexp with offset value 10)
and normalized with the global Lowess (Locally Weighted Scatterplot Smoothing) regression

algorithm.

Cell culture
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The HEK293 cell line was purchased from ATCC and cultured in DMEM containing 10% FBS
and 1% penicillin/streptomycin. Fibroblasts were freshly isolated from left atria of control dogs

and cultured in DMEM containing 5% FBS and 1% penicillin/streptomycin.

Synthesis of miRNAs and anti-miRNA antisense inhibitors

MiR-26a, miR133a and miR-218 were synthesized by Invitrogen, and their respective antisense
oligonucleotides, AMO-26a, AMO-133a and AMO-218 were synthesized by Exiqon. Five
nucleotides or deoxynucleotides at both ends of the antisense molecules were locked (LNA; the
ribose ring is constrained by a methylene bridge between the 2'-O- and the 4'-C atoms).

Additionally, a scrambled RNA or AMO was used as a negative control.

Construction of luciferase-miRNA-target site fusion plasmids and luciferase activity assay
To construct reporter vectors bearing miRNA-target sites, we synthesized fragments containing
the exact target sites for each miRNA in the 3'-untranslated region (3’-UTR) of their respective
target genes (Supplemental Figure 3) synthesized by Invitrogen. These inserts were ligated into
Sacl and Xhol in pmirGLO Dual-Luciferase miRNA Target Expression Vector( Promega,
Madison, WI).For luciferase assay involving miRNA function, HEK293 cells were transfected
with the pmirGLO Dual-Luciferase miRNA Target Expression Vector carrying the 3' UTR of

target genes, according to the manufacturer’s instructions.

Transfection procedures.
HEK cells were transfected with 10-nMmiRNA and/or 5-nM AMOs, or negative control
constructs with Lipofectamine 3000 (Invitrogen), according to the manufacturer’s instructions.

Cells were used for luciferase assay 24 hours after the transfection. Atrial fibroblasts were
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transfected with 100 nM miRNA and/or 50 nM AMOs, or negative control constructs. Fibroblast

RNA was collected 24 hours after transfection for further analysis.
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Supplemental tables

Supplemental Tablel. 260 probes for miRNAs tested in miRCURY™ LNA Array for microRNA
profiling (ordered by the numbers of miRNAs)

Probe ID Anotation Probe ID  Anotation Probe ID Anotation
17748 cfa-let-7a 10946 cfa-miR-141 27536 cfa-miR-190a
17749 cfa-let-7b 49656 cfa-miR-141 32731 cfa-miR-190b
19004 cfa-let-7c 50170 cfa-miR-141 10985 cfa-miR-191
46436 cfa-let-7e 19015 cfa-miR-142 46443 cfa-miR-193a
17752 cfa-let-7f 13177 cfa-miR-143 42962 cfa-miR-193b
19602 cfa-let-7g 29802 cfa-miR-144 10988 cfa-miR-194
50262 cfa-let-7j 42641 cfa-miR-145 13148 cfa-miR-195
10916 cfa-miR-1 10952 cfa-miR-146a 10990 cfa-miR-196a
13485 cfa-miR-10 46713 cfa-miR-146b 42783 cfa-miR-197
50427 cfa-miR-101 17411 cfa-miR-147 10995 cfa-miR-199
10919 cfa-miR-103 10955 cfa-miR-148a 10997 cfa-miR-19a
50005 cfa-miR-103/cfa-miR-107 19585 cfa-miR-148b 10998 cfa-miR-19b
5250 cfa-miR-105a 42810 cfa-miR-149 17427 cfa-miR-200c
48901 cfa-miR-105b 42802 cfa-miR-150 42507 cfa-miR-202
17605 cfa-miR-106a 11260 cfa-miR-151 11004 cfa-miR-203
19582 cfa-miR-106b 17676 cfa-miR-152 11005 cfa-miR-204
10925 cfa-miR-10b 42599 cfa-miR-153 42655 cfa-miR-205
19583 cfa-miR-122 10964 cfa-miR-155 11007 cfa-miR-206
14328 cfa-miR-124 27720 cfa-miR-15a 5730 cfa-miR-208a
10928 cfa-miR-125a 17280 cfa-miR-15b 42555 cfa-miR-208b
30787 cfa-miR-125b 10967 cfa-miR-16 46513 cfa-miR-20a
33596 cfa-miR-126 19588 cfa-miR-17 50240 cfa-miR-20b
42829 cfa-miR-127 42865 cfa-miR-181a 5740 cfa-miR-21
49960 cfa-miR-1271 48944 cfa-miR-181b 42797 cfa-miR-210
33902 cfa-miR-128 42496 cfa-miR-181c 19601 cfa-miR-211
42467 cfa-miR-129 42840 cfa-miR-181d 48987 cfa-miR-212
46219 cfa-miR-1306 10975 cfa-miR-182 11014 cfa-miR-214
42681 cfa-miR-1307 10977 cfa-miR-183 42553 cfa-miR-216a
10138 cfa-miR-130a 49096 cfa-miR-1835 17849 cfa-miR-216b
10936 cfa-miR-130b 49971 cfa-miR-1837 19016 cfa-miR-217
10937 cfa-miR-132 49756 cfa-miR-1838 11018 cfa-miR-218
49449 cfa-miR-133a 49337 cfa-miR-1839 42509 cfa-miR-219
cfa-miR-133a/cfa-miR-

10938 133b/cfa-miR-133¢c 10978 cfa-miR-184 42834 cfa-miR-219*
30755 cfa-miR-133b 49817 cfa-miR-1840 11020 cfa-miR-22
42942 cfa-miR-134 49233 cfa-miR-1841 50421 cfa-miR-220b
46859 cfa-miR-135a-3p 49067 cfa-miR-1842 11022 cfa-miR-221
42839 cfa-miR-135a-5p 49769 cfa-miR-1843 11023 cfa-miR-222
10942 cfa-miR-135b 49191 cfa-miR-1844 11024 cfa-miR-223
10943 cfa-miR-136 42902 cfa-miR-185 42473 cfa-miR-224
50212 cfa-miR-137 18739 cfa-miR-186 49426 cfa-miR-23a
42731 cfa-miR-138a 27539 cfa-miR-187 50375 cfa-miR-23b
49808 cfa-miR-138b 42620 cfa-miR-188 17506 cfa-miR-24
42451 cfa-miR-139 42588 cfa-miR-18a 42682 cfa-miR-25
11201 cfa-miR-140 13141 cfa-miR-18b 11030 cfa-miR-26a

183



Probe ID Anotation Probe ID  Anotation Probe ID Anotation
42564 cfa-miR-26b 49336 cfa-miR-369 46406 cfa-miR-500
46483 cfa-miR-27a 42967 cfa-miR-370 46654 cfa-miR-502
46469 cfa-miR-27b 49543 cfa-miR-374a 14288 cfa-miR-503
17940 cfa-miR-28 14302 cfa-miR-374b 28480 cfa-miR-504
11038 cfa-miR-299 11088 cfa-miR-375 17624 cfa-miR-532
11039 cfa-miR-29a 42498 cfa-miR-375 14271 cfa-miR-539
11040 cfa-miR-29b 46484 cfa-miR-376a 14272 cfa-miR-542
11041 cfa-miR-29¢ 11090 cfa-miR-376b 42470 cfa-miR-543
9634 cfa-miR-301a 11105 cfa-miR-378 29850 cfa-miR-544
13143 cfa-miR-301a 11093 cfa-miR-379 49655 cfa-miR-545
17886 cfa-miR-301b 49979 cfa-miR-380 17272 cfa-miR-551a
50388 cfa-miR-30a 14306 cfa-miR-381 42917 cfa-miR-551b
17565 cfa-miR-30b 46338 cfa-miR-382 42977 cfa-miR-568
42923 cfa-miR-30c 11098 cfa-miR-383 17662 cfa-miR-574
19596 cfa-miR-30d 30973 cfa-miR-384 42567 cfa-miR-590
11224 cfa-miR-30e 50021 cfa-miR-409 17312 cfa-miR-592
11052 cfa-miR-31 11102 cfa-miR-410 30592 cfa-miR-599
11053 cfa-miR-32 17482 cfa-miR-411 17870 cfa-miR-628
27533 cfa-miR-320 17474 cfa-miR-421 42700 cfa-miR-631
42957 cfa-miR-323 27565 cfa-miR-423a 42827 cfa-miR-652
42477 cfa-miR-324 42603 cfa-miR-424 17338 cfa-miR-660
50165 cfa-miR-325 17608 cfa-miR-425 49829 cfa-miR-664
42693 cfa-miR-326 17478 cfa-miR-429 42525 cfa-miR-671
46261 cfa-miR-328 11111 cfa-miR-432 50188 cfa-miR-676
49287 cfa-miR-329a 42853 cfa-miR-433 3980 cfa-miR-7
11061 cfa-miR-329b 11113 cfa-miR-448 29190 cfa-miR-708
42716 cfa-miR-33 11114 cfa-miR-449 28759 cfa-miR-758
42875 cfa-miR-330 17835 cfa-miR-450a 30442 cfa-miR-802
42887 cfa-miR-331 50356 cfa-miR-450b 42808 cfa-miR-874
11065 cfa-miR-335 42866 cfa-miR-451 17850 cfa-miR-875
42592 cfa-miR-338 29379 cfa-miR-452 42940 cfa-miR-876
46521 cfa-miR-33b 42854 cfa-miR-454 4040 cfa-miR-9
29872 cfa-miR-340 13179 cfa-miR-455 42728 cfa-miR-92a
11069 cfa-miR-342 42480 cfa-miR-485 17718 cfa-miR-92b
50390 cfa-miR-345 13183 cfa-miR-487a 30687 cfa-miR-93
42759 cfa-miR-346 14285 cfa-miR-487b 11181 cfa-miR-95
27217 cfa-miR-34a 42703 cfa-miR-490 13147 cfa-miR-96
29153 cfa-miR-34b 49320 cfa-miR-491 11182 cfa-miR-98
32772 cfa-miR-34c¢ 14270 cfa-miR-493 42708 cfa-miR-99a
11234 cfa-miR-350 42540 cfa-miR-494 11184 cfa-miR-99b
14301 cfa-miR-361 42676 cfa-miR-495 46406

42503 cfa-miR-362 11128 cfa-miR-496 46654

11077 cfa-miR-363 42847 cfa-miR-497 14288

11078 cfa-miR-365 14313 cfa-miR-499 28480
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Supplemental Table 2. miRNAs with >20% deviation in CHF compared to control from RA and
LV tissue (ordered by the maximum change)

A. Atrium
Ratio at Ratio at Ratio at
miRNA max. miRNA max. miRNA max.
change* change* change*
cfa-miR-21 6.61 cfa-miR-301a 1.22 cfa-miR-133b 0.68
cfa-miR-208b 5.68 cfa-miR-301a 1.21 cfa-miR-30b 0.68
cfa-miR-214 2.4 cfa-miR-20a 1.2 cfa-miR-9 0.68
cfa-miR-146b 1.9 cfa-miR-221 1.2 cfa-let-7g 0.67
cfa-miR-502 1.78 cfa-miR-331 1.2 cfa-miR-190a 0.67
cfa-miR-152 1.72 cfa-miR-494 1.2 cfa-miR-30c¢ 0.67
cfa-miR-199 1.7 cfa-miR-125b 0.83 cfa-miR-144 0.66
cfa-miR-133a/cfa-
cfa-miR-195 1.67 cfa-miR-149 0.83 miR-133b/cfa-miR- 0.64
133¢

cfa-miR-34a 1.53 cfa-miR-191 0.83 cfa-miR-99a 0.64
cfa-miR-140 1.52 cfa-miR-350 0.82 cfa-miR-223 0.63
cfa-miR-146a 1.52 cfa-miR-450a 0.82 cfa-miR-29¢ 0.63
cfa-miR-18b 1.5 cfa-miR-98 0.82 cfa-miR-30d 0.63
cfa-miR-135a-5p 1.48 cfa-miR-15b 0.81 cfa-miR-338 0.63
cfa-miR-29b 1.46 cfa-miR-25 0.81 cfa-miR-499 0.59
cfa-miR-455 1.44 cfa-miR-340 0.81 cfa-miR-10 0.58
cfa-miR-497 1.43 cfa-miR-365 0.81 cfa-miR-30e 0.58
cfa-miR-500 1.43 cfa-miR-374a 0.81 cfa-miR-101 0.56
cfa-miR-184 1.4 cfa-miR-452 0.81 cfa-miR-142 0.56
cfa-miR-22 1.4 cfa-miR-126 0.8 cfa-miR-133a 0.55
cfa-miR-106b 1.36 cfa-miR-363 0.8 cfa-miR-10b 0.48
cfa-miR-24 1.36 cfa-miR-27b 0.79 cfa-miR-378 0.48
cfa-miR-503 1.36 cfa-miR-181b 0.78
cfa-miR-185 1.33 cfa-miR-188 0.78
cfa-miR-23b 1.33 cfa-miR-652 0.78
cfa-miR-222 1.32 cfa-miR-151 0.77
cfa-miR-29a 1.32 cfa-miR-181a 0.77
cfa-miR-491 1.32 cfa-miR-1 0.76
cfa-let-7e 1.29 cfa-miR-218 0.76
cfa-miR-487b 1.29 cfa-miR-660 0.76
cfa-miR-106a 1.28 cfa-miR-208a 0.74
cfa-miR-708 1.28 cfa-miR-30a 0.74
cfa-miR-19a 1.27 cfa-miR-130a 0.73
cfa-miR-23a 1.27 cfa-miR-204 0.72
cfa-miR-99b 1.26 cfa-miR-26b 0.72
cfa-miR-33 1.25 cfa-miR-335 0.71
cfa-let-7b 1.24 cfa-miR-451 0.71
cfa-let-7c 1.24 cfa-miR-145 0.7
cfa-miR-361 1.24 cfa-miR-26a 0.69
cfa-miR-27a 1.22 cfa-miR-374b 0.69

*Values are ratio of expression at the time of maximum change to expression at baseline. MiRNAs in bold
were further analyzed by detailed qPCR quantification in tissues and isolated cells. max = maximum.
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B. Ventricle

Ratio at max. Max. Fold - Ratio at
miRNA change* miRNA change miRNA max.

change*
cfa-miR-21 1.56 cfa-miR-193b 1.22 cfa-miR-29¢ 0.81
cfa-miR-222 1.56 cfa-miR-199 1.22 cfa-miR-30d 0.81
cfa-miR-146b 1.54 cfa-miR-24 1.22 cfa-miR-490 0.80
cfa-miR-146a 1.42 cfa-miR-504 1.22 cfa-miR-338 0.79
cfa-miR-652 1.35 cfa-miR-29a 1.21 cfa-miR-500 0.79
cfa-miR-335 1.34 cfa-miR-101 1.20 cfa-miR-184 0.77
cfa-miR-31 1.30 cfa-miR-221 1.20 cfa-miR-223 0.77
cfa-miR-590 1.30 cfa-miR-25 1.20 cfa-miR-1839 0.73
cfa-miR-708 1.25 cfa-miR-27a 1.20 cfa-miR-204 0.71
cfa-miR-23b 1.24 cfa-miR-99a 0.83 cfa-miR-10 0.67
cfa-miR-150 1.23 cfa-miR-451 0.82 cfa-miR-378 0.64
cfa-miR-152 1.22 cfa-miR-214 0.81 cfa-miR-208a 0.60

*Values are ratio of expression at the time of maximum change to expression at baseline.
MiRNAs indicated in bold were selected for detailed qPCR analysis. Max, maximum.
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Supplemental Table 3.miRNAs and predicted targets related to fibrotic response (based on Target
Scan in-silico prediction on human and dog sequence).

miRNA Predicted targets (Validation attempted)*

miR-29a/b/c COL1A1, COL1A2, COL3A1, COL4A1, COLSA1, FBNI1,
MMP2, TGFB1, TGFB2, TGFB3, CTGF, PDGFB/C/D,
PDGFRB, IGF1, STAT3, SMAD7, NFATC4

miR-26a/b TRPC3, COL5A1, (FN1), CTGF, PDGFRA, IGF1, SMAD1/4
miR-21 SPRY1, TIMP3, PTEN (MMP2), SMAD7

miR-1 FN1, FBLN2, TGFB3, PDGFA, SMAD4

miR-30a/b/c/d/e CTGF, PDGFRB, IGF1, CREBI, JAK1

miR-133a/b COLI1A1, (FBN1), TGFB2, TGFBR1, CTGF, FGFR1, JAK2
miR-208a/b FBN1

miR-218 COL1A1

miR-214 TIMP2

miR-222 TIMP2, TIMP3

miR-146a/b N.A.

*Target genes in blue (without brackets) were validated in the literature or in our study (those in
black are predicted but not validated). (Gene targets) in blue with brackets were tested for
validation of predicted regulation in the present study, but were not shown by Luciferase assay to
be regulated by corresponding miRNA. Underlined targets are genes regulated by the miRNA
indicated that leads to indirect ECM gene regulation. Genes in bold were quantified by qPCR.

Abbreviations: COL1AIl, collagen-lal; COLI1A2, collagen-102; COL3A1,collagen-
3a1;COL4A1, collagen-4al; COLS5AI, collagen 5al;CREB, cyclic-AMP response element
binding protein; CTGF, connective tissue growth factor; FBLN2, fibulin type-2; FBN1, fibrillin-
1; FGFR, fibroblast growth factor receptor; FN1,fibronectin-1;IGF, insulin growth factor; JAK,
janus kinase; MMP2, matrix metalloproteinase-2; NFAT, nuclear factor of activated T-cells;
PDGF(R)A/B/C/D, platelet-derived growth factor (receptor) type-A/B/C/D;PTEN, phosphatase
and tensin homolog; SPRY1,Sproutyhomolog 1; SMAD, mothers against decapentaplegic
homolog transcription factor; STAT, signal transducer and activator of transcription;
TGFB(R)1/2/3, transforming growth factor beta (receptor)-1/2/3;TIMP2/3, tissue inhibitor of
metalloproteinase-2/3; TRPC3,transient receptor potential cation channel, subfamily C, member
3; N.A., not applicable. Please note that while none of the miRNAs regulates MMP2, PTEN (a
predicted target of miR-21) is known to negatively regulate MMP2 expression.
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Supplemental Figure Legends

Supplemental Figure 1. Representative histological sections (Masson Trichrome staining;
shown at 400xmagnification) illustrating fibrosis-development in the left atrium (LA, upper
panel) and left ventricle (LV, lower panel) at different time-points of ventricular tachypacing

(VTP).

Supplemental Figure 2. Heat map of 21 miRNAs in atrial and ventricular tissue-samples. Each
row represents a miRNA and each column represents a pooled sample from 5 dogs/group. Non-
paced control (CTL) was set as log> (change) of O (i.e. relative value of 1 versus CTL) and is
shown in white. The color scale shown at the bottom indicates the relative expression level of
each miRNA at the time-point indicated. Red represents an expression-level above CTL, blue

represents expression lower than CTL.

Supplemental Figure 3. Sequences of miRNAs and their antisense molecules used in our study.
(A) Alignment of the sequences of miIRNAS (upper sequences) with their target sites in the 3’-
UTRs of target mRNAs (lower sequences). Complementarity is highlighted in yellow and
connected by “|”. Weakly complementary binding is shown by “:”. (B) Sequences of the negative
control miRNA (miR-NC) and negative control miRNA antisense oligodeoxynucleotides (AMO-

NC) used for target validation.

Supplemental Figure 4. Validation of miRNA targeting of predicted ECM-genes. (A) Luciferase
activity for COL1A41-genein HEK293 cells transfected with miR-218 (miR-218 duplex) and/or

knockdown (anti-miR218 oligonucleotides, AMO218) probes. (B) COLIAI gene-expression in
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dog left-atrial fibroblasts transfected with miR-218 duplex/AMO218. (C, D) Luciferase activity in
HEK?293 cells (C) for fibronectin-1 gene assay for miR-26a regulation or (D) fibrillin-1 gene assay
for miR-133a regulation. Values are mean+SEM for each oligonucleotide and numbers in each bar
indicate the number of independent experiments (*p<0.05, **p<0.0lvs. cells transfected with
negative control oligonucleotides). COL1A1, collagen-1al; FN1, fibronectin-1; FBN1, fibrillin-1;

Lipo, lipofectamine; AMO, anti-miR oligonucleotides.

Supplemental Figure 5. Expression of collagen-1a2, collagen-3aland collagen-5a1 mRNA and
regulating miRNA in freshly isolated fibroblasts (FBs) from left atrium (left panel) and left
ventricle (right panel) as a function of VTP time-course. The scale for collagen-family member
expression (solid orange line) is shown at the left; that for miRNA-expression is on right. MiRNAs
shown with solid lines regulate collagen-family member directly; dashed lines indicate indirect
regulation. Values are mean+SEM, n=5-12/group. **p<0.01, ***p<0.005, vs. corresponding CTL
samples. COL1A2,collagen-1a2; COL3A1, collagen-3al; COL5AT1, collagen-5al; LA, left atrium;

LV, left ventricle; FB, fibroblasts; CTL, non-paced controls.

Supplemental Figure 6. Expression of extracellular matrix (ECM) mRNA and regulating miRNA
in freshly isolated fibroblasts (FBs) from left atrium (left panel) and left ventricle (right panel)
during VTP time-course. The scale for ECM expression (solid orange line) is shown at the left;
that for miRNA-expression is on right. MiRNAs shown with solid lines regulate ECM directly;
dashed lines indicate indirect regulation. Values are meantSEM, n=5-12/group.*p<0.05,

**n<0.01, ***p<0.005, vs. corresponding CTL samples.FBN1, fibrillin-1; FNZ1,fibronectin-1;
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MMP2, matrix metalloproteinase-2; TIMP3, tissue inhibitor of metalloproteinase-3; LA, left

atrium; LV, left ventricle; FB, fibroblasts; CTL, non-paced controls.
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Supplemental Figure 1
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Supplemental Figure 2
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Supplemental Figure 3

A. miR:target mMRNA complementarity
3'-UGUACCAAUCUAGUUCGUGUU-5" cfa-miR-218
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3'-UGUCGACCAACUUCCCCUGGUU-5" cfa-miR-133a
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B. Negative Control miRNA and AMO miR-NC
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A COL1A1 gene regulated by miR-218
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Supplemental Figure 6
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Chapter 4

The role of microRNAs in mediating PDGF effects in heart failure-

associated fibrotic response
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Linking statement

In Chapter 2, | investigated the role of the JAK-STAT system in HF-associated atrial
fibrotic remodeling; In Chapter 3, | assessed miRNA-system changes in the same pathological
model (canine HF). While searching the predicted targets of miRs that were altered in HF, |
found that certain miRs that change in HF target PDGF/JAK-STAT components, including
PDGF, PDGF receptors, JAKs and STATSs. | therefore hypothesized that these miRs participate
in the HF-related fibrotic response by targeting the JAK-STAT system. In this Chapter, |
stimulated cultured fibroblasts with PDGF to mimic the fibrotic effects in HF, attempting to
identify the responsive miRs. After validating the binding between potential miRs and the JAK-
STAT components, | manipulated miR expression and assessed the resulting changes in target
gene expression and ECM production in atrial fibroblasts in order to determine whether miRs

may play a crucial part in mediating the PDGF/JAK-STAT effect on atrial tissues.

198



MicroRNAs mediate PDGF effects by targeting JAK-STAT in heart
failure-associated fibrotic response

Yu Chen, MSc?®; Sirirat Surinkaew, PhD?; Jiening Xiao, PhD?; Chia-Tung Wu, MD?¢;

Hai Huang, PhD?; YiguoSun, PhD?; Dobromir Dobrev, MD¢; Stanley Nattel, MD?®

®Department of Medicine and Research Center Montreal Heart Institute and Universitéde

Montré&l; Montreal, Quebec, Canada;
bDepartment of Pharmacology and Therapeutics McGill University, Montreal, Quebec, Canada;
‘Chang Gung Memorial Hospital and Chang Gung University Tao-Yuan, Taiwan;

dInstitute of Pharmacology, Faculty of Medicine, University Duisburg-Essen, Essen, Germany;

Short title: miRNA mediates fibrotic effects by targeting JAK2

*Corresponding author. 5000 Belanger Street East, Montreal, Quebec, Canada, H1T 1C8.

Tel.: (514)-376-3330 ext. 3990. Fax: (514)-376-1355.E-mail: stanley.nattel@icm-mhi.org

199


mailto:stanley.nattel@icm-mhi.org

Abstract

Background: MicroRNAs (miRNAs) are involved in cardiac remodeling, but their role in atrial
fibrillation (AF) is poorly understood. | have shown that the PDGF-JAK-STAT system
contributes to atrial-selective fibrotic response in experimental heart failure (HF) (Chapter 2),
and that multiple miRNAs are implicated in AF-associated atrial fibrosis (Chapter 3). Here, we
investigated miRNAs regulation on the JAK-STAT system in AF-related fibrotic response.
Methods: Fibroblasts (FBs) isolated from left atria (LA) and left ventricles (LV) of control
(CTL) dogs were treated with PDGF-AB at 10ng/ml and 50ng/ml. miRNA, JAK2 and collagen
type | expression was assessed by gPCR. MiRNA targets were validated by luciferase reporter
assay. MiIRNA mimic or antisense oligonucleotides (AMO) were used for miRNA manipulation.
JAK?2 and collagen type | proteins were quantified by Western Blot.

Results: PDGF-AB stimulation reduced the expression of miR-1, miR-30a and miR-133a (by
~50%-80%***, ***p<0.001 versus vehicle) in canine LA FBs. Smaller changes were seen in LV
FBs. Luciferase assay confirmed miR-30a and miR-133a targeting of JAK2. Overexpression of
miR-133a downregulated JAK2 mRNA (by 30%***) and protein (by 50%, p=0.05) in LA FBs.
This effect was abolished by co-transfection with AMO-133a. PDGF-AB stimulation
upregulated the protein expression of JAK2 and collagen type | in LA FBs (by ~2-2.5-
fold*versus vehicle, *p<0.05) and these elevations were reversed by miR-133a overexpression
(reduced by 49%* and 53%*** versus PDGF stimulation alone).

Conclusions: PDGF-induced disinhibition of JAK2 expression by downregulation of miR-30a
and miR-133a may contribute to AF-associated fibrotic responses. MiRNA targeting of the JAK-
STAT system regulates LA FB function, appears to be involved in HF-induced LA fibrosis and

is a potential therapeutic target for AF prevention.
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Introduction

In congestive heart failure (CHF), the myocardium undergoes a number of structural alterations,
most notably hypertrophy and interstitial fibrosis. The deposition of extracellular matrix (ECM)
protein produced from fibroblasts is the main feature of interstitial fibrosis, which interferes with
local conduction and promotes sustained atrial fibrillation (AF) [1]. However, the mechanisms
underlying fibrosis are not fully understood. Evidence has been provided that CHF-related
fibrosis has important atrial-ventricular differences, and that atrial-selective fibrosis is due to the
differential behaviour of atrial versus ventricular fibroblasts [2, 3]. However, mechanisms
responsible for this difference remain to be revealed.

Multiple signaling pathways have been shown to induce fibrotic responses. In Chapter 2,
we demonstrated that the PDGF/JAK/STAT system plays a role in the atrial-selective fibrotic
response. STAT3 is a potential therapeutic target to attenuate atrial fibrosis. The upstream
mediators of the JAK-STAT pathway, such as PDGF, PDGF receptor, and JAK2 may also be
potential therapeutic targets for atrial fibrosis prevention.

A microRNA (miRNA, miR) is a small interfering non-coding RNA that can negatively
regulate mRNA and protein expression. MiRNAs were recently shown to be important regulators
of cardiac fibrotic remodeling [4-7]. We have previously shown that alteration of multiple
miRNAs change with the development of CHF, with alterations being left atrial (LA)- and
fibroblast-selective, and occurring in parallel with ECM gene changes [8]. Some miRNAs have
validated ECM targets; for instance, miR-29b regulates the production of multiple collagens, and
miR133 targets collagen type | [6, 9, 10]. However, a greater number of miRNAs do not target
ECM genes, and instead target the upstream mediators that can influence ECM production, such

as Sprouty 1 (SPRY1, a target of miR-21), transforming growth factor-betal (TGF-B1, target of
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miR-122), connective tissue growth factor (CTGF, target of miR-30a and miR-133a), and
transient receptor potential canonical-3 (TRPC3, target of miR-26a) [4, 11-13]. MiRNAS
targeting pro-fibrotic or anti-fibrotic factors may have more profound effects than those targeting
ECM proteins. Therefore, elucidating the roles of miRNAs in fibrotic signaling is an important
goal in understanding the pathology of fibrotic remodeling and may assist in developing anti-
fibrotic therapies.

In this study, we sought to relate changes in miRNAs to those in JAK-STAT in CHF-
related atrial selective fibrosis, seeking to identify miRNAs involved in mediating PDGF effects

in an AF-associated fibrotic response paradigm (CHF).

Materials and Methods

Fibroblast harvesting and culture

Animal-care procedures followed the guidelines of the Canadian Council on Animal Care and
were approved by the Animals Research Ethics Committee of the Montreal Heart Institute.
Control dogs were anaesthetized with morphine and (2 mg/kg s.c.) and alpha-chloralose (120
mg/kg i.v.) and mechanically ventilated, then euthanized by cardiac excision. Hearts were
removed and placed in Tyrode’s solution. Left atria (LA) and left ventricles (LV) were perfused
via the left anterior descending coronary artery for cell isolation and collagenase digestion as
detailed previously [14, 15]. Paired atrial and ventricular cell samples isolated from each dog
were plated in 6-well plates in parallel at equal density and cultured in DMEM containing 5%
FBS and 1% penicillin/streptomycin. Fibroblasts were allowed to adhere for 2 days, rendered

quiescent in serum-free medium for 16 hours, and then stimulated with 10ng/ml or 50ng/ml of
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PDGF-AB (Sigma-Aldrich, St. Louis, MO) for 48 hours. Vehicle-treated fibroblasts served as

negative control.

RNA extraction and quantitative real-time Polymerase Chain Reaction (PCR) analysis
RNA was isolated with mirVana isolation kits (Ambion/Life Technology, Carlsbad, CA). Real-
time quantitative polymerase chain reaction for miRNAs was performed with carboxy-
fluorescein (FAM)-labeled fluorogenic TagMan assay primers (Applied Biosystems, Foster City,
CA) and TagMan Universal Master Mix (Applied Biosystems). Relative quantifications were
calculated with the comparative threshold cycle method (2—ACt), with snUG6 as an internal
standard. Quantitative PCR for JAK2 and procollagen lal was performed with dog-specific
TagMan primers (Applied Biosystems) and relative quantities (2—ACt) calculated with the
geometric mean of 2 reference genes (hypoxanthine phosphoribosyl transferase 1 [HPRT-1], B2-

microglobulin) as internal standards.

In silico prediction of potential mMiRNA targets

MiRNA-targets were predicted from TargetScan v6.2 and sequence alignment analysis, by
searching for the presence of conserved 8-mer and 7-mer sites on target mMRNAs that match the
miRNA seed region. Only mRNA sequences with at least one conserved binding region across
human and canine families were chosen as potentially valid targets from mRNA target

prediction.

Construction of luciferase-miRNA-target site fusion plasmids and luciferase activity assay
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To construct reporter vectors bearing miRNA-target sites, we synthesized fragments containing
the exact target sites for each miRNA in the 3'-untranslated region (3’-UTR) of their respective
target genes synthesized by Invitrogen. These inserts were ligated into Sacl and Xhol in
pmirGLO Dual-Luciferase miRNA Target Expression Vector( Promega, Madison, WI). For
luciferase assay involving miRNA function, HEK293 cells were transfected with the pmirGLO
Dual-Luciferase miRNA Target Expression Vector carrying the 3’ UTR of target genes,

according to the manufacturer’s instructions.

Synthesis of miRNAs and anti-miRNA antisense inhibitors

MiR-30a and miR133a were synthesized by Invitrogen. Their antisense oligonucleotides AMO-
30a and AMO-133a were synthesized by Exigon. Five nucleotides or deoxynucleotides at both
ends of the antisense molecules were locked (LNA,; the ribose ring is constrained by a methylene
bridge between the 2'-O- and the 4'-C atoms). Additionally, a scrambled miRNA or AMO was

used as a negative control.

Transfection procedures

The HEK?293 cell line was purchased from ATCC and cultured in DMEM containing 10% FBS
and 1% penicillin/streptomycin. HEK cells were transfected with 10nM miRNA and/or 3 nM
AMOs, or negative control constructs with Lipofectamine 3000 (Invitrogen), according to the
manufacturer’s instructions. Cells were used for luciferase assay 24 hours after the transfection.
Atrial fibroblasts were transfected with 100 nM miRNA and/or 50 nM AMOs, or negative

control constructs with or without simulation of PDGF-AB (20ng/ml, Sigma). Fibroblasts were
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collected 24 hours (MRNA quantification) or 48 hours (protein quantification) after transfection

for further analysis.

Protein extraction and immunoblots

Protein extracts (30 pg) of cultured fibroblasts were separated by electrophoresis on 12% SDS-
PAGE and transferred to PVDF membranes. For secreted collagen type I, supernatant of medium
(30ul) for cultured fibroblasts were separated by electrophoresis on 8% SDS-PAGE and
transferred to nitrocellulose membranes. Membranes were blocked and incubated overnight with
the primary antibodies mouse anti-JAK2 (1:1000; Abcam), rabbit anti-collagen type 1 (1:25000,
MD Biosciences, Zurich Switzerland), or mouse anti-GAPDH (1:10 000; Research Diagnostics
Inc. RDI, Fitzgerald Industries, NJ), and then with secondary antibodies horseradish peroxidise—
conjugated anti-mouse or anti-rabbit (1:10000; Jackson ImmunoResearch Laboratories). Antibody
signals were visualized with enhanced chemiluminescence (PerkinElmer, Waltham, MA). Data
were normalized to GAPDH band intensity from the same samples on the same membranes or

normalized to cell number (collagen type I).

Statistical analysis
Data are mean¥SEM. One-way ANOVA was used for multiple-group comparisons, with a post-
hoc Dunnett’s test to compare differences between individual group and control means. A two-

tailed p<0.05 represented statistical significance.

Results

MiR-1, miR-30a and miR-133a were down-regulated after PDGF-stimulation
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After stimulation with PDGF-AB, the expression level of miR-21, miR-26a, miR-29b, miR-146a
or miR-218 did not change in either LA or LV fibroblasts (Figure 1A-E). However, miR-1
expression level was decreased by 70-80% and miR-30a expression decreased by 60% in LA
fibroblasts with PDGF-stimulation versus vehicle treatment. The changes in LV fibroblasts were
smaller vs. LA changes- miR-1 expression in LV fibroblasts was not significantly altered while
miR-30a was decreased by 46%, only at the higher concentration (Figure 1F and 1G). Similarly,
miR-133a expression was down-regulated by ~40% at 10 ng/ml of PDGF and by ~80% at 50
ng/ml PDGF in LA fibroblasts, with smaller changes in LV (Figure 1H). Thus, miR-1, miR-30a
and miR-133a are responsive to PDGF-stimulation and may participate in the downstream

signaling of PDGF.

MiRNAs predicted to target JAK-STAT pathway

In silico prediction showed that multiple miRNAs can target different components of PDGF-
JAK/STAT signaling (Figure 2A). In Chapter 3, it was shown that the expression of miR-1, miR-
29b, miR-30a and miR-133a were downregulated in atrial fibroblasts from CHF dogs (Figure
2A). MiR-29 is predicted to target PDGFC/D, PDGF receptor 3 and STAT3. However, miR-29
was not changed after PDGF-stimulation (Figure 1C). Furthermore, miR-29b directly targets
multiple extracellular matrix (ECM) genes including collagen-1 and collagen-3 [8, 9]. These
findings suggest that the antifibrotic effects of miR-29b (and the profibrotic changes seen with its
downregulation) are mediated through targeting ECM protein rather than the PDGF/JAK-STAT
system. MiR-1 is predicted to target PDGFA and miR-30 and miR-133, JAK2. The changes in
miR-1, miR-30a and miR-133 expression in CHF were inversely correlated with the changes of

their putative targets (PDGFA and JAK2 were up-regulated in CHF, Chapter 2). Thus, miR-1,
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miR-30 and miR-133 may contribute to the control of atrial fibrotic remodeling in CHF by
directly targeting the JAK-STAT system. Sequence alignments between miR-1 and PDGFA,
miR-30a and JAK2, miR-133a and JAK2 are shown in Figure 2B. Seven to nine complementary
binding sites were found between the 3’-UTR sequences of target genes and the seed sites of
these miRNAs. Within these 3 miRNAs, miR-30a and miR-133a share a common target gene
(JAK2) but bind to different sites, providing the possibility that miR-30a and miR-133a have
synergistic effects in regulating JAK-STAT. Hence, we focused on the functional studies of

miR-30 and miR-133 in the following sections.

JAK2 is a direct target of miR-30a and miR-133a

Figure 3 shows the results of luciferase reporter assays. The sequences of the synthesized
nucleotides are shown in Supplemental Figure 1. MiR-30a mimic reduced the luciferase activity
of the construct containing the 3’-UTR sequence of JAK2 by 30% (Figure 3A) vs. miRNA
negative control. Similarly, miR-133a mimic reduced the luciferase activity by 20% (Figure 3B).
These findings indicate that miR-30a and miR-133a can directly bind to the 3’UTR of the JAK2
gene. AMO-30a and AMO-133a tended to increase the luciferase activities but the changes were

not significant vs. AMO negative control.

JAK2 expression is regulated by miR-133a

MiR-133a mimic was transfected into atrial fibroblasts for miR-133a-overexpression and AMO-
133a was used for miR-133a-knockdown. As shown in Figure 4A, mMRNA expression of JAK2
was decreased by 40% (vs. miRNA negative control) after miR-133a-overexpression. This effect

was reversed by co-transfection with AMO -133a (Figure 4A, the rightmost column). Similar
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changes were seen in protein expression (Figure 4B and 4C): JAK2 protein was reduced by miR-
133a mimic (p=0.05), and the reduction was attenuated by the addition of AMO-133a (Figure
4C, the rightmost column). These observations suggest that miR-133a regulates both mRNA and
protein expression of JAK2 in atrial fibroblasts.

PDGF-AB (20 ng/ml) stimulation increased the protein expression of JAK2 in atrial
fibroblasts by 2.5-fold vs. vehicle treatment (Figure 5A and B), consistent with the mRNA
elevation of JAK2 after PDGF-stimulation (Chapter 2 Figure 4A). When PDGF-stimulated
fibroblasts were transfected with miR-133a, JAK2 expression was attenuated to the level similar
to vehicle-treatment. In contrast, when PDGF-stimulated fibroblasts were transfected with AMO-
133a, JAK2 expression was upregulated to a higher level vs. PDGF-stimulation only. Similar to
the change in JAK2 protein, collagen type | secretion was increased by PDGF-stimulation by ~2-
fold vs. vehicle (Figure 5C and 5D). This increase remained upon transfection with miRNA
negative control but was reversed by miR-133a overexpression. Taken together, these results
suggest that miR-133a suppression may mediate the PDGF regulation of the expression of JAK?2

and secreted collagen type I, implicating miR-133a as a potential antifibrotic molecule.

Discussion

In this study, we demonstrated that PDGF-stimulation reduces the expression of miR-1, miR-30a
and miR-133a in canine atrial fibroblasts. JAK2 was validated as a direct target of miR-30a and
miR-133a. Manipulating miR-133a can regulate JAK2 expression and collagen type | secretion in
atrial fibroblasts. Our findings indicate that miR-30a and miR-133a mediate CHF effects by
directly targeting the JAK-STAT system. MiR-133a-interference may be a potential therapeutic

approach for reversing atrial fibrosis and AF prevention.
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MiR-30 and miR-133 in cardiac remodeling and fibrotic signaling

MiR-133 has a critical role in determining cardiomyocyte hypertrophy [16]. MiR-30 and miR-
133 have been shown to regulate fibrosis by directly targeting fibrotic regulators. For example,
miR-30c and miR-133 regulate ventricular hypertrophy and fibrosis by targeting CTGF in both
fibroblasts and cardiomyocytes [12]. MiR-133a reduces Ang-Il induced perivascular and
interstitial fibrosis by directly targeting collagen 1al [10]. Shan et al. showed miR-133
significantly suppressed TGF-B1 expression and contributed to nicotine-induced atrial
remodeling and AF [17]. These findings suggest that miR-30 and miR-133 have multiple fibrotic
targets and plays a key role in fibrotic response. However, the evidence of a role in AF-related
atrial-selective fibrotic remodeling is limited. In this study, we identified a new target of miR-
133a, JAK2, which is an important mediator of CHF-induced atrial fibrosis and a potential
contributor to AF substrates (Chapter 2). Our results suggest a novel role of miR-30a and miR-
133a in atrial fibrotic signaling, inhibiting the expression of PDGF-JAK-STAT components
(Supplemental Figure 2). In addition, Liu et al. demonstrated that miR-133a functioned as an
inhibitor of cardiomyocyte proliferation by targeting serum response factor (SRF) and cyclin D2
in the murine heart [18]. It is also possible that miR-133 regulates fibroblast proliferation

through the same mechanism, which would be of interest for future studies.

MiRNAs in JAK-STAT signaling

Numerous studies have shown the regulatory roles of miRNAs in JAK-STAT signaling. Within
these studies, miR-135, miR-216a, and miR-375 were shown to mediate apoptosis and inhibit
cancer cell proliferation by targeting JAK2 [19-22]. Some miRNAs were found to be OncomiR (a

miRNA that functions as an oncogene) as they target a negative regulator of JAK-STAT signaling
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named suppressor of cytokine signaling (SOCS). For instance, miR-155 targets SOCS1, miR-19a
targets SOCS3, and miR-9 targets SOCS5. These miRNAs promote the proliferation, migration or
angiogenesis of cancer cells [23-25]. Multiple miRNAs were shown to interplay with STAT3
signaling as well [26]. For example, STAT3 induces miR-21 expression, which suppressed the
expression of protein inhibitor of activated STAT3 (PIAS3), a negative regulator of STAT3
signaling. Thus STAT3 controls its own function by a positive feedback loop [27, 28]. In contrast,
STAT3-mediated upregulation of miR-17-92 cluster could reversely suppress STAT3 expression,
forming a negative regulatory loop between miRNAs and the STAT3 signaling; and miR-125b
represses the proliferation and migration of osteosarcoma cells through downregulating STAT3
[29]. To date, most studies of the regulatory functions of miRNA on JAK-STAT signaling were
on cancer or tumorigenesis. The only evidence available from the heart was that miR-214 regulated
cardiomyocyte differentiation by targeting STAT3 [30]. Our study is the first to show the
regulatory effects of miR-30a and miR-133a on JAK-STAT system in cardiac fibroblasts. Our
findings may lead to further investigations on the roles of miRNAs in JAK-STAT signaling in

cardiomyopathy paradigm.

Novelty and potential significance

To the best of our knowledge, this is the first study to provide direct evidence that miR-30a and
miR-133a target the JAK2 gene and modulate JAK2 expression. JAK2 is an important component
of the JAK-STAT system that controls cell survival and proliferation. Our findings add to the
current knowledge of the mechanisms of cardiac antifibrotic functions of miR-30a and miR-133a.
In addition, we demonstrate a negative feed-back loop consisting of PDGF-miR-133a-JAK2,

which may contribute to the control of the PDGF-JAK-STAT signaling cascade (Supplemental
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Figure 2). Given that miRNAs represent a relatively-recently discovered regulatory molecules, and
the JAK-STAT system is important in AF-promoting atrial fibrotic responses, investigating the
biological functions of miRNAs and their contribution to fibrotic effects caused by JAK-STAT
dysregulation is important to improve our understanding of atrial fibrogenesis and to develop novel
miRNA-based therapies for AF prevention.

One important property of miRNAs is that a single miRNA can target hundreds of genes.
It has been shown that genes targeted by one miRNA are functionally correlated within one
signaling cascade [31]. MiR-30a and miR-133a target multiple levels of fibrotic signaling—from
upstream regulatory cytokines (e.g. CTGF and TGF-B) to downstream effectors (e.g. JAK2 and
collagen lal).

Therapeutic strategies inhibiting JAK-STAT system have been used in clinical such as in
the treatment of myelofibrosis. But the side effects of JAK-STAT blockade were usually
substantial [32]. Similar to other proliferative factors, JAK-STAT is broadly functional in multiple
organs (e.g. liver, lung) and cell types (e.g. cardiomyocytes, fibroblasts). Organ-oriented or cell-
targeted delivery may solve a part of this problem, but remains technically challenging. MiRNAs
act to fine-tune mRNA or protein expression rather than acting as an all-or-none switch. Also,
every miRNA has its own organ- or cell-type-specific expression signatures and a self-controlling
metabolism system [33]. MiRNA interference is a promising component of the therapeutic strategy
for modulating fibrotic responses, but targeting of multiple miRNAs and/or other targets might be

needed.

Potential limitations and future studies

211



Fibroblast phenotypes may change after cell culture as short as 48 hours [15]. In this study, we
cultured fibroblasts for one week before we could get the PDGF-stimulated and/or miRNA-
transfected fibroblast samples. Compared to the previous study in which miRNA expression was
quantified in freshly isolated fibroblasts (Chapter 2) [8], this study showed that the relative
expression level of miR-1, miR-133a, and miR-30a (versus U6) were all decreased after culture
(Supplemental Figure 3). For example, the relative expression of miR-30a in freshly isolated atrial
fibroblasts was 0.8 (versus U6) while it was 0.025 in cultured fibroblasts; miR-133a was 1.8 in
fresh fibroblasts versus 0.005 in the cultured ones. Although we had parallel controls in the culture
system, the miRNA alterations observed in fibroblasts may not be directly extrapolated in vivo.
Hence, the relationship between miRNA changes and in vivo PDGF stimulation remains to be
explored. And the effects of culturing should be taken into considerations when we conduction
functional studies on miRNAs in future.

In addition to miR-30a and miR-133a, miR-1 was also reduced by PDGF-stimulation in
fibroblasts (Figure 1). However, the absolute expression levels of miR-1 was very low (0.01%
versus U6) in fibroblasts after culture (compared to 0.5% and 2.5% for miR-30a and miR-133a
respectively in Supplemental Figure 3). This is the other reason that we did not conduct miR-1-
manipulation in cultured fibroblasts. The down-regulation of miR-1 may be due to the co-
transcription of miR-1 and miR-133 as they belong to the same bicistronic unit [34]. MiR-30a
was also confirmed to target JAK2 but its regulatory effect on JAK2 expression was not studied
in this study. As multiple miRNAs may cooperatively target the same mRNA resulting in
stimulus- and context-specific miRNA inhibition of protein expression, it is also necessary to
investigate the synergistic effects of miR-30a and miR-133a in regulating JAK-STAT expression

and their effects on atrial fibrotic remodeling in future.
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In the present study, we provided an additional mechanism for miR-30a and miR-133a
regulation of collagen secretion in atrial fibroblasts. The observation of collagen reduction after
miR-133a overexpression could be attributed to the direct inhibitory effects of miR-133a on
collagen 1al or CTGF, rather than on JAK2. However, which factor is the prominent regulator, or
whether all these miR-133-targets contribute to atrial fibrotic responses and AF pathogenesis,
remains to be further explored. Manipulations like CTGF knockout or JAK2 inhibition by
pharmacological agents may be interesting in future studies, and may help us to gain a better

understanding of the roles of miR-30a and miR-133a in AF-promoting atrial fibrosis.
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Figure Legends

Figure 1. MiRNA expression after PDGF-stimulation in atrial fibroblasts. Values are
mean*SEM and presented as fold change relative to vehicle, *p<0.05, **p<0.01, ***p<0.001.
Veh, vehicle; 10ng/ml or 50ng/ml, PDGF concentration at 10ng/ml or 50ng/ml; LA, left atrium;

LV, left ventricle; FB, fibroblasts.

Figure 2. Putative targets of miRNAs. (A) In silico prediction of the putative targets of miRNAS
in PDGF-JAK/STAT pathway. Red color indicates the miRNAs/genes up-regulated in CHF;
Black color indicates the miRNAs/genes down-regulated in CHF. Black arrows indicate
activation effects; Blue arrows indicate “targeting”; (B) Alignment of the sequences of selected
miRNAs (lower sequences) with their target sites in the 3’-UTRs of target mRNAs (upper

6,9

or “:” connection

“laa, [T32)
. o

sequences). Complementarity is highlighted in yellow and connected by

indicates weaker binding between the nucleotides compared to connection by “|”.

Figure 3. MiR-30a and miR-133a directly target JAK2. (A) Luciferase activity for JAK2 gene in
HEK?293 cells transfected with miR-30a mimic (duplex) or knockdown (anti-miR30a
oligonucleotides) probes. (B) Luciferase activity for JAK2 gene in HEK293 cells transfected
with miR-133a mimic (duplex) or knockdown (anti-miR133a oligonucleotides) probes. Values
are meantSEM and presented as fold change relative to lipofectamine, ***p<0.005. Lipo,

lipofectamine; miR, miRNA; NC, negative control; AMO, antisense oligonucleotides.

Figure 4. JAK2 expression after miR-133a manipulation in atrial fibroblasts. (A) mRNA

expression of JAK2 in fibroblasts after miR-133a overexpression, with or without miR-133a-
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knockdown. (B-C) Protein expression of JAK2 in fibroblasts with miR-133a overexpression,
with or without miR-133a-knockdown. Values are meanxSEM and presented as fold change
relative to lipofectamine, ***p<0.005. Lipo, lipofectamine; miR, miRNA; NC, negative control;

AMO, antisense oligonucleotides.

Figure 5. Effects of miR-133a manipulation on atrial fibroblasts with PDGF-stimulation. (A-B)
JAK?2 protein expression after PDGF-stimulation, with or without miR-133a manipulation. (C-D)
Collagen type | (collagen-1) protein expression after PDGF-stimulation, with or without miR-
133a manipulation. Values are mean+SEM and presented as fold change relative to vehicle,
*p<0.05, ***p<0.005. Veh, vehicle; miR, miRNA; NC, negative control; AMO, antisense

oligonucleotides.
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Figure 2

miR-1 —> PDGFA PDGFC PDGFD
¥
PDGFRB miR-29

miR-30 $
miR-133 —> JAK2
3

STAT3

Up-regulated in CHF; Down-regulated in CHF
§ Activate; —> Target

B PDGFAJ'UTR (NM_001190172.1)

887-TCTCCGGGACACGGATGTACATGGCGTGTTACATTCCTGA-927
™ g3 L b IiBiilinge
37 P e ey AUGAA—G-A-AAUGURAGGU-5'
cfa-miR-1

JAK2 3'UTR (XM_541301.4)

416l-ARGAATACATTTTGAAATGARACAAGTTTACARRAGATATA-4200
l.21.11 | 11.. EARRRRRR
3’ — I C — G — — — — — = UACARAUGU-5'

cfa-miR-30a

JAK2 3'UTR (XM_541301.4)

348 1-TGGCTGGATGAAGGACACGAACTTCACTCTGAGACCAARA-3520
AERNESHNEN 1110
3’ —UGURE — — — — = — === ———————— CCCUGGUU-5’

cfa-miR-133a

222



Figure 3

JAK2 regulated by miR-30a
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JAK2 mRNA expression Figure 4
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Figure 5

JAK2 expression
(miR-133a transfected)
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Supplemental Figure Legends

Supplemental Figure 1. Sequences of the oligonucleotides used for miRNA manipulation. miR,
miRNA; NC, negative control; AMO-NC, miRNA antisense oligonucleotides; “+” indicates the

locked sites of the AMO sequence.

Supplemental Figure 2. Schematic illustration of the roles of miR-30a and miR-133a in atrial
fibrotic pathways. Black arrows (activation) or “L” (inhibition) indicate the known effects from
the literature (1); Blue arrows indicate the findings from Chapter 2 (2); Green “L” indicate the
findings from Chapter 3 (3); Red “L” indicate the findings from this study (4). Bold arrows or
“1” indicate direct effects and dash ones indicates indirect effects. CHF, congestive heart failure;
CTGF, connective tissue growth factor; JAK2, Janus kinase 2; PDGF, Platelet derived growth

factor; STATS3, signal transducers and activators of transcription 3.

Supplemental Figure 3. Expression of miRNAs in fibroblasts after one week culture. Values

are meantSEM and presented as fold change relative to U6. LA, left atrium; LV, left ventricle.
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Supplemental Figure 1

miR-NC
5'- UCAAGUAACUUCAACCAGCUGU -3
5'- AGCUGGUUGAAGUUACUUGAAU -3

miR-30a
5- UGUAAACAUCCUCGACUGGAAG -3
5- UCCAGUCGAGGAUGUUUACAGC -3’

miR-133a
5- UUGGUCCCCUUCAACCAGCUGU -3
5- AGCUGGUUGAAGGGGACCAAAU -3’

AMO-NC
5'- T+C+C+T+AGAAAGAGTAGAT+C+G+A+T -3’

AMO-30a
5'- +C+T+T+C+CAGTCGAGGATGT+T+T+A+C+A -3

AMO-133a
5'- A+C+A+G+CTGGTTGAAGGGGA+C+C+A+A -3

227



Supplemental Figure 2
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Supplemental Figure 3
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Chapter 5

General Discussion
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5.1 Summary and novel contributions

The underlying mechanism of atrial-ventricular differential remodeling is important for our
understanding of the pathophysiology of AF. A previously published paper from Dr. Nattel’s
laboratory indicated a potential role for PDGF in the differential response of atrial and
ventricular fibroblasts to fibrotic stimuli [1]. However, this paper did not investigate the
downstream signaling that was triggered by PDGF and how this regulated atrial-selective fibrosis
in the HF paradigm. The first study in this thesis (Chapter 2) addressed these questions and
revealed a novel role for the JAK-STAT system in the atrial fibrotic response. In this study, three
novel contributions to knowledge arose. First, we showed the activation of PDGF-JAK-STAT
components were enhanced in an experimental CHF model and in PDGF-stimulated cultured
fibroblasts, revealing JAK-STAT as an active downstream signaling cascade of PDGF that has
pathological relevance. Second, we demonstrated that activation of the PDGF-JAK-STAT
system in both an in vivo CHF model and in cultured fibroblasts was atrial selective. This
finding provides, for the first time, a molecular signaling basis for AF-related atrial-selective
remodeling, and explains how PDGF contributes to this process. The third novel contribution of
this study was that we identified STAT3 blockade as an effective way to prevent atrial fibrotic
remodeling in vitro and in vivo. STAT3 inhibition by pharmacologic intervention significantly
reduced PDGF-promoted ECM enhancement in fibroblasts and attenuated atrial fibrosis post-MI.
The effect of STAT3 blockade further confirms that JAK-STAT is an active participant in the
PDGF-stimulated fibrotic response in the atria. Treatment with a STAT3 inhibitor improved
atrial remodeling, including fibrotic remodeling and electrical conduction in post-MI mice.
However, ventricular remodeling was not ameliorated. This is a particularly important finding

because thus far there are no specific treatments to prevent atrial fibrosis. STAT inhibition may
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be a new therapeutic approach for reversing arrhythmogenic structural remodeling in the atria
and for AF prevention.

Although multiple miRNAs are implicated in various AF-associated pathologies (Section
1.7.2.1), the whole picture of the miRNA system response caused by CHF or AF is still lacking.
The novel contribution of the second study (Chapter 3) was the detailed cell-type and chamber-
specific characterization of miRNA changes with time in a CHF model that has clinical
relevance. This study also identified a number of miRNAS as contributors to atrial-selective
fibrotic remodeling and AF substrate. The evidence is provided from four aspects: (1) miRNA
changes correlated with the time course of atrial fibrosis development; (2) miRNA changes were
larger in the atria than the ventricles; (3) fibroblasts were particularly affected compared to
cardiomyocytes; and (4) ECM protein changes correlated with those of regulatory miRNAs in
fibroblasts. A third distinct contribution of knowledge is that we found that a program of miRNA
changes may be more important to a disease condition than a single miRNA change. MiRNAs
may work in concert to participate in pro-fibrotic signaling (Section 1.7.1 Figures 7 and 9) by
targeting one signaling cascade or common fibrotic genes. The overall miRNA activity often
results from the sum of subtle modulations on multiple constituents of the same pathway, rather
than from a strong effect on a single regulator. This study also stresses the concept that cellular
changes cannot be predicted from tissue data and that cell-type specific miRNA pattern changes
must be considered when analyzing miRNA regulation. This is important because most relevant
published studies measured miRNA expression in whole tissue samples that may mask changes
in specific cell types.

In the second study, we postulated that miRNAs play a role in AF-associated fibrotic

remodeling, and we proceeded to correlate changes in regulatory miRNAs to downstream ECM
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alterations. However, we did not provide evidence of the direct targeting effects of miRNAs on
fibrotic genes. Given the number of miRNAs that changed, this would have been unfeasible.
However, we addressed this issue for a specific miRNA signaling system in the third study
(Chapter 4). Here, we first demonstrated that three miRNAs, miR-1, miR-30a, and miR-133a are
responsive to PDGF stimulation in fibroblasts. Changes in these miRNASs were inversely
correlated with the alterations in the PDGF-JAK-STAT system in the canine CHF model, as well
as in cultured fibroblasts subjected to PDGF stimulation. Importantly, the alterations in miRNAs
and JAK-STAT signaling were both atrial selective, suggesting that miRNAs may serve as a
negative regulator of the PDGF-JAK-STAT system. The second novel finding of Study 3 was
that we were able to validate JAK2 as a direct target of miR-30a and miR-133a. This will assist
future studies in determining novel functions of miR-30a and miR-133a in cardiac remodeling.
The third contribution of this study was that we were able to use miR-133a manipulation to
modulate JAK2 and collagen type | expression, and fibroblast response subject to PDGF-
stimulation. This is an important demonstration as it provides new insight into miRNAs as
potential targets for reducing atrial fibrosis and AF prevention. In summary, the main findings of

the three studies in this thesis are illustrated in Figure 1.
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Figure 1. Schematic illustration of the key findings of this thesis.

The upper part in purple frame indicate the molecules or pathways identified in this thesis: The
lower part outside of the purple frame are the known functions from the literature (introduced in
Section 1.7.2.4). CHF induces activation of PDGF-JAK-STAT system (Chapter 2, red ovals) and
alterations of miRNA expressions (Chapter 3, blue rectangles). MiR-30a and miR-133a mediate
CHF effect by targeting JAK2 (Chapter 4, green signs). MiRNAs and miR-30a/miR-133a-
targeting JAK-STAT system regulate fibroblast behavior and/or ECM synthesis, contributing to
the development of atrial fibrosis. MiR-26 inhibit fibroblast proliferation through targeting
TRPC3; miR-21 activate regulate fibroblast through targeting sprout 1; miR-30a, miR-133a,
miR-1, miR-29b and miR-218 directly target ECM protein synthesis; STAT3 increases both
fibroblast proliferation and ECM production, which is evidenced in Chapter 2 (red dash arrows).
Yellow color indicate the anti-fibrotic molecules that were used in this thesis. Arrows (without
circle) means activation and “L” means inhibition. Bold arrow or “L” indicate direct effects and
dash ones indicate indirect effects. The black upward arrow in circle indicates the net effects of
CHF on atrial fibrosis (activation) via mediating different miRNAs and STAT3. The black
downward arrow in circle indicates S31-201 represses atrial fibrosis. CHF, congestive heart
failure; ECM, extra-cellular matrix; JAK2, Janus kinase 2; PDGF, Platelet derived growth factor;
STATS, signal transducers and activators of transcription 3; TRPC3, Transient receptor potential
canonical 3.
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5.2 Unanswered questions and future directions

5.2.1 What is the underlying mechanism of atrial vs. ventricular differential remodeling and
what is the role of mMiRNAS?

Previous studies have documented greater changes in terms of gene expression, tissue fibrosis,
inflammation, neurohormones, MAPKSs, and cell-death in LA vs. LV in dogs with experimental
CHF [2, 3]. In Chapter 3, we demonstrated greater alterations in miRNA expression in LA
compared with LV. It remains unclear whether miRNAs trigger LA-LV differential remodeling
or whether miRNA changes are simply part of a generally more intense response in the atria.
Atrial fibroblasts are known to be more responsive than ventricular fibroblasts to a broad range
of stimuli, particularly pro-fibrotic stimuli [1]. This may be attributed to higher Ang-I1 density,
or higher STAT3 and PDGF receptor expression in atria vs. ventricles [1, 4, 5]. TGF-B is
differentially activated in LA vs. LV in CHF, and is known to regulate miRNAs like miR-21 and
miR-29 [3, 6, 7]. In Chapter 2 and Chapter 4, we demonstrated that PDGF expression is higher in
LA vs. LV in CHF, and that PDGF stimulation down-regulated the expression of miR-1,
miR30a, and miR-133a. Together, this evidence potentially contributes to the differential
responses observed in the two chambers. To compare the regulatory roles of secreted factors vs.
miRNAs, the first step is to understand the controlling mechanism of miRNA expression. It has
been shown that Ang-11 induced CTGF and lysyl oxidase (LOX, a secreted protein that enhances
collagen crosslinking) expression, and up-regulated miR-21 expression by increasing the
expression of Dicer and Drosha [8], which are important enzymes for miRNA generation
(Section 1.7.2.2). Downregulation of miR-26a in atrial fibrosis and AF is mediated by nuclear
factor of activated T cells (NFAT) [9]. Also, paired-like homeodomain transcription factor 2

(Pitx2), a gene that is strongly associated with AF susceptibility [10], represses SAN
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development by altering miRNA expression [11]. The regulatory effects of these miRNA-
regulators are possibly predominant in the atria. It would be of interest to compare the expression
or functions of these potential regulators (LOX, NFAT, and Pitx2) in atria and ventricles from
AF models. Also, it is important to investigate how transcription factors are regulating miRNA
expression, which can be studied through protein-DNA promoter binding assays. In addition,
some miRNAs are co-transcribed with its host genes during development and pathogenesis, e.g.
miR-208 is co-transcribed with the alpha-myosin heavy chain (a-MHC) gene [12]. The
relationship between the expression and functions of miRNA and its host genes might provide

insights into the regulatory mechanisms of miRNAs.

5.2.2 What are the regulatory mechanisms of STAT3 activity and how is it relevant to AF?

In Chapter 2, we demonstrated that STAT3 is a critical transcription factor that controls
fibroblast behavior and atrial fibrotic remodeling. We showed that the activation of STAT3 by
PDGF is possibly through JAK2, but we did not provide the direct evidence of how STAT
activity is controlled. STATS3 activity is known to be modulated through multiple mechanisms
including through Racl and JAKSs (Section 17.1.6). Three major classes of endogenous inhibitors
of STAT3 shave been identified [13-15]. Suppressor of cytokine signaling (SOCS) is a
responsive gene and feedback inhibitor of the JAK-STAT pathway. It deactivates JAKSs (e.g.
SOCS1) and prevents STAT3 dimerization and activation (e.g. SOCS3) [16]. Loss of SOCS3 in
the liver promotes fibrosis by enhancing STAT3-mediated TGF-B1 production [17]. However,
the role of SOCS in atrial fibrosis has not yet been revealed. Protein inhibitor of activated
STAT3 (PIAS3) directly binds to STAT and blocks its activity [18]. PIAS3 expression and

STAT3-PIAS3 interaction increase with the progression of liver fibrosis [19]. Pacing induced

236



atrial myocytes show enhanced STAT3 activity through the formation of a complex of PIAS3
and zinc finger homeobox 3 (ZFHX3, also named ATBF1), a gene variant found in AF patients
[20]. However, the detailed mechanism of PIAS3 providing AF substrate remain to be explored.
A third negative regulator of STAT3 is protein tyrosine phosphatase non-receptor type 1
(PTPN1, or PTP1B), which can dephosphorylate tyrosine receptor kinases and JAKs [15]. These
negative regulators of STAT3 activity have potential roles in mediating AF-associated fibrosis
progression. Thus, it is necessary to assess the expression and function of these regulators in
CHF or other clinically relevant models of AF. Furthermore, nuclear STAT3 binding capacity
and nuclear translocation of STAT3 are increased in a porcine model of AF [21], suggesting that
controlling mechanisms of STAT3 translocation and DNA binding are other important aspects

that merit further investigation for a better understanding of AF pathology.

5.2.3 s atrial PDGF/JAK-STAT inhibition an effective and safe approach for AF prevention?
In Chapter 2, we demonstrated that STAT3 inhibition is effective at attenuating atrial fibrosis
and improving atrial electrical conduction. Interestingly, we observed a reduction in atrial but not
ventricular dilation after S31-201 treatment. However, we did not measure AF duration after S31-
201 treatment due to the difficulty of inducing AF in mice. It remains to be verified whether
STAT3 inhibition can reduce AF susceptibility in a clinically relevant animal model, e.g. VTP in
dogs.

The broad range of STAT3 regulated genes control cell survival, cell cycle progression,
inflammation, ECM homeostasis and cell-to-cell communication in the heart (Section 1.7.1.6)
[22]. Thus, STAT3 inhibition may have significant effects on other cell types, e.g.

cardiomyocytes and endothelial cells [22], possibly inducing adverse effects on cardiac function.
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In Chapter 2 we focused on the role of JAK-STAT signaling in fibroblasts but we did not assess
its role in cardiomyocytes. JAK-STAT was also highly expressed in cardiomyocytes of control
dogs (Chapter 2 Supplemental Figure 2). A detailed characterization of JAK-STAT changes in
cardiomyocytes during the VTP timecourse is necessary for future studies. No toxic effects of
STATS3 inhibition were shown in MI mice of our study, or other animal models of cardiac
hypertrophy or tissue fibrosis [23-25]. However, the safety profile of STAT3 inhibition in other
animal models of HF or in patients with AF remains to be seen. Also, it is necessary to compare
STATS3 blockade to interventions targeting other signaling pathways known to be involved in
atrial fibrosis, such as TGFp-1 and Ang-11 pathways. While we demonstrated that STAT3
activation is associated with fibroblast proliferation and increased ECM production, we did not
study the mechanism of how STAT3 regulates fibroblast behavior, including ECM production
and secretion. We found that TGFp signaling is one of the strongest contributors (Chapter 2,
Supplemental Figure 3) to the downstream signaling of STAT3. We also found that the
fibronectin-1 and LOX genes -are predicted to have STAT3-binding sites in their promoters, as
indicated by sequence alignment. It would be of interest to study whether STAT3 directly
regulates fibronectin-1 and LOX expression and how this contributes to the atrial fibrotic
response. Furthermore, STAT3 activates transcription of angiotensinogen via direct binding to its
promoter [26]. A STAT response element has been found in the promoter region of L-type
calcium channels in mice [27]. Taken together, further work is needed to identify additional
STAT-responsive genes for better understanding of the role of STAT3 in atrial fibrogenesis. And
this is an important step before we can develop effective STAT3-targeting therapeutic

approaches for AF prevention.
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5.2.4 How can we target fibrogenesis with better efficacy and safety?

As mentioned in the Introduction, the fibrotic response may have evolved for adaptive and
protective purposes, especially during early fibrogenesis [28]. Most pro-fibrotic factors are
intrinsically secreted to promote cell growth and survival, and to protect the injured myocardium
(Section 1.7.1) [29]. For structural remodeling to be an effective antiarrhythmic strategy, it must
target only the maladaptive processes that underlie the dysregulation of ECM balance. Some
cytokines may be involved in multiple physiological processes with broad beneficial effects
(Section 1.3.3 and 1.7.1). It is important to consider that complete blockade of the signaling
cascade might lead to adverse consequences. For example, TGF- is involved in
immunosuppression and tumor suppression [30]. Homozygous TGF-B1 knockout mice die
shortly after birth due to hyper-inflammation [31]. Therefore, more specific targets for anti-
fibrotic therapy are needed that block pro-fibrotic effects but leave the beneficial effects
untouched. However, it is still challenging to distinguish “adaptive” from “maladaptive” fibrotic
remodeling, and it varies in different disease conditions. The situation is further complicated by
the fact that the dysregulation of fibrotic factors are not only time-dependent, but also tissue- and
cell-type—dependent. Adenoassociated viruses (AAV) with cardiac-specific and/or inducible
promoters could solve this problem [32]. The promoter of a-myosin heavy chain, the ventricular
form of myosin light chain 2, and the cardiac troponin C are considered so far to achieve
restricted transgene expression in cardiomyocytes [33]. Fibroblast-specific protein (FSP) 1-Cre-
driven gene deletion are suggested for fibroblast-restricted transgene in mice [34, 35], but both of
the efficiency and specificity remain questionable [36]. Thus far, none of the available markers
of cardiac fibroblasts encompasses the combination of sensitivity and specificity to be considered

definitive [37, 38]. Each marker might be utilized in a particular context as the relative
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expression may vary with different stages of development or injury. The investigation of specific
fibroblast markers merits continued effort, since it will greatly contribute to better understanding
this dynamic myocardial cell and to developing fibroblast-targeting therapies for reducing atrial

fibrosis.

5.2.5 Targeting miRNAs in AF prevention—which one should we choose?

In Chapter 3, we demonstrated multiple potential miRNAs involved in AF-promoting atrial
fibrosis. However, the relative importance of individual miRNAs in AF-pathogenesis remains
unknown. Each miRNA has its own expression profile with chamber/cell type-selective and
time-dependent signature. The differential changes of miRNAs along the VTP-timecourse
indicate that individual miRNA changes likely depend on the underlying pathology and disease
stage, suggesting that time-specific treatment may be necessary for miRNA-based therapies.
Although we showed a system response of miRNA changes in CHF, it does not necessary mean
that we should target all of them to reverse the fibrotic remodeling. Identification of the target
genes of the dysregulated miRNAs, and the functional link among these genes is critical before
we can develop miRNA-based therapies for AF.

MiR-21 shows the biggest changes in CHF compared to other upregulated miRNAs
(Chapter 3 Figure 4A and 4B), and its time-course of changes parallel with ECM changes
(Chapter 3 Figure 8). Also it is increased in patients with AF, and anti-miR-21 treatment is
sufficient to reduce AF susceptibility in rats [8, 39]. Thus miR-21 may be the most important
miRNA in the ECM response. However, our results suggest that the development of atrial
fibrosis and AF is a progressive process (Chapter 2 Supplemental Figure 1 and Chapter 3 Figure

1), and it probably takes time for the ECM to deposit in the interstitial space of cardiac tissue.
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The alterations of the regulatory miRNAs that target ECM-regulators possibly occur before an
increase of atrial fibrosis is observed. Our study (Chapter 3) suggest that miR-1, miR-26a/b,
miR-29b and miR-30a and miR-133a/b may be the most relevant miRNAs to AF, as they show
the largest and sustained downregulations starting from the early stage (12 hour or 24 hour of
VTP) of CHF development. MiR-26 and miR-29b have also been shown to be reduced in AF
patients, which is relevant to their anti-fibrotic functions [9, 40]. Thus far, miR-21 and miR-29b
are the most intensively studied in cardiac fibrogenesis, and might have the best clinical potential
for reversing cardiac fibrotic remodeling. Nevertheless, miR-1, miR-30a and miR-133a/b are
important contributors to the AF substrate, but their clinical relevance remains to be revealed.
The detailed regulatory mechanisms, the efficacy, specificity, and safety of these miRNAs
applied in AF prevention remain to be explored and it will be of great value for a better

understanding of AF pathologies.

5.2.6 MiRNAs in the clinic -where should we go?

Given their key function in gene regulation, and their stability, tissue-specific expression pattern
and secretion into corresponding bodily fluids, research on miRNA-based therapeutics in
cardiovascular disease have been highly appealing over the past few years [41-43]. One
important advantage of miRNAs as potential drug targets is that it usually tunes rather than
dampens target expression [44], which should be less detrimental to the healthy tissues. Organ-
or even cell-type—specific delivery strategies aimed at minimizing off-target effects for miRNA
therapies have been developed. For example, cardiac-specific miRNA overexpression can be
achieved via cardiotropic AAV-mediated overexpression, which was shown for the treatment of

HF and cardiac hypertrophy in in vivo studies [45, 46], or AAV-mediated knockdown (miRNA
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sponge) which increased fibrosis content in mice [40]. Modification of specific miRNASs by
miRNA mimics (overexpression) or antagomir oligonucleotide (AMO, knockdown) has also
been evaluated as a therapeutic option in experimental HF and AF models [39, 45, 47]. However,
none of these approaches have been tested on patients with AF. Miravirsen (SPC3649) is the
only miRNA drug (antagomiR/inhibitor of miR-122) that has entered phase 11 clinical trials for
the treatment of chronic hepatitis C virus infection; thus far, it has demonstrated an excellent
safety and efficacy profile [48]. MiIRNA-knockdown technologies by anti-miRNA oligos (or
AMO) are being developed to improve the stability of delivery methods and specificity of the
molecule, and also in avoiding activation of immune responses [49]. Chemical modifications,
such as phosphorothioate, 2-O-methylgroup-modifiedoligonucleotides, and locked nucleic acid-
modified oligonucleotides are used [49, 50] but remain complex. Further work is clearly needed
to improve the modification of anti-miRNA oligos and to assess its clinical value.

In addition to the potential therapeutic role of miRNA in AF, miRNAs have been
suggested as a potential biomarker for AF due to their naturally small size and stable properties
[51]. MiR-21, miR-29b, miR208a/b, and miR-146a are found to be dysregulated in CHF
(Chapter 3), which is consistent with the clinical measurement on AF patients [40, 52, 53]. Liu et
al. found that miR-146a, miR-150, miR-19a, and miR-375 were dysregulated in the plasma of
AF patients [52]; Nishi et al. demonstrated miR-21, miR-23b, miR-199b, and miR-208b were
up-regulated in the right atrial tissue of AF patients [53]; and Dawson et al. showed that miR-29b
was reduced in both plasma and atrial tissue of AF patients [40]. Early miRNA changes seen in
in the VTP timecourse (e.g. miR-29b and miR-208a were both decreased from 12 hours of VTP
in fibroblasts) might be used for early diagnosis or prevention of atrial fibrosis, but their clinical

utility has yet to be confirmed. In our studies, we assessed miRNA expression in tissue and cell
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preparations, but not in blood samples from CHF dogs. Since blood testing is the fastest, most
convenient and least invasive method for diagnostic analysis and comparative studies in the
clinical laboratory, further investigation is needed to evaluate the potential of additional miRNAs
as biomarkers for AF. Additionally, the exact source, location, and the role in cell-to-cell or
tissue-to-tissue communication of circulating miRNAs need to be better defined. Technological
advances are required to enable rapid, reliable, and reproducible results for the absolute
quantification of circulating miRNA in clinical practice. In summary, it is expected that further
investigation of miRNASs as potential therapeutic targets and/or biomarkers may greatly
contribute to the development of early diagnostics, monitoring, and treatment for AF and general

pathogenic cardiac remodeling.

5.3 Conclusions

Given their potential anti-AF benefits, identifying and understanding the regulatory factors and
signaling pathways involved in atrial fibrotic remodeling are critically important. In this thesis,
we identified the regulatory effects of JAK-STAT system and miRNAs on atrial fibrotic
signaling; both mechanisms can be considered as novel regulators, as well as potential
therapeutic targets, of AF prevention. We also emphasized the importance of time-, chamber-,
and cell-specific studies in cardiac pathophysiology. Data demonstrating atrial-selective fibrotic
remodeling mediated by PDGF, JAK-STAT, and miRNAs suggest the presence of respective

atrial selective/predominant therapeutic targets, which may be useful for “upstream” AF therapy.
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