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1. INTRODUCTION:

Heart disease profoundly affects the quality of life of Duchenne Muscular Dystrophy (DMD)
patients. DMD is caused by mutations in the dystrophin gene 12, which anchors the cytoskeleton,
sarcolemma, and extracellular matrix (ECM) together to prevent cell membrane damage during
muscle contraction. However, abnormal dystrophin expression weakens the link between the ECM
and the cytoskeleton 2 resulting in affected muscle cells degenerating and necrotizing. Until recently,
DMD patients life span was determined mostly by respiratory failure, with approximately 80% to 90%
of DMD deaths #7. With improved respiratory care, death by cardiomyopathy has become more
frequent, even approaching 40% in some studies 8. Additionally, myocardial fibrosis is the second
leading cause of death in DMD 67:210 occurring in more than 96% of DMD hearts. Fibrotic lesions
cause fatal ventricular arrhythmias in DMD patients 1112, Although further research to clarify
molecular mechanisms underlying dystrophin-deficient heart disease remains, evidence suggests that
abnormal elevation of cytosolic calcium is central to the pathogenesis of DMD heart disease 3.

The sarcoplasmic reticulum is the primary calcium storage organelle in muscle cells. In CMs,
removal of cytosolic calcium is mainly accomplished by the cardiac isoform of sarcoplasmic reticulum
calcium ATPase (SERCAZ2a) via its pump activity 8, SERCA2a expression/activity is reduced in
various forms of heart failure (HF) in experimental animal models and human patients 1920,
Additionally, aged mdx models show decrease in endogenous SERCAZ2a expression, which was
restored by SERCA2a gene transfer 21. Furthermore, in mdx/utrophin double KO mice, which
recapitulate human DMD pathophysiology, SERCAZ2a expression was found to be significantly
decreased. Recently our group has found additional mechanisms to fine-tune SERCA2a post-
transcriptionally through microRNAs (miRs). These small non-coding RNAs regulate protein
expression by destabilization and/or translational inhibition of target messenger RNAs (mMRNAs). Like
mMRNAs, expression of miRs is regulated in HF including cardiomyopathy 2225, Advances in
understanding the molecular mechanisms that are associated with pathological stress have offered
numerous important CM specific targets for intervention 23, Specifically, miR-25 has consistently been
identified as a potent regulator of SERCA2a and showed anti-miR-25 treatment enhanced cardiac
contractility and function through SERCAZ2a restoration in murine HF models 26, Furthermore, in silico
and in vitro experiments confirmed that miR-25 has an additional binding partner, SMAD7. SMAD?7 is
an endogenous antagonist of TGF- signaling, a common pro-fibrotic pathway in many organs
including the heart.

With the ultimate goal to enhance cardiac function in DMD patients, a stable and efficient
delivery of antagonizing molecule against miR-25 is necessary. An inhibitory construct against miR-
25, so-called miR-25 tough decoy, was successfully generated. It improved cardiac function and
significantly reduced cardiac fibrosis in TAC-induced HF mouse model (paper in revision). This
construct was combined with the traditionally used AAV9, a cardiac serotype, for gene therapy
treatments 27. However, there are still limitations which include off-target expression such as liver
tropism 282°, Transcriptional regulation has been used to address these issues. Our approach will use
a cis-acting regulatory module sequence *° to improve cardiac specificity and enhance expression.
Additionally, two different promoters, periostin3! and troponin-T32, will be used to target MFBs and
CMs, respectively.



2. KEYWORDS:
DMD, miRNA-25, Tough Decoy (TuD), SERCA2a, Smad7, Cardiomyopathy, Troponin T, Periostin,
Fibrosis, Exosome, CCN5



3. ACCOMPLISHMENTS:

1) What were the major goals of the project?

Since our group found that anti-miR-25 treatment enhanced cardiac contractility and function through
SERCAZ2a restoration in murine HF models?®, an efficient and stable antagonism of miR-25 has been found,
miR-25 TuD. Furthermore, we found that miR-25 has an addition binding partner, SMAD7. SMAD7 has been
found to inhibit fibrosis through the TGF- signaling pathway. Since cardiac complications that arise in chronic
DMD patients are related to cardiac dysfunction and fibrosis, we hypothesize that miR-25 TuD will ameliorate
these phenotypes and improve the quality of life of DMD patients. Furthermore, we will enhance the tissue-
specific expression of miR-25 TuD using a cell type specific promoter and minimize off-target effect.

Proposed speficic aims;

Specific aim 1: Therapeutic evaluation of miR-25 TuD on cardiac function and fibrosis.

Preliminary data have shown that antagonizing miR-25 had a beneficial effect on HF animal model through the
regulation of SERCA2a expression. Moreover, we have recently identified an additional binding partner,
SMAD?7, an endogenous antagonist of TGF-f signaling pathway, which is a major signaling pathway in cardiac
fibrosis. Therefore, we will apply miR-25 TuD in DMD mouse model and evaluate the efficacy and efficiency in
terms of cardiac function and fibrosis.

Specific aim 2: Therapeutic evaluation of miR-25 TuD using cell type specific promoters.

AAV9 is a widely used serotype for cardiac gene therapy ?’. However, there are still limitations including off-
target expression such as liver tropism 282°, Since we have identified that miR-25 has dual targets in the heart,
we will apply two independent promoters for individual cell types (CMs and cardiac MFBs). AAV vectors have
traditionally been used with the CMV promoter due to its high expression efficiency. Although cardiac specific
promoters such as TnT exist, they have low expression profiles. Recently, we combined TnT with an Enh and
achieved substantially high expression of the gene of interest, comparable to that of CMV, with minimal off-
target expression. Therefore, we will apply this with miR-25 TuD in terms of cardiac functional study. On the
other hand, to target cardiac fibrosis, which occurs mainly by proliferation of residential CF 3, a Postn promoter
will be applied, which is exclusively expressed in pathological cardiac fibrosis.

Proposed SOW for the second year of funding period;

Training-Specific Tasks: (only applicable to training award mechanisms)

Major Task 2: Development of cell type specific promoter with

miR-25 TuD in an AAV vector Months Achievements

Subtask 1: Development of AAV construct containing
Troponin T (TnT) promoter with cis-elementary module
(aka enhancer (Enh)) for cardiomyocyte specific expression of
miR-25 TuD

14-15 Completed.

Subtask 2: Development of AAV construct containing
Periostin (Postn) promoter with cis-elementary module (aka
enhancer (Enh)) for cardiac myofibroblast specific expression
of miR-25 TuD

15-16 Completed.

Subtask 3: Evaluation of cis-regulatory module with TnT

promoter in cardiomyocyte specificity 17-20 Completed.

(20 mice per group x 2 groups = 40 mice total)

Subtask 4: Evaluation of cis-regulatory module with Periostin 40%

(Postn) promoter in myofibroblasts specificity 21-24

Completed.




(20 mice per group x 2 groups = 40 mice total)

Delayed due to COVID-
19 outbreak.

Subtask 5: Characterize the biodistribution for miR-25
expression

40%

23-24 Delayed due to COVID-
(20 mice per group x 2 groups = 40 mice total) 19 outbreak.
40%
Subtask 6: Comparison between ubiquitous CMV promoter
with newly generated tissue specific promoters 91-24 Completed.
(20 mice per group x 2 groups = 40 mice total) Delayed due to COVID-
19 outbreak.
80% completed.
Milestone(s) Achieved: Characterization of effects of cell type Delayed due to COVID-
specific promoter with enhancer in terms of miR-25 expression 24 19 outbreak.

and cardiac function

It can be completed for
next 6 months.




2) What was accomplished under these goals?
Subtask 1: Development of AAV construct containing Troponin T (TnT) promoter with cis-elementary
module (aka enhancer (Enh)) for cardiomyocyte specific expression of miR-25 TuD
e AAV construct containing Enh-TnT promoter has been successfully generated.

e DNA sequencing confirmed the orientation and mutation on DNA construct, which are shown below.
e Result

cis-regulatory motif

A | B

BamH|

cis-regulatory motif

amH|

miR-25 BT

pTR-Enh-Periostin-miR-25 TuD(Theoretical 31919)

PTR-Enh-TnT-miR-25 TuD(Theoretical 61919)

5381 bp

\

\

|
v miR-25 BT

miR-25 BT

C TnT promoter (406bps)
GCAGTCTGGGCTTTCACAAGACAGCATCTGGGGCTGCGGCAGAGGGTCGGGTCCGAAGCGCTGCCTTATCAGC
GTCCCCAGCCCTGGGAGGTGACAGCTGGCTGGCTTGTGTCAGCCCCTCGGGCACTCACGTATCTCCGTCCGACGG
GTTTAAAATAGCAAAACTCTGAGGCCACACAATAGCTTGGGCTTATATGGGCTCCTGTGGGGGAAGGGGGAGCA
CGGAGGGGGCCGGGGCCGCTGCTGCCAAAATAGCAGCTCACAAGTGTTGCATTCCTCTCTGGGCGCCGGGCAC
ATTCCTGCTGCTCTGCCCGCCCCGGGGTGGGCGCCGGGGGGACCTTAAAGCCTCTGCCCCCCAAGGAGCCCTTC
CCAGACAGCCGCCGGCACCCACCGCTCCGTGGGACCT

Periostin promoter (1064bps

Figure 1. DNA constructs for AAV9 Enh-TnT/ Enh-Postn-miR-25 TuD.

A. AAV9 Enh-TnT-miR-25 TuD plasmid map B. AAV9 Enh-Postn-miR-25 TuD plasmid map C. DNA
sequences for Troponin T and Periostin promoters



Subtask 2: Development of AAV construct containing Periostin (Postn) promoter with cis-elementary
module (aka enhancer (Enh)) for cardiac myofibroblast specific expression of miR-25 TuD

AAV construct containing Enh-Postn promoter has been successfully generated.
All confirmed DNA sequencing data are shown in Figure 1.

Subtask 3: Evaluation of cis-regulatory module with TnT promoter in cardiomyocyte specificity.

AAV viral vectors for 40 mice were successfully produced by Jan, 2020, which are shown in Figure 2.

Method

AAV9 Enh-TnT and Enh-Postn TuD production

Self-complementary AAV (serotype 9) constructs were generated using the pds-AAV2-EGFP vector

and the optimal TuD sequence against human miRNA-25, which was kindly donated by Dr. Brian

Brown, an associate professor of Genetics in the Icahn School of Medicine at Mount Sinai. The

specificity of the miR-25 TuD was determined through a pMirTarget vector containing SERCA2a 3'-

UTR under luciferase. The eGFP sequence was removed from the AAV construct due to viral

packaging constraints. The recombinant AAV was produced by transfecting 293 T cells as described

previously **. The AAV particles in the cell culture media were collected by precipitation with ammonium

sulfate and purified by ultracentrifugation on an iodixanol gradient. The particles were then

concentrated by exchanging iodixanol for Lactate Ringer's solution by multiple dilution and

concentration steps using a centrifugal concentrator. The AAV titer was determined by quantitative real-

time PCR and SDS-PAGE. AAV9-GFP was used as control.

Result-1

1. AAV viral vector with Troponin T promoter shows better yield than Periostin promoter in terms of
viral production presumably due to higher promoter activity (Figure 2, upper panel)

2. Alkaline gel staining results show that the purified AAV vectors do not show any genomic
degradataion (Firgure 2, middle panel)

3. EM picture (Figure 2, lower panel) reveals that more than 70% viral particle are fully packed with
DNA, which indicates that the purified viral vectors are functional.
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Upper panel: Coomassie blue
staining result for AAV9 Enh-TnT
/ Enh-Postn miR-25 TuD.

Middle panel: Alkaline gel

staining result for AAV9 Enh-TnT

/ Enh-Postn miR-25 TuD.

AAV9 Enh-TnT-miR TuD Lower panel: Electron
Microscopy picture with negative
staining for AAV9 Enh-TnT miR-
25 TuD.

EM picture




Result-2

1. AAV9 vectors with four different promoters (1e5 vg / cell) were transfected into the primary adult
isolated cardiomyocytes (CMs). 5 days later, each transfected CM was harvested and miR-25
expression levels were measured. As shown in Figure 3, CMV promoter shows the most efficient
inhibition of miR-25 expression and U6 and Enh-TnT promoters show comparable activity, which
inhibit 50% reduction in miR-25 expression. On the other hand, Enh-Postn promoter didn’t show
any inhibitory effect on miR-25 expression in CMs, which indicates that Postn promoter doesn’t
have transduction activity on CMs.

miR-25
3.0
10 | .
o I == W -
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Figure 3. miR-25 mRNA expression after gene transfer using various promoters-derived AAV
vectors.

Subtask 4: Evaluation of cis-regulatory module (Enhancer) with Periostin (Postn) promoter in
myofibroblasts specificity.

Experiments and analysis were completed on Aug, 2020.

Method

Isolation of primary cardiaomyocytes (CMs) and cardiac fibroblasts (CFBs)

To isolate in tissue primary cardiac cells from the heart tissue, Langendorff-based isolation was applied
as utilizing previous protocol . In brief, after heparin (50 U) was injected, animals were anaesthetized
with intra-peritoneal ketamine (100mg/g). The heart was quickly removed from the chest and the aorta
was retrogradely perfused at 37 °C for 3 min with calcium-free Tyrode buffer (137 mM NacCl, 5.4 mM
KCI, 1 mM MgCI2, 10 mM glucose, 10 mM HEPES [pH 7.4], 10 mM 2, 3-butanedione monoxime, and 5
mM taurine) gassed with 100% O2. The enzymatic digestion was initiated by adding collagenase type B
(300 U/ml; Worthington) and hyaluronidase (0.1 mg/ml; Worthington) to the perfusion solution. When
the heart became swollen after 10 min of digestion, the left ventricle was quickly removed, cut into
several chunks, and further digested in a shaker (60-70 rpm) for 10 min at 37°C in the same enzyme
solution. The cell suspension was filtered through a cell strainer (100 um pore size; BD Falcon) and

gently centrifuged at 500 rpm for 1 min. This procedure usually yielded > 80% viable rod-shaped
ventricular myocytes with clear sarcomere striations. The isolated cardiomyocytes were plated onto a

laminin-coated plate and cultured in modified Eagle’s Medium (MEM) with Hanks' Balanced Salt

solution, supplemented with 2 mM of L-carnitine, 5 mM of creatine and 5 mM of taurine, and 100 1U/ml

of penicillin.

Results

1. AAV9 Enh-Postn miR-25 TuD efficiently reduces miR-25 expression as comparable as CMV
promoter.

2. AAV9 Enh-TnT miR-25 TuD failed to inhibit miR-25 expression in primary CFBs.

10
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Figure 4. AAV9 Enh-postn miR-25 TuD exclusively down-regulates miR-25 expression in primary
cardiac fibroblasts (CFBs) but not Enh-TnT.

Subtask 5: Characterize the biodistribution for miR-25 expression.

e Experiments and analysis are ongoing.

e Mice were injected with AAV9 vectors and all planned experiments will be completed by Nov, 2020.
Methods
Quantitative real-time PCR
Transcript levels were determined by real-time PCR using a QuantiTect SYBR Green real time PCR Kit
(Qiagen Ltd; Valencia CA). Total RNA was isolated from samples with Trizol reagent (Gibco BRL;
Carlsbad, CA) according to the manufacturer's instructions. Reverse transcription was performed at
50°C for 20 min, and cDNA was amplified in 20 yL reaction volumes using 10pmol of primers for 37
cycles: 94°C for 10 s, 57°C for 15 s, and 72°C for 5 s. 18S RNA was used as an internal control to
calculate the relative abundance of the mRNAs.
Western blot analysis
Membrane and tissue homogenates were prepared as previously described (Wahlquist et al., 2014).
Proteins were resolved on 10% SDS-PAGE gels followed by transfer to PVDF membranes (Millipore,
MA, USA). Detection of the proteins bands was performed according to standard lab protocols.
Antibody raised against SERCA2a was produced by 21st Century Biochemicals, and were purchased
from Lifespan biosciences (Seattle, USA) and antibody raised against Smad7 (B-8) from Santa Cruz
Biotechnology (CA, USA).
Results
Total 40 mice were injected with each AAV with different promoters (10 mice each) on Aug 13™, 2020.
Mice will be sacrificed in six weeks.

Subtask 6: Comparison between ubiquitous CMV promoter with newly generated tissue specific
promoters.
e Experiments and analysis are ongoing.
e In Figure 2, | have already shown the comparison result using primary isolated cardiomyocytes and
fibroblasts in vitro but in vivo experiments have not been accomplished.
Method
Mice are monitored daily basis and recorded.
Echocardiograpghy and Treadmill (exhaustion test) will be applied to each group of mice and analyzed.
Results
Cardiac and skeletal functions will be evaluated six weeks after gene transfer.

11



3) What opportunities for training and professional development has the project provided?
1) Junior Faculty Mentorship Committee Meeting was held in Feb, 2020.

2) Rigor and Reproducibility and Ethical Behavior in Biomedical Research course was completed July 31,
2020.

4) How were the results disseminated to communities of interest?

HF is characterized by a debilitating decline in cardiac function, in which calcium dysregulation occurs. Of the
many intracellular mechanisms that contribute to Ca?* handling, the sarcoplasmic endoplasmic reticulum
ATPase 2a (SERCAZ2a) has been shown to be the dominant generator of Ca?* re-uptake within cardiomyocytes
during cardiac relaxation. Furthermore, it has previously been shown that both SERCA2a mRNA and protein
expression are significantly decreased in the hearts of MDX mice. Subsequently, increased SERCA2a
expression via gene transfer has been shown by our group to improve ECG performance in aged MDX mice.
Recently, we have found that miR-25 is a key microRNA that regulates SERCA2a and we showed anti-miR25
treatment enhanced cardiac contractility and function through SERCA?2a restoration in murine HF models.
From this result, we hypothesize that inhibition of miR-25 expression may be one of promising therapeutic
approach to enhance cardiac function in DMD-induced cardiomyopathy. However, the expression of cardiac
miR-25 in the preclinical DMD animal models or DMD patients has not been elucidated. Therefore, we
evaluated the expression of miR-25 in DMD mouse model. As a result, we found that miR-25 expression is
significantly increased and SERCA2a and SMAD7 expression are down-regulated in DMD. Since we have
identified Smad7 as a new target of miR-25, miR-25 TuD treatment maybe suggested as a dual-therapeutic
intervention to normalize cardiac function and fibrosis, respectively in DMD patient.

5) What do you plan to do during the next reporting period to accomplish the goals?

Modified SOW for No-cost extension for the rest of funding period;

Specific Aim 2: Therapeutic evaluation of miR-25 TuD
using cell type specific promoters

Major Task 2: Development of cell type specific promoter

with miR-25 TuD in an AAV9 vector Months Achievements

Subtask 1: Develop of AAV construct containing Troponin T
(TnT) promoter with cis-elementary module (aka enhancer 14-15 Completed
(Enh)) for cardiomyocyte specific expression of miR-25 TuD

Subtask 2: Develop of AAV construct containing Periostin
(Postn) promoter with cis-elementary module (aka enhancer
(Enh)) for cardiac myofibroblast specific expression of miR-25
TuD

15-17 Completed

Subtask 3: Evaluation of cis-regulatory module with TnT

promoter in cardiomyocyte specificity 24-26 Ongoing

(20 mice per group x 2 groups = 40 mice total)

Subtask 4: Evaluation of cis-regulatory module with Periostin

(Postn) promoter in myofibroblasts specificity 24-26 Ongoing

(20 mice per group x 2 groups = 40 mice total)

Subtask 5: Characterize the biodistribution for miR-25

expression 26-27 Ongoing
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(20 mice per group x 2 groups = 40 mice total)

Subtask 6: Comparison between ubiquitous CMV promoter
with newly generated tissue specific promoters 26-27 Ongoing

(20 mice per group x 2 groups = 40 mice total)

Milestone(s) Achieved: Characterization of effects of cell type
specific promoter with enhancer in terms of miR-25 expression 30
and cardiac function

Due to the COVID-19 outbreak in New York, which is my primary performance site, many critical
experiments for my award have been heavily restricted so that my entire research has been delayed.
Therefore, | requested a No-cost extension on June 9", 2020 and obtained an approval letter on June
22", The new project end date is February 14", 2021.

13



4. IMPACT:

1)

2)

3)

4)

What was the impact on the development of the principal discipline(s) of the project?

Normalization of miRNA levels as a therapeutic approach for DMD-induced cardiomyopathy.
Cardiac gene therapy is emerging as a novel strategy to treat inherited and acquired cardiomyopathies.
mMiRNAs are interesting targets for gene transfer because individual miRNA regulates collections of
MRNA expression that often have related functions, thereby governing complex biological processes.
Therefore, deregulation of one particular miRNA is sometimes enough to cause a specific cardiac
disease, while small effects of miRNA can be amplified and generate striking alterations. However,
there are many hurdles to overcome before miRNA gene transfer can be used for treating cardiac
diseases clinically. Challenges include, but are not limited to, cardiac targeting, optimal dosing,
appropriate vector, and choice of targeting the right miRNAs. Currently, there is no report of viral vector
mediated miRNA gene transfer for treating DMD-induced cardiomyopathy in large animals or clinical
studies. We have developed a cardiac specific promoter consisting of a TnT promoter with a
calsequestrin enhancer that restricts expression to the cardiac cells while de-targeting the liver and
lungs. Our group has extensive experience in using AAV vectors for treating HF, with successful results
also in large animal studies. Taking advantage of our expertise, we aim to establish a viral-mediated
decoy down regulation of miR-25 approach in a DMD-induced cardiomyopathy model.

What was the impact on other disciplines?

Application for government sponsored research grant

We have demonstrated that small non-coding microRNA can be a therapeutic target to treat DMD-
induced cardiomyopathy from this research. Therefore, a reasonable next step is to apply a
government sponsored grant to continue further validation of our finding in the setting of large animal
model for translational research.

What was the impact on technology transfer?
Nothing to report

What was the impact on society beyond science and technology?

Heart disease profoundly affects the quality of life of Duchenne Muscular Dystrophy (DMD) patients.
Over a couple of decades, many approaches have been made clinically to treat DMD but no cure has
been reported yet. Therefore, novel therapeutic approach for DMD is highly demanding. miR-25 has
been known a major regulator for SERCA2a, a critical calcium regulator in cardiac function.
Furthermore, we have observed that this particular miRNA is upregulated in DMD-induced
cardiomyopathy models. Therefore, it is critical to understand the underlying mechanism of miR-25 for
the treatment of DMD patient with cardiac abnormality.

14



5. CHANGES/PROBLEMS:

| have requested the No-cost extension (NCE) for this particular grant due to COVID-19
pandemic. As a result, the NCE application was approved on June 22", 2020. Therefore, the
new project end date was changed to Feb 14", 2021

15



6. PRODUCTS:

1)

a.

b.

Publications, conference papers, and presentations;

Published articles

Oh JG, Lee P, Gordon RE, Sahoo S, Kho C, Jeong D**. Analysis of extracellular vesicle miRNA profiles
in heart failure. J Cell Mol Med. 2020 Jun 2;24(13):7214-7227. doi: 10.1111/jcmm.15251.

Lee MA, Raad N, Song MH, Yoo J, Lee M, Jang SP, Kwak TH, Kook H, Choi E, Cha T, Hajjar RJ,
Jeong D**, Park WJ**. The matricellular protein CCN5 prevents adverse atrial structural and electrical
remodeling. J Cell Mol Med. 2020 July 30 (in press)

Pending articles

Sacha V. Kepreotis, MBBS*; Min Ho Song, BS*; Jimeen Yoo, MS; Jae Gyun Oh, PhD; Changwon Kho,
PhD; Brian Brown, PhD; Agustin Rojas-Mufioz, PhD; Christine Wahlquist, PhD; Mark Mercola, PhD;
Fadi Akar, PhD; Dongtak Jeong, PhD**. AAV9 miR-25 tough decoy transfer improves cardiac function
in aged MDX/UTRN KO mice. Under revision

Presentations
MDA conference 2020, Orlando, FL (On-line)

Title: miR-25 Tough Decoy enhances cardiac contractility and ameliorates cardiac fibrosis in aged

2)

3)

4)

5)

6)

MDX/UTRN KO Mice.

licenses applied for and/or issued;
Nothing to Report

degrees obtained that are supported by this training grant;
Nothing to Report

development of cell lines, tissue or serum repositories;
Nothing to Report

informatics such as databases and animal models, etc.;
Nothing to Report

funding applied for based on work supported by this training grant;
I.  NIH/NHLBI 04/01/2021 - 03/31/2025
Title: The therapeutic potential of CCN5 in myocardial fibrosis associated with heart failure
Role: Principal Investigator

II. NIH/NHLBI  04/01/2020 - 03/31/2025
Title: Targeting RV fibrosis in chronic pulmonary hypertension
Role: Co-Investigator

lll. Department of Defense-Development Award (DA) 03/01/2021- 2/28/2023
Title: Inhibition of miR-25 attenuates pulmonary arterial hypertension associated with congenital
heart defects
Role: Principal Investigator
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7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS
What individuals have worked on the project?

Nothing to Report

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel
since the last reporting period?
Nothing to Report

What other organizations were involved as partners?
Nothing to Report
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8. SPECIAL REPORTING REQUIREMENTS

1) COLLABORATIVE AWARDS:
Nothing to Report

2) AWARD CHARTS:
Attached in Appendix section
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10. APPENDICES:

1) Modified contract notice with No-cost extension (NCE)
IJ_II]:_I-E.CTZ

This FY17 DMDEP Focus Area is cardiac studies, proposing to apply potential therapeutic

interventions for DMD caused cardiac dysfunction and fibrosis. Ultimately, this research will help
older DMD patients, a growing subpopulation due to improved respiratory care, who is suffering from
cardiac dysfunction and fibrosis that affect patient’s quality of life. Clinically. there is

potential for gene therapy by mhibiting a miB-25 using tissue specific viral vectors and

transcription factors to improve cardiac regolation. Furthermore, by using a single microRNA to
improve both cardiac contractility and decrease potential fibrosis, symptoms due to cardiac

1ssues will be decreased.

ii. Funding Overview

Federal funds | . °° | Total amouat
Sharing

a. Obligated or deobligated this action $0 N/A $0

b.  Cumulative obligations to date, including %4464.180.00 WA $464.180.00
this and previous actions

c. Planned project costs in the currently $464,180.00 N/A 5464.180.00
approved budget through the end of the
period of performance, to include any
future incremental funding obligations

d. Total valoe, which includes any $464.120.00 N/A £464.180.00
unexercised options for which amounts
were established in the award

6.
3.
9.
10.

Obligation/Effective Date: See SF-30, Block 16c.

Period of performance: 15 Augnst 2018 — 14 Febrary 2021

Authorities: This award 15 made under the anthority of 10 TT.S.C. 2358,

Catalog of Federal Domestic Assistance Number: 12 420-Military Medical Fesearch and Development
Project Performance Information:

i This award 15 for research and development. Construction activities nnder this award are not
anthorized. (Reference Department of the Army Pamphlet 420-11, dated 18 March 2010, for the
definition of construction activities.)

i Statement of Work and Budget: The revized Statement of Weork (SOW) dated 20 June 2018 and the
revised budget dated 20 June 2018 for your application submitted in response to the Fiscal Year
2017 DoD Duchenne Muscular Dystrophy Research Program, Career Development Award,
Program Announcement (Funding Opportunity Anncuncement Number WE1XWH-17-DMDEP-
CDA, which closed 10/18/2017) are incorporated herein by reference. You may rebudget
allowable costs in accordance with applicable cost principles and in accordance with the prior
approval requirements as stated in this award. Additional terms and conditions applicable to this
award are in Division IT and Division ITT.

1. The following terms and conditions are incorporated herein by reference:

a.  Division IIT - USAMRAA Addendum to the DoD E&D General Terms and Conditions
available at http:/www.usamraa army.mil Pages/Besources.aspx.

b. The DoD B&D General Terms and Conditions (September 2017), available at
hitp:/www.onr navy.mil/Contracts-Grants/submit-proposal/grants-proposal/grants-terms-
conditions.aspx.

v These USAMRAA Award Specific Research Terms and Conditions are in addition to the terms and
conditions incorporated above. Any mconsistencies in the requirements of this award will be
resolved in the following order:

a. Federal statutes
b. Federal regulations
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2) Award chart

W81XWH-18-1-0322 (Annual Phase Il): Targeting Cardiac Calcium
Regulation and Fibrosis in DMD Models

Pl: Dongtak Jeong, PhD, Icahn School of Medicine at Mount Sinai, NY

Budget: $ 464,180.00 Topic Area: DMDRP Mechanism: FY17-DMDRP-CDA

Research Area(s): 0810 (Gene therapy) Award Status: 15 August 2018 — 14 February 2021

Study Goals: Since miR-25 has been found to affect both cardiac function and fibrosis, it is hypothesized that
therapeutic application of AAV9 miR-25 Tough Decoy (TuD) will rescue the cardiac dysfunction and fibrosis phenotypes of DMD.

Specific Aims:
Aim 1: Therapeutic evaluation of miR-25 TuD on cardiac function and fibrosis.
Aim 2: Therapeutic evaluation of miR-25 TuD using cell type specific promoters.

Key Accomplishments and Outcomes:

Publications:

* Published articles
a. OhJG, Lee P, Gordon RE, Sahoo S, Kho C, Jeong D**. Analysis of extracellular vesicle miRNA profiles in heart failure. J Cell Mol

Med. 2020 Jun 2;24(13):7214-7227. doi: 10.1111/jcmm.15251.
b. Lee MA, Raad N, Song MH, Yoo J, Lee M, Jang SP, Kwak TH, Kook H, Choi E, Cha T, Hajjar RJ, Jeong D**, Park WJ**. The

matricellular protein CCN5 prevents adverse atrial structural and electrical

remodeling. J Cell Mol Med. 2020 July 30 (in press)
Pending articles
a. Sacha V. Kepreotis, MBBS*; Min Ho Song, BS*; Jimeen Yoo, MS; Jae Gyun Oh, PhD; Changwon Kho, PhD; Brian Brown, PhD;

Agustin Rojas-Mufioz, PhD; Christine Wahlquist, PhD; Mark Mercola, PhD; Fadi Akar, PhD; Dongtak Jeong, PhD**. AAV9 miR-

25 tough decoy transfer improves cardiac function in aged MDX/UTRN KO mice. Under revision
Patents: none to date
Funding Obtained: pending
. NIH/NHLBI 04/01/2021 - 03/31/2025

Title: The therapeutic potential of CCN5 in myocardial fibrosis associated with heart failure, = Role: Principal Investigator
. NIH/NHLBI 04/01/2020 - 03/31/2025

Title: Targeting RV fibrosis in chronic pulmonary hypertension, Role: Co-Investigator
. Department of Defense-Development Award (DA) 03/01/2021- 2/28/2023

Title: Inhibition of miR-25 attenuates pulmonary arterial hypertension associated with congenital heart defects

Role: Principal Investigator
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Analysis of extracellular vesicle miRNA profiles in heart failure

Jae Gyun Oh' | Philyoung Lee' | Ronald E. Gordon® | Susmita Sahoo! |
Changwon Kho'? | Dongtak Jeong!

- ardiovazcular Ressarch Canter, lcabn
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*Pathclogy Department, lcahin School of
Medicine at Mourt Sinei, Mew York, WY, LISA
IDiivision of Applied Medicine, School of
Korean Madicines, Pusan Mational University,
Republic of Korea

Abstract

Extracellular vesicles (EVs) have recently emerged as an important carrier for vari-
ous genetic materials including microR MAs [miRs). Growing evidences suggested that
several miRs transported by EVs were particularly involved in modulating cardiac
function. However, it has remained unclear what mifis are enriched in EVs and play
an important role in the pathological condition. Therefore, we established the miR
expression profiles in EVS from murine mormal and failing hearts and consecutivehy
identified substantially altered miRs. In addition, we have performed bioinformatics
approach to predict potential cardiac outcomes through the identification of miR tar-
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Emait dongtak jeong@mssm.sdu gets. Conclusively, we observed approximately 3% of predicted targets were vali-

dated with previous reports. Motably, the predicted targets by this approach were

Funding informatiol
i " often involved in both beneficial and malicious signalling pathways, which may reflect
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heterogenecus cellular origins of EVs in tissues. Lastly, there has been an active de-
bate om U4 whether it is a proper control. Through further analysis of EV miR pro-
files, miR-474 was identified as a superior reference control due to its consistent and
abundant expressions. In summary, cur results contribute to identifying specific EV

miRs for the potential therapeutic targets in heart failure and suggest that mik-4748
as a new reference control for the EV miR studies.

KEYWORDS
biginfarmatics, extracellular vesicle, heart failure, microRMNA, microRNA array, microRNA
control, mik-674, Ué

1 | INTRODUCTION

maintain cardiac homeostasis, and the imbalance in thiz communi-
cation causes cardiac diseases.® Metabolites such as nitric oxide and

A heart is & highly complex structure composed of multiple types
of cellular and acellular tissues. ™ OF cardiac components, cardio-
myacyte is a major contributor to cardiac composition and outpat.®
MNon-myocytes such as fibroblasts, leucocytes and endothelial cells
serve as a spatial buffer and mare importantly modulate cardiomyo-
cyte functions in reszponse to physiological and pathological stimuli.
Thus, cardiomyocytes and non-myocybes closely communicate to

reactive oxygen species and signalling molecules including extracel-
lular matrix proteins, cytokines and growth factors are known to be
classic mediztors of intercellular communication.®*

Recently, extracellular vesicles [EVE) emerged as a mechanizm
underlying this intercellular communication. Although EVs had incip-
iently been considered as a means of cellular waste disposal, acou-
mulating data recently indicated that genetic cargos such as mRMAS,

"Oh and Lee contributed aqually bo this manuscript.

Thiis is an open sccess articls under the terms of the Crestive Commons Attribution Licerse, which permits use, distribution and reproeduction i any medium,

prowided the original work is propeshy cited,

& 1020 The Authors. fournal of Cellulor ard Modecufar Medicine published by Foundation for Cellular and Mol=cular Madicine and John Wiley & Sons Ltd.

7714 | wileyonlinelibrary.comjoumaljomm

J Cell Mol Med. 2020;24:7214-7227.
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microRMNAs (mifs) and proteins are transported by EVs. Therefore,
EWs are being re-evaluated as a critical modifier of cellular fumnc-
tions.® Dring last decade, tremendous efforts have been placed to
understand the mechanism and the function of EVs in diverse fields
of studies incleding cardiovascular researches. For example, EVs de-
rived from stem cells or cardiac progenitor cells were generally ben-
eficial,** whereas EV's from fibroblasts or endothelial cells exhibited
deleterious effects on cardiac functions.*** In these previous stud-
ies, the origin of EVE was confined to in vitro cultured cells or blood
plazma, but the role of EVs in cardiac tissues has been poorly inves-
tigated. Therefore, it is important to characterize in tissue EVs under
pathological conditions. Recently, Loyer X. et &l characterized the
functions of EVs isolated from mousze hearts subjected to myocar-
dial infarction.*® In this study, we further analysed the expression
profiles and functions of miRMAS in EV: isolated from pressure over-
load-induced failing hearts compared to normal hearts.

Apart from the characterization study, we also sought to identify
an alternative internal reference for mik studies. In general, Ud is
the mast commonly used control for the normalization of miR ex-
pression. However, it is yet controversial whether US is a suitable
control because variable expreszion patterns of L& were obzerved
in @ number of studies*** Analysing the abundancy and stabil-
ity of mif exprezsion, U8 was confirmed as an appropriate control
being consiztently expressed throughout our zamples. In addition,
we identified miR-4674 as an alternative candidate az a control and
observed that it exhibited a significant correlation with L&, Taken
together, although a further validation is necessary in other tissues
or organs, miR-&874 may serve as an alternative control for the EV
miR studies in the heart

Im zummary, this study anabysed mik profiles in the cardiac EVs
isolated from murine normal and failing hearts. Our results demon-
strated that the cardiac EV's contain diverse miRs with contradictory
functions. The results may reflect variows cellular origine of EVs and
dynaric alternations of mik expressions in these EV: during heart
failure. Mevertheless, aur study may contribute to understand inter-
cellular comrunication betweean cardiac cells under the pathological
condition and suggests EV mifls as potential biomarksrs and thera-
peutic targets for the intervention of heart failure.

2 | MATERIALS AND METHODS
21 | Animal care and TAC

All procedures were approved by and performed in accordance with
the Institutional Animal Care and Uze Committee of the Mount Sinai
School of Medicine. The imvestigation conformed to the Guide for
the Care and Use of Laboratory Animals published by the U3 Mational
Institutes of Health (MIH Publication No. 83-23, revised 19941
Studies were conducted in male C3TBLSS mice aged B - 10 wesks
tweight, 25 - 30 g) obtained from Jackson Labaratories. Transverse
aortic constriction (TAC) was conductsd as previously described
with minor modifications*" Briefly, mice were anesthetized with a

"1r"v«-’11_|—_"a.rJE

solution mixture of 5 mg/kg ketamine and 3 mg/kg xylazine admin-
istered wia intraperitoneal injection. The transwerse aortic arch was
ligated betwesn the innominate and left common carotid arteries
with an overlaid 27-gauge neadle. The needle was then immeadiately
removed, leaving a discrete region of constriction. Two month after
TALC operation, the mice showed less than 40% of fractional short-
ening in average which is typically considered as failing heart and
included in this study [Figure 531 Sham-operated mice undernswent
the same surgical procedures, except that the ligature was not tisd.

2.2 | EVisolation and purification

To izolate in tissue cardiac EVs from the heart tissue, Langendorff-
bazed izolation was applied a: utilizing previous pratocol to isolate
in tissus EV from liver.*® Hearts were extracted from sham or TAC-
operated animals, and the aorta was retrogradely perfused at 37°C
for 3 minutes with Tyrode buffer (137 mmol/L MaCl, 5.4 mmol/L
KCl, 1 mmol/L MgCl, 10 mmal/L glucose, 10 mmol/L HEPES [pH
741, 10 mmolfL 2, 3-butanedions monoxime, and 5 mmol/L taw-
rinej) gassed with 100% O,. The enzymatic digestion was initiated
by the addition of collagenase type B (200 WmL; Worthington) and
hyaluranidase (0.1 mgfmL; Worthington) to the perfusion solution.
After 20 minutes of digestion, the heart tissue was removed, cut into
several chunks and gently pipetted for 2 minutes in Tyrode buffer
with 5% BSA. The mixtures of cell, extracellular matrix and EVs were
then separated by several centrifugations according to a previously
described protocol™ EVs were pelleted by ultracentrifugation at
100 000 = g at 4°C for 20 minutes and resuspended in 200 el of
PBS solution.

2.3 | Transmission Electron microscopy for EVs with
negative staining

EVs from fresh ventricles were collected as described above and
pre-fimed with 2% paraformaldehyde (PFA] for 30 minutes. Deposit
5 pL resuspended pellets on Formvar-carbon-costed EM grid. Add
10 pl of 2% uranyl acetate on the grid and incubate for another
10 minutes. After thorough washes, store grid i the grid box at
room temperature and dark wntil imaging. Samples were viewed
under & transmission electron microscope (HITACHI H-7450, Japan)
operated at BO K\ Images were taken at 10K, 20K and 30K-folds
magnification.

2.4 | Western blot of EV markers and Coomassie
blue stain

30 pL of EY zamples from Sham and TAC EV was directly mixed
with Jx 505 sample buffer, boiled at #3°C for 3 minutes and then
separated on a 305-PAGE gel. The total loaded protein amount was
calculated by the intensity of Coomassie blue stain. The membrans
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was blocked in 5% skim milk solution and incubated owvemight
with an antibody directed agsinst hnRMA AZEL (Ab6102, Abcam,
1-5000), CD&3 (Ab1318, Abcam, 1-1000), Flotillin 1 (Abl33297
Abcam, 1:10 000, TSG101 (Ab83, Abcam, 1:1000), HI (AB1791,
Abcam, 1:1000) and SERCAZa [custom antibady from 21st Century
Biochemicals, 1:3000). The membrane was then incubated with a
horseradizh peroxidase-conjugated secondary antibody [Sigma)
and developed with Western Lighting chemiluminescence reagent
{PerkinElmer].

25 | Manoparticle tracking analysis

Samples were laded into the aszembled sample chamber of a
MNanoSight LM10. &0-zecond video images were acquired by a
Hamamat:zu C11240 ORCA-Flash 2.8 digital camera and analysed by
MNanoSight NTA 2.3 software.

2.6 | Extracellular vesicle microRNA isolation and
microRMA array profiling

100 L of EY samples from Sham and TAC EV was used to ex-
tract RMA for microRMA array profiling and validation using qRT-
PCR. Total EV RMA was isolated with mirvana miRMNA Izolation Kit
(Ambion). The RMA samples were sent, and the microarray proce-
dure was camied out at Exigon Vedbaek, Denmark, as followed the
previous description.® Briefly, the samples were labelled using the
miRCURY LMA™ microRMA Hi-Power Labeling Kit, Hy3™/Hy3™ and
hybridized om the miBCURY LNA™ microRMA Array (Tth Gen).

27 | gRT-PCR

Total RMA was isolated with mirYana miRMA lsolation Kit (Ambion).
Reverse transcription was performed using gScript microRMA cOMA
Synthesiz Kit (Quanta). PCR was performed using an ABI PRISM
Sequence Detector Systerm 7300 (Applied Biosystems) with SYBR
Green (Quanta) as the fluorescent dye and ROK [Juanta) as the pasz-
sive reference dye. The relative amount of each gens to U6 snRMA
was used to quantify cellular RNA. The primers wsed for gRT-PCR
were as Tollows:
miR-92b (forward): 5'-TAT TGC ACT CGT CCC GGC CTC C-3°
miR-139 forward): 3-TCT ACA GTG CAC GTG TCTCCA G-3'
miR-328 (forward): 5-CTG GOC CTC TCT GCCCTT OOG T-3°
miR-331 (forward): 5-CTA GGT ATG GTC CCA GGG ATC -3
miR-345 (forward): 5-GCT GAC CCC TAG TCC AGT GCT T-3°
miR-378a (forward}: 3-ACT GGA CTT GGA GTC AGA AGG-3°
miR-4%0 (forward): 3-CCA TGG ATC TCC AGG TG GT-3
miR-653 (forward): 5-ACC AGG AGG CTG AGE TCC CT-3°
miR-7&7 [forward): 3-TGC ACC ATG GTT GTC TGA GCA-3'
miR-874 (forward)y 5-CTG OCC TGG COC GAG GGA CCG A-3°
miR-F%b [forward): 5-CAC OO TAG AAC CGA CCTTGC G-3°

25

miR-124 iforwardy 3-TAA GGC ACG CGG TGA ATG CC-3
miR-184 [forwardl 5-TGG ACG GAG AAC TGA TAA GGG T-3'
miR-200b [forward): 5-TAA TAC TGC CTG GTA ATG ATG A-3
miR-202a (forwardk 5-TAA GTG CTT CCA TGT TTT GGT GA-2°
miR-211 [forward): 5'-TAG TAG ACC GTATAG CGT ACG-3'
miR-455 (forwardy 5'-GCA GTC CAC GGG CAT ATA CAC-3
miR-6756 [forwardk 5-CCG TCC TGA GGT TGT TGA GCT-3'
miR-300 [Forward: 5-TAT GCAAGG GCAAGC TCTCTT C-3°
miR-204 (forwardy 5-TTC CCT TTG TCA TCC TAT GCC T-3°
miR-453 (forward): 3-AGG TTG CCT CAT AGT GAG CTT GCA-2'
miR-3085 forward): 5-TCT GG TGC TAT GG COC CTC-31
miR-14&a (forward): 5'-TGA GAA CTG AAT TCC ATG GGT T-3
Rewverse primer: PerfeCTa™ Universal PCR Primer (Quanta)

& (forward): 5-CTC GCT TOG GCA GCACA-3

U6 jreversel 5-AAC GCT TCACGA ATT TGC GT-31

28 | Bioinformatics analysis

The global UP and DOWRM cardiac microRMNA targst genes wers
generated wsing miTarBase (Hittpe/‘mitarbase mbonctuedu el
Biginformatics analyses (Gene Ontolagy) were performed using
the UniProt database and Human Protein Reference Database 23
Protein-protein interactions analyses by STRING 11.0 datsbase
with medium confidence STRIMG annotated interactions (STRING
score = 0.4) for the bait proteins.® Cytoscape software [Ver 3.4.1;
hittp-/ fwrwnaccytoscape.orgd) was used to visualize the network.

29 | Statistical analysis

Where appropriate, the data are expressed a5 means + S.em
Comparisons of the group means were made by using Student's t test
ar one-way ANCOWA with a Bonferroni post-test analysis. Correlation
test was performed with the Pearzon's correlation coefficient meas-
ure, & P-value of <05 was considered to be statistically significant.

3 | RESULTS
31 | Cardiac EVs from normal and failing hearts
have distinctive physical and molecular signatures

Pressure overload-induced heart failure was generated in murine
hearts by applying transwverse aortic constriction (TACL The cardiac
EWs were isolated from normal (Sham EVs) and failing [TAC EWz)
hearts uzing the Langendorff-based isolation followed by purifica-
tion through multiple rounds of ultracentrifugations (Figure 1AL
The tzolated EV's were negatively stained and visualized by electron
micrascopy with 30 000-fold magnification. Morphaological anahy-
zis revealed that EVs showed a typical cup-shaped structure with
a diameter of 70 - 180 n and that TAC EVs tended to be larger
than Sham EV: (Figure 1B). Nanoparticle tracking anabysis [MTA)
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FIGURE 1 Characterization of im tizsue cardiac EVs. A, Schematic procedure for the EV izolation. B, Representative images of electron
microscopy. The bar indicates 100 nm. Arrows indicate EVs. C, Average densities and sizes of Sham and TAC EV as analyzed by NTA. n = &-7.
O, Enzemble averages from several identical size distributions of Sham (n = 7) and TAC EV (n = &). Upper: Absolute particle numbers per

1 mlL, Lower: Relative concentration normalized to total nanoparticle concentrations. Arrow heads and arrows indicate the primary peak and
the second or third peak, respectively. E, Representative images of Western blot and (F) guantified data. Sham EV, TAC EV and NTA indicate
EV's from mormal hearts, EVS from failing hearts and nanoparticle tracking analysiz, respectively. *P < 05, P < 01, ***P < 001 wersus Sham
EV. a5 determined by Student's ttest. Data are presented a5 mean = s.e.m
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FIGURE 2 microRMA array results of tizsue cardiac EVs. A, A scheme of entire procedurs to identify differentially exprezsed microRMAz.
B, Heat map and hisrarchical clustering. The clustering was performead on the top 30 miRs with highest standard deviation. C, Volcano

plot depicting the fold changes (X-axis) and P-value (Y-axis) in mik expression level: between Sham and TAC EV. Coloured points refer
significantly up-regulated (Red), down-regulated (Elusg) or unchanged (Green) microRMNAS

A Upregulated microRNAs B Downregulated microRMNAs FIGURE 3 Validation of microRMA
M = —— 30 ——— expression profiles by gRT-PCR. The
2} | TAC EV * 25} | TAC BV levels of the up_-regulated (A) |:_-rdm~'n-

2 1) | o | regulated [B) miRs were guantified by
& " a0 gRT-PCR. The relative levels of each
o . Baeoml Lays microRMA were normalized to the
® Sl ® [ . | UéznRNA. n=4.°P < 03, 7P« 01,
,i"‘ 4 .. ven = = 1o =D 01 versus Sham EV, az
2| iy 0s . . determined by one-way AMONVA_ Data are
presented as mean + z.e.m
. a miR-Ba0 miA-124 mE-411
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was performed o precisely measwre the concentration and sizes
of EV=. Failing hearts secrete -5 = 107 EVs per heart, whersas nor-
mal hearts releaze -2 « 107 EVs per heart (Figure 1C). Average size
of TAC EV: was significantly larger than that of Sham EVs, which
iz conziztent with the electron microscopic data (Figure 10 upper
panell. Size distribution profiles of EVs indicated that the majority
of EV's were 100 nm in size in both Sham and TAC groups. Two ad-
ditional growps of Sham EVs were 150 nm and 200 nm in size. Onthe
other hand, one group of 130 nm in size was additionally obzerved
in TAC EV'z (Figure 10, black arrow; Sharm EV'z, red armow; TAC EVs)
Furthermaore, Sham and TAC EV's exhibited a significant differsnce in
their protein contents. Same volumes of EV samples (30 pl, a guar-
ter of the total EV: from a heart) were loaded in a SD3-PAGE gel
and guantified by Coomaszie blue staining. In line with NTA results,
0% more proteins were detectad in TAC EV: (Figure 1E and FL Az
shown in Figure 1F, several EV markers were analyzed by Westarn

bolt analyziz. The Flotillin level was not altered between Sham and
TALC EVE, but hnRMP A2B1 expression was significantly increazed in
TAC EVs. On the other hand, TSG101 and CD&3 expressions wers
substantially reduced im TAC EV's (Figure 1F). Taken together, the
cardiac EVs from normal and failing hearts showed distinctive fea-
tures in their physical and molecular properties.

3.2 | microRNA profiles of cardiac
EVs and validation

To further characterize cardiac EVs, microRNA {miR) expreszion pro-
files were explored. Cardiac EVs were zolated from three normal
and three failing heartz. All EV preparations were immediately sub-
jected to quality control and miBMA aray analyses that wera con-
ducted using the 7th generation of miRCURY™ LMA array system
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(Exigon). Of the 1,195 miRs displayed on the array, 731 miRs were
eliminated due to a lack of significant signal imtensity. The remain-
ing 444 miRsz were then sorted out by criteria indicated in Figure 2A
(Table 51). The heat map disgram demonstrated a clear separation
of mif expreszions in Sham and TAC EVs [Figure 2B). Compared to
Sham EWs, 107 miRs were up-regulated (23%] and 47 miRs were
down-regulated (10%) in TAC EVs (Figure 2C). miRs with p-values
higher than 0.05 were considered as 'not altered” (67%). The 134
miRs differentially expressed on the array were further validated for
their abundancy wsing gRT-PCR. Consegquently, we identified seven
up-regulated (miR-378a, miR-643, miR-13%, miR-343, miR-328, mik-
F57 and miR-#2h) and three down-regulated [miR-#2b, miR-124 and
miR-411) miRs (Figure 3A and B).

3.3 | Potential target prediction for the
identified miRs

Ta investigate the roles of the identified miRs under pathological
conditions, bicinformatics analyses were performed as shown in
Figure 4A (Tables 1 and 2). First, putative targets listed in miRTar-
Base (http:/fmirtarbase.mbc.nctuedutw) as validated by both re-
porter azzay and Western blot analysis were selected. Second, the
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selected targets were further sorted out according to their tissue
distribution as repaorted in the proteomics database (www.probe
omiczdb.org). Through these two subseguent analyses, 29 putative
targets associated with the seven up-regulated miRs and 49 puta-
tive targets associated with the three down-regulated miRs wers
identified. Lastly, these putative targets were categorized bazed on
their subcellular localization, biological process and protein-protein
interactions (Tables 3 and 4). The analysis of subcellular localiza-
tion revealed that miRs of TAC EVs appeared to target proteins
predominantly located in the plasma membrane, nucleus and cy-
toskeleton (Figure 4B). Functional analysis suggested that target
praoteins for the wp-regulated miRs were imalved in cell cycle [19%),
signal transduction (15%) and apoptosis [15%). On the other hand,
intracellular targets for the down-regulated miRs were predicted to
contribute to transcription/translation [(22%), apoptosis (18%) and
cell cycle (14%) (Figure 4 and D). The protein-protein interaction
map generated by the STRIMG database (https://string-db.org/) is
shown in Figure 5. The most frequently matched targets controlled
by the wp-regulated miRs in TAC EVs were NOTCH, CD44 and
PTEM. Meanwhile, targets modulated by the down-regulated miRs
were COHZ, GRBZ and ITGEL Taken together, these results sug-
gest that mifs in TAC EVs areindeed closely related to the essential
biological processes.
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FIGURE 4 Proteomics analysis of the putative microRMA target genes. A, Analyzes were conducted based on miRMA database
(miRTarBase; http-//mirtarbase.mbc.nctu.edutw) and protein database (ProteomicsDB; www. proteomicsdboorg). Target proteins were
displayed by their subcellular localization (B) and Gene Ontology (GO categories (C and D) wsing the STRING database (hittps://string-db.

argf)
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TABLE 1 Up-regulated miRs in TAC EW
and their targets

ABCGZ, CDas, HIAFX,. KCNHI, MMP14,

COKNIC, CEBPE, DABZIP. DEK3, ITGAG,
MLK, NOX4, PTEN, RECK, SLC1541,

ADGRLY, BCLD, CXCR4, FOXO, IGFIR,
IR51, JUM, MCLL, MET, MMP11,
NOTCHL, NRZAZ, OIPS, PAFAHIEL,
RAPFIE, ROCKZ, TPDS2, WHNT1

CDKS, GALNTY, IGFIR, MAPKL, NPNT,
NRF1, PGR. RUMX1, TGFE2. VEGFA, VIM,

PValue

MHame Microarray aRT-PCR Tarpets
miR-747-5p 1.7E-D5 0.002
miR-328-3p 19E-D5 1.4E-046

PLCE1. SFRP1
miR-%2b-2p 2.0E-05 0.004

SMADZ
miR-139-5p I.2E-05 T.6E-D5
miR-5§65-3p 2.2E-05 2.5E-05
miR-378a-1p B.OE-O5 1.0E-07

WHT10A
miR-345-5p 1.2E-04 0.001 ABCCL, CDKM1A

TABLE 2 Down-regulated miFs in TAC EV and their targets

PValus

Hame Microarray aRT-PCR Targets

miR-99b-5p 5.4E-D6 D.041 ARID2A, IGFIR, MFGES, MTOR, RAVER2

miR-124-3p 8.7E-04 11604 ABHDS, ADIPOR2, AHR, AKT2, AMOTLL, AR, BAGALT1, CAMTAL, CAV1, CBL,
CCLZ, CCMAZ, CCNDZ, CD151. COHZ, CDKZ. COK4, CDKé, CEBPA, CLOCK,
DLXS, E2FS, EFNB, EGRL, ETH2, FLOTL, FOXAZ, HMGAL HNRMPAZEL,
HOTAIR, IL6R, IQGAPL, ITGEL, JAGL, LAMC1, MAPK14, MTDH, MTPN, MYO10,
MFATC1, MEKBIZ, MR2CL, MR3CT, PEALS, PIKICA, PNPLAZ, PPPAR1IL. PRRXI,
PTEPL, PTEP2, RAEIS RAP2A, RHOG, ROCKL ROCKZ, RRAS, SARTS, SIRTL,
SLC14A1, SMOX, SMYDA, SO51, SPHKL, 555CA1, STATI, SYCPY, TRIES, UHRFL.
VAMP3, VIM

miR-411-5p 2.3E-05 0.048 GRE2

34 | Identification of an alternative control for
miR expression

There is mo clear consensus on suitable controls for relative miR
gquantification in circulating miRs, although U6 has been consid-
ered as an endogenous normalization control.***° In this study, we
tested whether Ué is an adeguate contral for the miR expression.
L& expression was shown to be abundant, stable and not signifi-
cantly different across all 12 EV samples (Figure &AL Therefore,
L& expression was used to normalize the gRT-PCR. data presented
in Figure 3. To further support and strengthen our results, we
zearched out potential candidates for more relisble controls that
showed minimal differences in expreszions between groups yet
with stromg signal intensity. Initial screening led us to identify
five miRs, miR-4674, miR-300, miR-204, miR-453 and miR-30835.
Thoze were thoroughly tested and walidated by gRT-PCR with
multiple primer sets, and finally, miR-674 was selected as a new
potential candidate for a EV miR expression control. Az shown in
Figure 64, miR-474 indeed exhibited the most invariable expras-
zions throughout all samples, which iz comparable to Ué. [Figure

29

B and CL In fact, im regard to Ct values obtained by the Mann-
Whitney test between Sham and TAC EV:, miR-675 expression
(P = .52) was more consiztent than U4 expression (P = 11). These
data suggest that miR-676 can be used as an internal control for
EV miRs with high fidelity.

4 | DISCUSSION

As EVs are highlighted az an important mediztor of cell-to-cell com-
munications during heart failure, it becomes eszential to anahyze the
contents of cardiac EV:. In the present study, we isolated and char-
acterized cardiac EVs from normal and failing mouwsze hearts. In the
phyzical and molacular analyses, TAC EVe showed distinctive features
in terms of density, size, protein expression patterns and mik con-
tents as compared to those from Sham EVs (Figure 1). EV: are bound
to cell surface proteins, extracellular matrix (ECM) molecules and
components of the blood plasma through its surface molecules, and
located in the niche of ECM or plasma.®® Several studies have charac-
terized circulating EVs or miRs during cardiac dizeases, but available



OHer L

TABLE 3 Putative targets of the up-regulated miRs and their localization, biological process and cardiac expression

Up-regulated micreRMAs

1"|"‘\-'r]LI:"'1FJE

Primary Biological
Target Genes Primary Localization Process
miR-92b-3p
COEMNIC Mucleus Cell cycl=
CEEFE Mucleus Transcription and
tranzlation
DABRZIP Plazma membrane Anpiogsnesis
DEE2 Extracelular Sipnal transduction
ITGAS Flazma membrane Cell adhezion
PTEM Plazma membrane Apoptosis
RECK Plazma meambrane Anpiogenesi
SMAD3 Mucleus Transcription and
translation
miR-139-5p
BCL2 Cytosal Apoptosiz
IGFiR Plazma membrane Sipnal transduction
MCL1 Mitochondrion Apoptosis
MOTCHL Mucleus Anpiogsnssi
PAFAHIEL Cytoskslaton Cell oycls
RAPIE Plazma mesmbrane Sipnal transduwction
ROCK2 Plazma membranie Apoptosiz
TFDSZ Endoplaszmic reticulum Drif ferentiation
miR-328-3p
Chas Flazsma membrane Cell adhesion
HIAFX Mucleus Call pycl=
rMPLS Plazma membrane Prot=olysiz
SFRP1 Plazma membrane Drifferentiation
miR-345-5p
ABCC1 Plazsma membrane Transport
miR-378a-3p
CDKs Cytosksl=ton Coll pych=
GALNTF Golei apparatus Metabolic procs=ss
IGFLR Plazma membranz Sipnal transduction
FAPEL Cytoskel=ton Apoptosis
MPNT Extracellular Cell adheszion
Mrfl Mucleus Transcription and
translation
WM Cytoskel=ton Sipnal transduction

Cardiac Expression Failing Heart Reference
425 Dawn [53]
4632 Dawn [55]
3174 Mo study

403 Down [54]
4.35 Mo study

443 Down [52]
334 Mo study

417 Up [59]
394 Diawn [54]
398 Up 41
342 Downi [57]
2587 Up [60]
5.44 Mo study

547 Mo study

438 Up [ Eed|
497 Mo study

43 Up 161]
4.6 Mo study

205 Mo study

485 Mo chanze

366 Mo study

501 Mo study

=1 Mo study

298 Up 141)
514 Up [25]
405 Mo study

4.29 Up 162]
7.358 Up [47]

Expression in

information was highly limited since most of the studies were con-
ducted using blood plasma.™* Recently, Loyer X. et al investigated
cardiac EVs in the model of myocardial infarction.®® In their report,
they minced wentricles to obtain cardiac EV, which might damage
cardiac cells and increase potential contaminants from other intracel-
lular components. Inour study, on a contrary, Langendorff-based EV
izalation was employed to minimize damaging cells (Figure 1A) In ad-
dition, we have also compared our data with a previous study about
the circulating miRs in a canine heart failure model. > However, only

30

thirteen mifs were confirmed to be identical out of fifty seven mifs
reported in this paper (Table 51). This weak correlation suggests dis-
tinctive miR profiles of EVs in the ECM and plasma, which is probably
due ta different cellular origins of EVs. Plasma EVs could be released
from the other argan or tissues, but EVs used for our study is strictly
from cardiac tissues. In a similar context, we found the different
size distribution and protein profiles between Sham and TAC EVs
[Figure 1D-FL In fact, our NTA data showed that the size of EVs in
HF is larger than that of Sham. Previously, Minghua et al showed that



I I WILEY OHeT L
TABLE 4 Putative targets of the down-regulated miRs and their localization, biological process and cardiac expression
Dowmni-repulated microRMAS
Cardiac Expression in
Target Genes Primary Localization Primary Biclogical Process Expression Failing Heart Reference
mik-29b-5p
ARIDAA Mucleus Transcription and translation 308 Mo Study
IGFiR Plazma membrane Immune responses 395 Up 1]
*MFGES Cytosksleton Angiopenesiz 451 Diawri 53]
MTOR Mucleus Call cvele 348 up [46]
miR-124-3p
ABHDS Cytosal Differ=ntiation 266 Diawri [54]
AKT2 Mucleus Apoptosis - Mo Study
AMOTLL Cytosol Angiopenesiz 2EE Mo Study
BAGALTI Plazma membrane Developenert a7 Mo Studhy
Cavl Plazma membrane Immune response 478 Down [&5]
CBL Golzi apparatus SEnal transduction 359 Up [30]
CD151 Plazma membrane Cell adhesion 4382 Controversial
CDHE Plazma membrane Czll adhesion 594 Up [43]
CD2 Mucleus Call evel= 434 up [4B]
CDE4 Mucleus Call cycle 411 Mo change [&6]
COKES Mucleus Cell cwele 501 Mo Study
EFMEL Plazma membrane Differentiation 442 Mo study
FLOT1 Plazma membrane Immune responses 5.34 Mo Study
HMGAL Mucleus Transcription and translation 549 Diowsn [&67]
HHNEMPAZBL Extracellular Transcription and translation &.57 Mo Study
HGAPL Plazma membrane Immune responses 456 Mo Study
ITGB1 Plazma membrane Call adhesion 548 Mo Study
LAMC1 Extracellular Cell adhesion 625 Mo Studhy
MAPK1L Mucleus Apaptosis 497 Up [44]
MTDH Mucleus Apoptosis 435 Mo Study
MTPM Cytoskeleton Transcription and translation 5.8 Mo Study
MR3C1 Mucleus Apoptosis 426 Mo Study
PEAILS Cytoskeleton Apoptosis 5.43 Mo Study
PIKACA Cytosol Anpicpenesis 2.89 Up [51]
PRPIR1ZL Extracellular Apoptosis 4 06 Mo Study
PRRX1 Muclews Transcription and tramzlation 403 Mo Study
PTEP1 Mudlews Transcription and translation 5.69 Mo Study
PTEPZ2 Mucleus Transcripticn and tramzlation 498 Mo Study
RAPZH Plazma membrans Signal transduction 43 Mo Study
RHOG Plazsma membrans Transcription and translation 5.07 Mo Study
ROCK1 Cytoskeleton Apoptosiz 225 up 421
ROCKZ Plazma membirans Apoptosiz £38 g [42]
RRAS Plazma membrans Differentiation 5.33 Mo Study
SART2 Mucksus Transcription and tranzlation 407 Up [45]
3IRT1 Muclaus Apoptosiz .37 Up 49
SLC1sAL Plazsma membrans Transport 5156 Mo Study
SMYD3 Mucl=us Tranzcription and tramziation a.9e Mo Study
(Continuas)
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TABLE 4 (Continued)

Drown-regulated microRMAs
Cardiac Expression in
Target Genes Primary Localization Primary Biological Process Expressicn Failing Heart Refer=nce
5051 Cytosol Immurne responss 3.3 Mo Study
SSRCAL1 Extracellular Call cycle 474 Mo Study
STAT2 Mucleus Transcription and translation 491 Up 0
SYCP1 Mucleus Cll cycle 437 Mo Study
UHRF1 MHucleus Call cvel= 404 Mo Study
WAMPZ Plazma membrans Transport 4 EE Mo Study
WM Cytosksleton Immune responss Tag Up 7]
miR-411-5p
ZRE2 Plazma membrane Signal transduction 5.1 Mo Study
A Cell cycle B Apoplosis
i MARE 14 MTOH
V. PAREH1E PRPRAL i I TR
pEfas ROCKD pogkz| oo Transcriplion
coumic HaEFX MRS & translation
Signal Apoptosis I & % HMRNAZE
Tramsduction MCLY Ceall cyche ; /
1 2
DEKs  1GRIR BELZ I T | s HVER! PP
ROEKZ il ARIDIA
— SEEEA 7 PP
™ Rage . MABK cokz  CHKE M
W safirs
Traracription UHRF 1 SYER PRER SMFD
& translabion
Call i ITEAE SMALS cogee AMOTLA
adhasian NENT AE el aadion CHel PIK3ICA
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FIGURE 5

In silico protein-protein interaction map for putative microRMA targets. The protein-protein maps were constructed using

STRING 11.0 database and Cytoscape. The putative molecular targets by up-regulated microRMAz [A) and down-regulated microRNAs (B].
The iBATZ intensity represents the exprassion level of proteins in the heart

zize of exosomes were changed in remote ischaemic precondition-
ing-mediated cardioprotection,* which is correlated with owr mar-
pholagical obzervations. Taken together, these differences are alo
presumably related to the dynamic changes in the cellular composi-
tion of the heart under pathological conditions. In addition, we also
observed the differences in the expreszion of exosomal markers. For
example, CD43 and T5G101 were decreased in TAC EVs and these
markers were previowsly reported to be invalved in cardiac fibrosis
and hypertrophy, respectively.**" On the other hand, hnRMP AZEL
expression was increased and this was known to control the sorting
of mifts into exosomes through specific binding matif ** Although we
particularly focused on miR profiles in EV's, this result also suggests a
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possibility that proteins in EVE could actively regulate cardiac inter-
cellular communication.

From EV miR profiles, we have identified seven up-regulated
and three down-regulated miRs in failing hearts compared to con-
trols. Briefly, miR-757, miR-328, miR-92b, miR-139, mik-643, miR-
378a and miR-345 were up-regulated, whereas, miR-9%b, miR-122
and miR-411 were down-regulated during heart failure (Tables 1
and 2). Among the seven up-regulated mifs, three mifs [miR-%2b,
miR-13% and miR-37E3) are known to be anti-hypertrophic®-** and
another three miRs (miR-13%, miR-378a and miR-343) are anti-fi-
bratic®*-*" [Table 5). Thess data indicate that up-regulsted miRs ars
likely involved in the cardioprotective function. Interestingly, one



T4 OH e AL
—LW] LEY
A 40 B 3 c e
sl ol L a0 80 i 7_..--1‘"715 0825
=k oo dfesstie B TN
2 | T = im * Eal
D o4 ] 3 il
15 Lt 2z
o miR-&7TE o
10 L L L L L L 1 L 4 4 4o P a0 L L " 1
@ &5 R
o -FQL}H & E;;gg EEEEEE zr.- 2 S =
& & & F & bO0GOoon . 1 Valug (LS|
inam FY TAL FY
FIGURE & Ildentification of internal microRMA control. A, The Ct values of US and microRMNA candidates as an internal control were

quantified by gRT-PCR. n = 12, data are presentad as mean + s.e.m. B, The Ctwalues of Ud and miR-474 im entire 12 samples were presented.
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of down-regulated miRs, miR-124, iz ako known to induce cardiac
hypertrophy,®® attenuate cardiac function and stimulate angiogen-
esiz** Therefore, EV miRs released from failing hearts may play
important roles in cardioprotection (Table 5). On the other hand,
a negative-inotropic mik, miR-32B, was found to be increased and
an anti-fibrotic mik, miB-3411, was decreased. In addition, we evalu-
ated EV miR-144a, a negative-inotropic miR, that we previously re-
ported *® as & positive control and it was also significantly increased
(Figure 51). Therefore, even though anti-hypertrophic and anti-fi-
brotic EV' miRs are mainly elevated in TAC EV:, the negative-ino-
tropic and pro-fibrotic miRs are also enriched. These ambivalent
features of TAC EV: may result from diverse cellular origine of EVs,
and EV miRs are meticulously balamced in normal heart. This finding
iz in line with the previous reports that EVs from cardiac stem cells
are normally salubrious and the EVE from fibroblasts and endothelial
cells are deleteripys. =042

Furthermare, biginformatics was applied as an alternative
approach to predict the impact of EV miRs on cardiac function.
First, we predicted the possible cardiac outcomes with previoushy
reported targets for miks identified in thiz study. Next, we per-
formed literature studies and compared with previous results.
In brief, molecular targets experimentally validated by both a
reporter aszay and Western blot analyzis were initially selected
based on the miR database (miRTarBase) and 52 targets that are
not expressed in the heart were dizcarded. The remaining 77

putative targets of EV miRs are summarized in Table 3 [targets
for up-regulated miRs) and Table 4 (targets for down-regulated
miFsz). Intriguingly, approximately 72% of targets anticipated to
be up-regulated were confirmed to be elevated indeed in diseased
conditions by previous reports,**** and 50% of targets expected
to be down-regulated were actually reduced.™ " This result
proves that EV miRs from failing hearts substantially affect gene
expressions in the heart.

Laztly, there have been controversial reports for the usage of
Ué& although it iz the most freguently used endogenous reference
control**** For example, Ué expression was not stable in tissues
or plazma from patients with cancer. 7 Therefore, we deliber-
ated an extra assessment for the evaluation of EV miR expression
Initially, L& was confirmed to be abundant and stable in our zamples
and used &z a reference control in this study. To avoid potential crit-
ics for the uzage of U4, we decided to identify alternative reference
mif. Through the miRMA profile analysiz, mif-678 was appeared as
a promising candidate due to its superior abundance and stability.
Upon this result, additional normalization was performed using miR-
&76 [Figure 5Z) and a significant correlation between Ud and miR-
676 wias confirmed. Although miR-4674 is reported to be elevated in
the liver in the response to a high-fat dist,*® there are no reports
relating to cardiac function. Therefore, miR-676 may be a suitable
reference in EV miR research although further validations are neces-
zary in various cardiac diseases.

TABLE 5 Previously described

I S functions of differentially expressed miRts
Mame Contractility Hypertrophy Fibrasis Reference in TAC EV
miR-22k Unknown i 33
miR-139 Unknown 1 1 [32,34]
miR-375a Unknown 1 1 [34,35)
miR-3245 Uniknown Lnknown 1 37
miR-325 1 T T 168,5%]
Drown-repulated microRMAs
miR-124 1 T [38,39]
miR-411 Unknown Unknown 1 0]

33



OH e AL

In zummary, we izolated and characterized cardiac EVs in the
context of miR contents wsing normal and failing hearts. EVs from
both hearts exhibited substantial contrasts in physical and fumc-
tional featwres. We also found that EV: from failing hearts contains
both beneficial and detrimental mifs presumably because current
EV miR profiles that we reported here were generated from mixed
cellular ariginz in failing hearts, which is a limitation of this study.

Taken together, our study shows dynamic intercellular commu-
nications via EV miRs during heart failure and it will be critical to
identify the origin of beneficial EV'z for a therapeutic application to
treat heart failure.
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Abstract

Atrial stroctural remodeling including atrial hypertrophy and fibrosis is a key mediator
of atrial fibrillation (AF). We previously demonstrated that the matricellular protein CCIN5
elicits anti-fibrotic and anti-hypertrophic effects in left ventricles under pressure overload. We
here determined the utility of CCN3 in ameliorating adverse atrial remodeling and arthythmias
in a murine model of angiotensin IT (AnglT) mfusion. Advanced atrial structural remodeling
was induced by Angll infusion in control mice and mice overexpressing CCN5 either through
transgenesis (CCNS Tg) or AAVO-mediated gene transfer (AAVO-CCN5). The mEINA levels
of pro-fibrotic and pro-inflammatory genes were markedly upregulated by Angll infusion,
which was significantly normalized by CCIN5 overexpression. Jn vifro studies in isolated atrial
fibroblasts demonstrated a marked reduction in Angll-induced fibroblast transdifferentiation in
CCM5-treated atria. Moreover, while Angll increased the expression of phosphorylated
CaMEII and ryanodine receptor 2 levels in HL-1 cells, these molecular features of AF were
prevented by CCNS5. Electrophysiological studies in ex-vivo perfused hearts revealed a blunted
susceptibility of the AAVO-CCN5-treated hearts to rapid atrial pacmg-induced arrhytlimias and
concomitant reversal in Angll-induced atrial action potential prolongation. These data
demonstrate the utility of a gene transfer approach targeting CCN5 for reversal of adverse atrial
structural and electrophysiclogical remodeling.
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Introduction

Atnial fibrillation (AF), the most prevalent arrhythimia i humans. 15 often accompamed
by heart failure (HF). This arrhvthmia is associated with the increased risk of stroke, sudden
death. and cardiovascular morbidity and mortality [1]. Despite intensive studies spanning over
100 wears, a clear understanding of AF mechanisms is still lacking, hampering the development
of effective therapeutic approaches that are currently limited to destructive ablation technicues
of sub-optimal (and potentially pro-arthythmic) pharmacotherapy [2-4]. While ablation is
effective for treating paroxysmal AF episodes, its utility in the treatment of sustained AF arising
m the setting of heart failure 15 inadequate. Instead, pharmacological approaches are used to
achieve either rate or thythm control. These approaches, however, are mired by extracardiac
toxicities and pro-arthythmic effects, including risk of torsade de pointes and sudden death.

Adverse atnial structural and electrical remodeling are believed to form both the
substrate and triggers required for AF initiation and mainfenance. Classic anfi-arrhythmic
approaches targeting individual ion channels have largely failed to prevent AT in stmcturally
remodeled hearts, poinfing to the need to address the structural abnormalities that promote AF,
namely interstitial fibrosis, myocvte hypertrophy, and myolysis. Of particular importance to the
maintenance of AF is the development of interstitial atrial fibrosis that ultimately dismupts cell-
to-cell electrical conduction and triggers single/nmitiple-circuit reentry [3,6]. Fibroblast to
myofibroblast trans-differenfiation is the key mechanism underlying pro-fibrotic structural
remodeling [7]. In addition. defective Ca’™ handling is widely believed to mediate the
arthythmic triggers required for AF initiation [8 9]. Specifically, abnormal diastolic Ca®* leak
from the sarcoplasmic reficulum (SE) creates a fransient inward current (L) that produces
delayed afterdepolarizations (DADs). In a mouse model, inhibition of Ca*- and calmodulin-
dependent protein kinase IT (CaMEIT) suppresses hyper-phosphorylation of rvanodine receptor
2 (RyR.2) at Ser2814 and aberrant SR Ca®" leak [10].

CCN5 is a member of the CCN family of matricellular proteins (CCN1-6) that shares
conserved modular domains, including: (i) insulin-like growth factor-biding domain (i) von
Willebrand factor type-C domain (1i1) thrombospondin fype-1 domain. and (iv) C-ferminal
cysteine-knot domain [11]. CCN5 is indeed a structurally unique protein that lacks the cysteine-
rich C-terminal domain present in other CCN family members. Secreted and matrix-associated
CCN5 regulates diverse aspects of cell function. including signaling. adhesion migration. and
proliferation [12]. In previous studies, we identified potent anti-hypertrophic and anti-fibrotic
properties of CCIN35 in the ventricles of mice that underwent transverse aortic constriction [13].
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We further showed that CCN3 overexpression following TAC reverses pre-established
ventricular fibrosis by promoting myofibroblast-specific apoptosis [7].

In the present study. the putative role of CCN3 in etther preventing or treating adverse
atrial remodeling and atrial arrhythmias was investigated in CCN3 overexpressing transgenic
(CCN5 Tg) mice as well as mice treated with AAVG-mediated CCIN5 gene delivery. We also
utilized angiotensin IT (Angll) to induce AF in mice. Activation of renin-angiotensin svstem is
thought to play a kev role in the development of AF in umans [14]. Accordingly, Angll is
widely used to recapitulate the pathogenic scenarios of AF in animal models. Our data
demonstrate that CCN5 attenuates Angll-induced atrial interstitial fibrosis, atrial electrical
remodeling, and atnial arthythmia. Moreover, CCNS modulates phosphorylation of CaMEIL
and RyR2 in atrial myocytes i vifro and inhibifs trans-differentiation of atrial fibroblast into
myofibroblast in vifro. Therefore, these data suggest that CCN5 may be a viable target for the
treatment of AF arising in the setting of structural heart disease.
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