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ARTICLE INFO ABSTRACT

Under stress, the heart undergoes extensive remodeling resulting in cardiac fibrosis and hypertrophy, ultimately
contributing to chronic heart failure (CHF). Alterations in microRNA levels are associated with dysfunctional
gene expression profiles involved in the pathogenesis of heart failure. We previously showed that myocardial
infarction-induced microRNA-enriched extracellular vesicles (EVs) contribute to the reduction in antioxidant
enzymes by targeting Nrf2 signaling in CHF. MicroRNA-27a (miRNA-27a) is the predominant microRNA con-
tained in cardiac fibroblast-derived EVs contributing to oxidative stress along with hypertrophic gene expression
in cardiomyocytes. In the present study, we observed that miRNA-27a passenger strand (miRNA-27a*) was
markedly upregulated in the non-infarcted area of the left ventricle of rats with CHF and encapsulated into EVs
and secreted into the circulation. Bioinformatic analysis revealed that PDZ and LIM domain 5 (PDLIM5) is one of
the major targets of miRNA-27a*, playing a major role in cardiac structure and function, and potentially con-
tributing to the progression of cardiac hypertrophy. Our in vivo data demonstrate that PDLIMS5 is down-regulated
in the progression of heart failure, accompanied with the upregulation of hypertrophic genes and consistent with
alterations in miRNA-27a*. Moreover, exogenous administration of miRNA27a* mimics inhibit PDLIM5 trans-
lation in cardiomyocytes whereas a miRNA27a* inhibitor enhanced PDLIM5 expression. Importantly, we con-
firmed that infarcted hearts have higher abundance of miRNA-27a* in EVs compared to normal hearts and
further demonstrated that cultured cardiac fibroblasts secrete miRNA27a*-enriched EVs into the extracellular
space in response to Angiotensin II stimulation, which inhibited PDLIMS5 translation, leading to cardiomyocyte
hypertrophic gene expression. In vivo studies suggest that the administration of a miRNA-27a* inhibitor in CHF
rats partially blocks endogenous miR-27a* expression, prevents hypertrophic gene expression and improves
myocardial contractility. These findings suggest that cardiac fibroblast-secretion of miRNA27a*-enriched EVs
may act as a paracrine signaling mediator of cardiac hypertrophy that has potential as a novel therapeutic target.
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1. Introduction

Chronic Heart failure (CHF) is a major public health issue, and
causes substantial morbidity, mortality and healthcare expenditures
worldwide [1-3], often caused by cardiac remodeling including cardi-
omyocyte hypertrophy and cardiac fibrosis after a primary insult or a
genetic abnormality. The heart is composed of multiple cell types, such
as cardiomyocytes, cardiac fibroblasts and endothelial cells [4,5], each
of which plays an important role in both physiological and

pathophysiological conditions. Increasing evidence suggests that var-
ious cells within the heart are not isolated from each other but com-
municate with each other through either direct cell-cell interactions or
paracrine signaling, contributing to highly organized and complex
structure and physiological functions of the heart [6,7].

Recently, extracellular vesicles (EVs), such as exosomes and other
microvesicles, have emerged as important paracrine mediators that mod-
ulate intercellular communication related to the pathogenesis of cardio-
vascular diseases [8-12]. EV-mediated intercellular communications rely
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on the transfer of their bioactive components to recipient cells. In parti-
cular, EV-enriched microRNAs play important roles in the pathophysio-
logical phenotypic transfer between cell types in the progression of car-
diovascular disease [13-16]. Cardiomyocytes contribute 30-40% of the
cellular elements in the heart, and cardiac fibroblasts are the predominant
non-muscle cell type in the remaining cells. Thus, cross-talk between
cardiomyocytes and cardiac fibroblasts are likely to play an important role
in the pathogenesis of heart failure. Myocyte-secreted bioactive exosomal
cargo are released following myocardial injury leading to cardiomyocyte
hypertrophy and death. This cargo includes heat shock protein 90 (HSP90)
and interleukin 6 (IL-6); both involved in the activation of STAT-3 sig-
naling in cardiac fibroblasts, leading to increased collagen production and
deposition [17]. Cardiac fibroblasts also secrete miRNA-enriched EVs
whose cargo contribute to cardiomyocyte hypertrophy by either regulating
cardiac structure or myocyte function [16] or by regulating oxidative
stress in the chronic heart failure (CHF) state [15]. In general, during
miRNA biogenesis, one strand of the RNA duplex is preferentially selected
for entry into a silencing complex, whereas the complementary strand,
known as the passenger strand or miRNA star strand, normally undergoes
intracellular degradation [18]. However, bioinformatic analyses demon-
strated that miRNA star species also exerts a demonstrable impact on
vertebrate regulatory networks, and may contribute to disease states [19],
such as cancer [20,21]. Recently, cardiac fibroblast-derived exosomal
miRNA-21* has been identified as a potent paracrine-acting RNA molecule
that induces cardiomyocyte hypertrophy [16].

In a recent study we showed that myocardial infarction in the ro-
dent model upregulated miRNA-27a levels in both infarcted heart tissue
and in the circulation and that miRNA-27a was also significantly up-
regulated in cultured cardiac fibroblasts following pro-inflammatory
stimulation. This miRNA was preferentially incorporated into EVs and
secreted into the extracellular space and were taken up by cardio-
myocytes contributing to oxidative stress and hypertrophic gene ex-
pression in cardiomyocytes by targeting the Nuclear factor (erythroid-
derived 2)-like 2/Kelch-like ECH-associated protein 1 (Nrf2/keapl)
signaling pathway [15]. In addition, clinical studies have demonstrated
that miRNA-27a levels are upregulated in failing hearts and in the
circulation [22-24], suggesting that miRNA-27a may potentially serve
as a biomarker for diagnosis and prognosis of HF. Strikingly, in the
present study, we observed that miRNA-27a* does not undergo de-
gradation, and exhibits a similar expression profile as miRNA-27a in
both the failing heart and the circulation in rats with CHF. However,
the roles of miRNA-27a* in CHF are not fully understood. It has been
reported that multiple Z-line-associated proteins, such as Cypher, Cal-
sarcin-1 and Enigma Homolog Protein (ENH or PDLIM5) play an im-
portant role in the pathogenesis of human cardiomyopathy [25,26]. In
particularly, ENH, one of the PDZ-LIM domain protein family, is highly
expressed in the heart, and silencing or cardiac-specific deletion of
PDLIMS5 causes dilated cardiomyopathy [16,26]. Here, we hypothesize
that miRNA-27a* is highly expressed in cardiac cells in response to
cardiac stress, abundantly packaged into EVs and secreted into the
extracellular space where they are taken up by cardiomyocytes and
target PDLIM5 and then contribute to hypertrophic gene expression.

2. Methods and materials
2.1. Rat model of heart failure

Because male animals more easily develop HF due, in part, to an
influence of estrogens on inflammatory processes and remodeling fol-
lowing MI [27], male Sprague-Dawley rats (180-200 g) were used in
this study. They were subjected to permanent left coronary artery li-
gation as previously described [28,29]. Animal experiments were ap-
proved by the University of Nebraska Medical Center Institutional An-
imal Care and Use Committee. Experiments were carried out as
recommended in the NIH Guide for the Care and Use of Laboratory
Animals. Animal care was provided by the Department of Comparative
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Medicine at University of Nebraska Medical Center. Sham-operated rats
were subjected to all procedures, excluding permanent coronary artery
ligation. Cardiac function in experimental rats was evaluated by high-
frequency echocardiography (Vevo 3100; MX201 probe, 15 MHz center
frequency; Visual Sonics, Inc. Toronto, Canada) as previously described
[30]. Rats were considered to be in CHF when their ejection fractions
(EF, %) were less than 40%. Infarct size was determined post mortem by
tracing the scar area and the whole left ventricle using Image J software
(Bethesda, MD, USA). The percentage of scar area to the whole left
ventricle was used to quantify infarct size.

2.2. Primary cardiomyocyte and fibroblast isolation and culture

Neonatal cardiomyocytes and fibroblasts were isolated from postnatal
day 3 (P3) rat pups using a Thermo Scientific™ Pierce™ Primary
Cardiomyocyte Isolation Kit (Cat. 88281) per the manufacturer's pro-
tocol with modifications. Briefly, left ventricles of hearts from P3 rat
pups were minced and washed with ice cold HBSS, and then digested
with Cardiomyocyte Isolation Enzyme 1 (with papain) and
Cardiomyocyte Isolation Enzyme 2 (with thermolysin) in a 37 °C in-
cubator for 30 min. The enzyme solution was removed and cardiac
tissue was washed twice with ice cold HBSS, and then disrupted by
pipetting up and down in complete DMEM medium. Cells were plated
on 75 cm? flasks with complete DMEM medium and cultured in a 37 °C
incubator for 3—4 h. Floating cells were transferred into other flasks and
maintained with fresh complete DMEM containing Cardiomyocyte
Growth Supplement for 5-7 days. Attached cells were switched to fresh
Fibroblast Medium-2 (FM-2, Cat. #2331, Carlsbad, CA) supplemented
with 2% FBS and Fibroblast Growth Supplement-2.

2.3. Tissue collection and western blot analysis

At 6 weeks post-MI, rats were anesthetized with an intraperitoneal
injection of a-chloralose (100 mg/kg) and urethane (500 mg/kg) dis-
solved in 2% borax solution. The non-infarcted region and border zone
of the left ventricles were rapidly sampled and frozen in liquid nitrogen.
All samples were homogenized with RIPA buffer (Thermo Scientific,
Rockford, 1L) containing a complete protease inhibitor (Roche,
Indianapolis, IN). Lysates were cleared by centrifugation at 14,000g for
20 min, and sample protein concentrations were normalized with
Pierce™ BCA Protein Assay Kit (Thermo Scientific), separated on a 10%
SDS-PAGE gel and transferred onto a PVDF membrane (Millipore,
Billerica, MA). Membranes were blocked with 5% milk for 1 h and then
incubated with primary antibodies overnight. Blots were rinsed with
PBS-Tween 20 (PBST) three times and then incubated with horseradish
peroxidase-conjugated secondary antibodies (Thermo Scientific) for 1 h
at RT. After being washed with PBST three times, blots were applied to
the chemiluminescent substrate per the manufacturer's recommenda-
tions (Thermo Scientific) and then subjected to UVP Bioimaging
Systems (Upland, CA) for quantification.

2.4. EV isolation and characterization

2.4.1. EVisolation and characterization of plasma and conditioned medium

Extracellular vesicles were collected and purified from cardiac fi-
broblast supernatants or rat plasma by filtration with a 0.22 pm filter
and then serial ultracentrifugation at 10,000 g for 30 min and 100,000
g for 2 h at 4 °C, respectively. The EV pellets were either directly lysed
in RIPA buffer (Thermo Scientific) containing complete protease in-
hibitors (Roche, Indianapolis, IN) and then subjected to western blot-
ting analysis for CD63 (sc-15363), TSG101 [EPR7130 (B)] (ab125011),
CD9 (sc-13118), CD81 (sc-23962) and HSC70 (sc-7298), respectively,
or subjected to morphology and size distribution analysis using trans-
mission electron microscopy (TEM, FEI Tecnai G2 Spirit TWIN,
Hillsboro, OR) and the NanoSight NS300 system (Malvern Instruments),
respectively, as previously described [15].
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2.4.2. Cardiac derived EV isolation

Heart tissue EVs were isolated from frozen left ventricles of Sham
and CHF rats as previously described with modifications [31,32].
Briefly, rats were anesthetized with a urethane/chloralose mixture by
i.p injection, and then perfused with ice-cold PBS. The left ventricles
were minced quickly on ice using fine sterile scissors in PBS. Samples
were centrifuged twice at 400g for 20 min, and the resulting super-
natants were then centrifuged at 10,000g for 30 min at 4 °C. The su-
pernatants were further centrifuged at 20,500g for 1 h to pellet large
EVs, which were suspended in 100 pl PBS and stored at —80 °C. The
remaining supernatants were finally subjected to 100,000 g at 4 °C for
2 h to collect the small EV (sEVs) pellets which were suspended in
100 pl PBS and stored at —80 °C.

2.5. Quantitative real-time PCR (qRT-PCR)

Total RNAs were isolated with TRIzol Reagent (Invitrogen,
Carlsbad, CA) and a miRNeasy Mini Kit (QIAGEN, Germantown, MD)
per manufacturer's recommendations. Reverse transcription was per-
formed using 5x All-In-One RT MasterMix (Applied Biological
Materials Inc., CANADA). The quantitative RT-PCR analyses were per-
formed using SYBR Select Master Mix (Life Technologies, Los Angeles,
CA) with primer pairs (Integrated DNA Technologies) (PDLIMS5: 5’
GGCTCCACCTGGCATGAC-3’, 5-AAAATGTCTGCCCTTCCAAACTT-3’;
ANP: 5’-ATCACCAAGGGCTTCTTCCT-3’, 5-TGTTGGACACCGCACTG
TAT-3’; BNP: 5- ACAATCCACGATGCAGAAGCT-3’, 5-GGGCCTTGGTC
CTTTGAGA-3’; f-MHC: 5-TTGGCACGGACTGCGTCATC-3, 5-GAGCCT
CCAGAGTTTGCTGAAGGA-3’; GAPDH: 5-AGGTCGGTGTGAACGGAT
TTG-3’, 5-TGTAGACCATGTAGTTGAGGTCA-3"). GAPDH was used as
an internal control. To allow for normalization of sample to sample
variations in RNA isolation from EVs, synthetic cel-miRNA-39 by
Integrated DNA Technologies (Coralville, IA) was added to each de-
natured sample as an endogenous control. 10 ng of total RNAs were
reversely transcribed using a TagMan microRNA reverse transcription
kit (Applied Biosystems, Carlsbad, CA) per the manufacturer's protocol.
MiRNA-27a*, microRNA-21-3p, cel-miRNA-39, and U6 snRNA were
detected using Tagman microRNA assays (Applied Biosystems) on a
StepOne Real-Time PCR systems (Applied Biosystems). The 244
method was used to quantify relative mRNA and microRNA expression.

2.6. Cell transfections and co-culture

Plasmid transfections were performed using Lipofectamine 3000
(Cat. L3000015; ThermoFisher Scientific) according to the manufac-
turer's instructions. In brief, primary cardiomyocytes (CMs) and cardiac
fibroblasts (RCFs) were transfected with 500 ng pEF6.mCherry-TSG101
(Addgene plasmid 38318) and CD63-pEGFP (Addgene plasmid 62964)
plasmids, respectively, mixed with 2 pl of Lipofectamine 3000 diluted
in 100 pl of Opti-MEM (catalog no. 31985062; Life Technologies). The
resulting plasmid-lipid complexes were added to the cells, incubated for
6 h, and the medium changed into fresh DMEM. Next, the medium was
changed to 10% FBS-containing medium for 20-h incubation. The
transfected RCFs were transferred into a trans-well cell culture insert,
the bottom of which was comprised of a membrane with a 0.4-um pore
size (Millipore, USA). The transwell inserts were then placed into the 6-
well culture plate containing CMs. DMEM medium supplemented with
Ang II (1 pM) was applied to Transwell 6-well plate. After 24 h of in-
cubation, the transwell inserts were removed, CMs cultured on 6-well
plate were washed with PBS and fixed with 4% paraformaldehyde, and
DAPI was used for counterstaining of nuclei (blue), and fluorescent
images were obtained using a Zeiss 710 Confocal Laser Scanning
Microscope (Carl Zeiss, Oberkochen, Germany).

2.7. Transfection of microRNA mimic and inhibitor

Primary cardiomyocytes were cultured on 6-well plates at a density

122

Journal of Molecular and Cellular Cardiology 143 (2020) 120-131

of 2 x 10° cells/ml with complete DMEM containing Cardiomyocyte
Growth Supplement for 5 days. Cardiomyocytes were transfected with
microRNA mimic and inhibitor, respectively, using Xfect™ RNA
Transfection Reagent (Clontech Labortories, Inc., Mountain View, CA)
following the manufacturer's protocol. Seventy-two-hour post-trans-
fection, western blotting was performed with ENH1 (PDLIM5) primary
antibody (Cat. 10530-1-AP, Proteintech™, Rosemont, IL). 3-actin was
used as a loading control.

2.8. Delivery of miRNA-27a* inhibitor in vivo

Rno-miRNA-27a* inhibitor (mU/ZEN/mGmCmUmCmAmMCmMAmMAMGm
CmAMGMCmUmMAmMA mGmCmCmC/3ZEN/) and negative control (mG/
ZEN/mCmGmMAmMCmUmMAMUMAMCmG mCmGmC mAmAmMU mAmUmG
mG/3ZEN/) (designed and synthesized by IDT) were dissolved in saline and
delivered by intraperitoneal (i.p) injections as previously described [33,34]
with some modifications. In brief, Sham and CHF rats were injected weekly
with 200 pg/kg of the miR-27a* inhibitor or a comparable volume of ve-
hicle starting at 3 weeks post-MI continuously for 4 weeks. At the conclusion
of the treatment, animals were echocardiographed and tissue was collected
after euthanization with an intraperitoneal injection of a-chloralose
(100 mg/kg) and urethane (500 mg/kg) dissolved in 2% borax solution.

2.9. Statistical analyses

All statistical analyses were performed using GraphPad Prism 8.0
(GraphPad software, La Jolla, CA). Data are expressed as
means * S.E.M. Statistical significance was determined by Student's t-
test or One-way analysis of variance (ANOVA) followed by Tukey's post-
hoc test. A value of p < .05 was considered statistically significant.

3. Results

3.1. miRNA-27a* is up-regulated in infarcted heart and in extracellular
vesicles derived from plasma of CHF rats

In a previous study, we showed high abundance of miRNA-27a in
non-infarcted areas and in the border zone of the post MI heart [15]. In
the current study, we observed that miRNA-27a* was also upregulated
in these regions (Fig. 1A). To determine miRNA-27a* levels in plasma,
we generated CHF and sham rats that were evaluated by echocardio-
graphic analyses at 6 weeks post-myocardial infarction as shown in
Table 1. These data clearly demonstrate that left ventricular end-dia-
stolic and end-systolic diameters (LVEDD and LVESD) and volumes
(LVEDV and LVESV) were significantly increased, whereas ejection
fraction (EF %) and fractional shortening (FS %) were significantly
reduced. Average infarct size was approximately 33.4% of left ventricle
in CHF rats. Extracellular vesicles (EVs) from plasma of sham and CHF
rats were isolated by differential ultracentrifugation and subjected to
extensive characterization. Transmission electron microscopy (Fig. 1B)
and NanoSight analysis (Fig. 1C) revealed a typical size of 50 to 300 nm
and a characteristic cup-shaped morphology of EVs (exosomes and
microvesicles). Western blotting data showed the presence of EV mar-
kers, including CD63 and TSG101 (Fig. 1D), and qRT-PCR analysis
further demonstrated that miRNA-27a* was also enriched in circulating
EVs of CHF rats (Fig. 1E), consistent with that of miRNA-27a.

3.2. Bioinformatic analysis shows that miRNA-27a* is related to cardiac
development and function

To investigate the potential roles of miRNA-27a* in the pathogen-
esis of CHF, we searched the predicted targets of miRNA-27a* using
TargetScan 7.1 [35], and performed a ClueGO analysis showing that
most target genes were related to multicellular organismal development
(Fig. 2A) and were involved in the heart development, the response to
hypoxia and cardiac muscle hypertrophy in response to stress, etc.
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Fig. 1. miRNA-27a* is up-regulated in the infarcted heart and circulating extracellular vesicles. qRT-PCR shows that miRNA-27a* is up-regulated in the both non-
infarcted and border zone tissues of the left ventricle compared to that in Sham rats (A), U6 snRNA was used as an internal control ( = SEM, n = 6, Sham; n = 8,
CHF); EVs isolated from rat plasma by differential centrifugation were subjected to negative staining and electron microscopy (B). Scale bar is 100 nm; EVs were also
subjected to Malvern NanoSight analysis show the size distribution of circulating EVs. Five captures were collected and averaged ( = SEM, n = 5) (C); Western
blotting data shows the typical EV markers (CD63 and TSG101) in EV pellets derived from plasma of Sham and CHF rats, respectively (D); qRT-PCR results showing
increased miRNA-27a* in plasma EVs from CHF rats compared to that of Sham rats (E), cel-mir-39 was used as a spike-in control ( = SEM, n = 6).

Table 1

Six-Week Echocardiographic Data for Sham and CHF rats.
Parameters Sham (10) CHF (11)
LVEDD (mm) 7.2+ 0.6 10.5 = 0.8*
LVESD (mm) 4.0 £ 0.7 8.8 +0.8
LVEDV (ul) 276.5 + 48.6 631.1 +113.3
LVESV (ul) 71.8 = 28.4 427.9 + 90.5*
Ejection Fraction (EF, %) 74.8 £ 6.3 32.5 £ 5.5*
Fraction Shortening (FS, %) 45.3 + 6.0 16.4 + 3.0
Infarct size (% of LV) — 334 £6.1

Legend: Values are mean = SEM (n 10-11). LVEDD, left ventricle end-dia-
stolic diameter; LVESD, left ventricle end-systolic diameter; LVEDV, left ven-
tricle end-diastolic volume; LVESV, left ventricle end-systolic volume; EF,
ejection fraction; FS, fractional shortening.

* p < 0.0001 vs SHAM.

(Fig. 2B). In particular, some of these genes regulate myocardial con-
traction and cardiac hypertrophy in response to stress (Supplemental
Table 1). One of these, PDZ and LIM domain 5 (PDLIM5) has been
shown to play a major role in cardiac structure and function and con-
tribute to cardiac hypertrophy [16,26].

3.3. PDLIMS5 is down-regulated in the infarcted heart and associated with
miRNA-27a* up-regulation

To determine the transcription and translation levels of PDLIM5 in
the progression of CHF, we collected heart tissues from non-infarcted
areas at 3, 6 and 12 weeks post-MI, respectively, and performed qRT-
PCR and western blotting analyses. To validate the molecular weight of
PDLIMS protein detected by ENH1 (PDLIMS) antibody in this study, we
performed PDLIM5 siRNA transfections in rat myoblast cells (H9C2),
qRT-PCR and western blot analyses are shown in Supplemental fig. 3,
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and confirmed that PDLIM5 siRNA can successfully block the PDLIM5
transcription at 48 h post-transfection (Supplemental fig. 3A and 3B).
Moreover, we observed that PDLIM5 mRNA was significantly upregu-
lated in response to myocardial infarction at 3 wks post-MI, and then
was slightly decreased in the progression of CHF (Fig. 3A), whereas the
expression of hypertrophic genes, including ANP, BNP and 3-MHC was
significantly increased compared with that of the sham group (Fig. 3B,
C and D). BNP and 3-MHC levels peaked at 6 wks post-MI. Consistently,
PDLIMS5 protein at 3 wks post-MI was slightly increased, and then sig-
nificantly decreased at 6 wks and 12 wks post-MI (Fig. 3E and F),
suggesting the translation of PDLIM5 mRNA may be inhibited by
abundant miR-27a* in the infarcted heart. To further confirm the
translational inhibition of PDLIM5 by miRNA-27a* in cardiomyocytes,
we isolated primary cardiomyocytes from 3-day old rats, and trans-
fected cells with a miRNA-27a* mimic and its inhibitor, respectively.
Western blot data suggest that miRNA-27a* inhibits PDLIM5 transla-
tion, whereas miRNA-27a* inhibitor enhances the PDLIM5 translation
(Fig. 3G, H and I).

3.4. Cardiac-derived extracellular vesicles are enriched with miRNA-27a*

To determine if miRNA-27a* can be incorporated into extracellular
vesicles and secreted into the extracellular space, we isolated and
classified EVs from the non-infarct area of hearts as large EVs (IEVs) and
small EVs (sEVs) by differential ultracentrifugation. Although 1EVs and
sEVs showed different size ranges (Fig. 4C and D), transmission electron
microscopic analysis demonstrated that both 1EVs and sEVs exhibited
similar characteristic cup-shaped morphology and size overlap (Fig. 4A-
D). Moreover, sEVs shared the characteristic markers of EVs, including
CD9, CD81, TSG101 and HSC70 with 1EVs except for CD63 (Fig. 4G).
However, qRT-PCR analysis showed that miRNA-27a* level was abun-
dant in sEVs of infarcted hearts rather that in IEVs compared to that of
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normal hearts, suggesting miRNA-27a* may be upregulated and selec-
tively packaged into sEVs and then secreted into extracellular space.

3.5. miRNA-27a* is highly expressed in cardiac fibroblasts and
preferentially secreted into extracellular space via EVs in response to
angiotensin II stimulation

Cardiac fibroblasts are one of the largest cell populations in the
heart, contributing to structural, biochemical, mechanical and electrical
properties of the myocardium [4]. To determine if cardiac fibroblasts
secrete miRNA-27a*-enriched EVs in pathological conditions, we cul-
tured primary rat cardiac fibroblasts (RCF) and treated cells with 1 pM
angiotensin II (Ang II) overnight. Conditioned media were collected and
subjected to EV isolation by differential ultracentrifugation. We ob-
served that cardiac fibroblast-secreted EVs not only demonstrated a
typical cup-shaped morphology (Fig. 5A), but also expressed the char-
acteristic markers of EVs, including CD63, TSG101 and HSC70 (Fig. 5B,
C and D). NanoSight analysis shows the size distribution profiles of EVs
secreted from cultured cardiac fibroblasts with peak diameters of 80 nm
(Fig. 5E). In addition, qRT-PCR results showed that Ang II stimulated
the upregulation of miRNA-27a* in RCF (Fig. 5G), which was pre-
dominantly secreted into the extracellular space via EVs (Fig. 5F).
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3.6. Ang II-induced RCF EVs can be taken up by cardiomyocytes and
promote hypertrophic gene expression

To determine a direct communication between cardiomyocytes
(CM) and RCF, we transfected CM (Fig. 6A) and RCF (Fig. 6B) with
TSG1010-mCherry and CD63-EGFP plasmids, respectively. We then
performed a co-culture of transfected cells as illustrated (Fig. 6C-a).
After treatment with Ang II overnight, RCF were subjected to nuclear
staining with DAPI and confocal microscopy. The results show the
perinuclear distribution of GFP* EVs in mCherry * CM (Fig. 6C, b-d). A
mixed culture of mCherry™ CM and GFP* RCF also confirmed Ang II-
induced GFP"™ EV uptake by mCherry* CM (Supplemental fig. 1).
Moreover, we cultured primary CM from left ventricle which not only
show mature morphology, and express cardiac troponin T (cTnT)
(Fig. 7A, a, b), but also exhibit pulsatility (Video not shown). We
treated cells with EVs from cultured RCF without (EVs-Cont) and with
Ang II stimulation (EVs-Ang II), respectively. Western blot analysis
showed that EVs-Ang II treatment decreased PDLIM5 expression com-
pared to EVs-Cont (Fig. 7B and C). Furthermore, we incubated primary
mature CM with EVs-Ang II from RCF as illustrated in Fig. 8A, and
analyzed the transcription of PDLIM5 and hypertrophic genes in CM by
qRT-PCR. The results clearly demonstrated that EVs secreted from Ang
II-treated RCF significantly decreased PDLIM5 mRNA (Fig. 8C), along
with the increase of miRNA-27a* (Fig. 8B), whereas the transcription of
hypertrophic marker genes in CM, including ANP (Fig. 8D), BNP
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presentative of three independent experiments ( = SEM) (H and I).

(Fig. 8E) and B-MHC (Fig. 8F) were markedly increased after EVs-Ang II
treatment.

3.7. Systemic administration of miRNA-27a* inhibitor in CHF rats partially
improves cardiac function

To evaluate the therapeutic effects of miRNA-27a* in vivo, we syn-
thesized the miRNA-27a* inhibitor and administrated it weekly by i.p
injections starting at 3 wks post-MI for 4 weeks as illustrated in Fig. 9A.
At 7 wks post-MI, CHF rats were subjected to echocardiography, qRT-
PCR and western blot analyses. qRT-PCR data demonstrated that car-
diac miRNA-27a* was significantly higher in CHF + NC (negative
control) than that in Sham groups whereas the endogenous miRNA-
27a* was significantly decreased after the administration of the miRNA-
27a* inhibitor (Fig. 9B). Although PDLIM5 mRNA was not different
between CHF + NC and CHF + inhibitor groups (Fig. 9C), of the hy-
pertrophic genes in the CHF + NC group post-MI, BNP was significantly

blocked (Fig. 9D), and ANP and BNP levels were partially decreased
(Fig. 9E and F). Consistently, PDLIMS5 protein in the CHF + inhibitor
group also showed a trend towards improvement compared with that of
CHF + NC group (Supplemental fig. 4A and 4B). Importantly, CHF rats
exhibited the expected decrease in stroke volume (Fig. 9G) and cardiac
output (Fig. 9I) pre-treatment with miRNA-27a* inhibitor. However,
following administration of the miRNA-27a* inhibitor stroke volume
was significantly improved (Fig. 9H), and the cardiac output trended to
increase in the miRNA-27a* inhibitor treated-CHF rats compared to the
pre-treatment group with miRNA-27a* inhibitor (Fig. 9J). These data
suggest that the systemic administration of a miRNA-27a* inhibitor
potentially targets cardiac miRNA-27a* to recover PDLIM5 expression
and improve myocardial function.

4. Discussion

In this study, we identified one miRNA passenger strand, miRNA-
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27a*, which shares a similar expression profile as miRNA-27a in the
pathogenesis of CHF. Under cardiac stress, such as Ang II stimulation,
miRNA-27a* was upregulated in cardiac fibroblasts, and preferentially
packaged into extracellular vesicles and then secreted into the extra-
cellular space, where miRNA-27a*-enriched EVs were taken up by CM
leading to a hypertrophic phenotype. Moreover, we administrated a
miRNA-27a* inhibitor to CHF rats and observed that systemic admin-
istration of miRNA-27a* inhibitor decreased cardiac miRNA-27a* and
inhibited the expression of hypertrophic genes, partially improving
cardiac function. Recently, miRNAs have emerged as paracrine sig-
naling mediators in the pathogenesis of cardiovascular diseases
[36-38]. In a previous study, we demonstrated that Nrf2/Keapl

signaling in CM can be dysregulated post myocardial infarction by RCF-
secreted EV miRNAs, including miRNA-27a, miRNA-28a and miRNA-
34a, all contributing to oxidative stress-mediated hypertrophic gene
expression [15]. MiRNA-27a has been shown to have potential as a
biomarker for diagnosis and prognosis of CHF as well as a therapeutic
target for CHF. Clinical studies have demonstrated that miRNA-27a is
upregulated in failing hearts and in the circulation of patients with CHF
[22-24]. We have also demonstrated high abundance of miRNA-27a in
EVs either from the circulation or from in vitro cultured cardiac fibro-
blasts [15]. In general, it has been assumed that the passenger strand of
the miRNA duplex is degraded during miRNA biogenesis and only the
guide strand of the duplex selectively becomes the mature functional
miRNA. However, increasing evidence suggest that passenger strand
miRNAs can also target mRNAs and have biological functions in the
pathogenesis of diseases, such cancers [20,21] and cardiovascular dis-
ease [16]. Interestingly, we observed that the passenger strand of
miRNA-27a (also called miRNA-27a*) was not degraded during miRNA
biogenesis, but significantly enriched in the infarcted heart, in the cir-
culation and in cardiac-derived EVs (Figs. 1 and 4). It has been reported
that miRNA passenger strands (star miRNAs) are produced by cardiac
fibroblasts and secreted into the extracellular space via extracellular
vesicles, such as miRNA21* which contributes to cardiomyocyte hy-
pertrophy by targeting SORBS2, PDLIMS5 and histone deacetylase-8
[16,39]. We also observed that in vitro cardiac fibroblasts also produce
and secrete EV-enriched miRNA-27a* in response to cardiac stress such
as Ang II stimulation (Fig. 5). Although both miRNA-27a and miRNA-
27a* were predominantly incorporated into EVs of cardiac fibroblasts
and extracellularly secreted, they can regulate the expression of hy-
pertrophic genes by differently targeting Nrf2/ARE signaling [15] and
PDLIMS (Figs. 3 and 7), respectively. miRNA-21 was also increased in
the failing hearts, but it was only abundant in cardiac fibroblasts rather
than in cardiac fibroblast-derived EVs and had no effect on cardio-
myocyte function [40]. Moreover, we also observed that miRNA-27a*
was only significantly encapsuled into small extracellular vesicles
(sEVs) rather than large extracellular vesicles (IEVs) which matches the
size range of cardiac fibroblast-derived EVs (Fig. 4, Fig. 5). However,
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control (mean = S.E.M).

miRNA-21* was enriched in both sEVs and 1EVs (Supplemental fig. 2),
suggesting that miRNA-27a* may be predominantly produced and se-
creted by cardiac fibroblasts while miRNA-21* may be derived from
various cell types other than cardiac fibroblasts. Using bioinformatic
analysis software, we predicted the targets of miRNA-27a* and per-
formed GO analysis to identify the molecular functions of potential
target genes (Fig. 2). This analysis showed that some targets are in-
volved in multicellular organismal development and contribute to
cardiac development, contraction and pathological hypertrophy (Sup-
plemetnal Table 1). In particular, one potential target of miRNA-27a* is
PDLIMS, also called Enigma homolog protein (ENH), which is one of
the important Z-line-associated components at the boundary between
sarcomeres to maintain muscle structure and function, and plays an
increasingly important role in the pathogenesis of dilated cardiomyo-
pathy [25]. PDLIM5 has been reported to contribute to impaired car-
diac contraction and dilated cardiomyopathy after cardiac-specific
knockout [26]. Interestingly, consistent with the abundance of miRNA-
27a* in the infarcted heart, we observed that PDLIM5 protein was
down-regulated in the progression of CHF (Fig. 3E), which was ac-
companied by the dysregulation of hypertrophic genes (Fig. 3B, C and
D). Moreover, while PDLIM5 mRNA was significantly increased in the
CHF group compared to that in the sham group at 3 weeks post-MI,
there was no difference in PDLIM5 protein between the two groups,
suggesting that a compensatory mechanism may be at play in the early
stages (3wks post-MI) to enhance the transcription of pdlim5 in re-
sponse to MI, but the existence of miRNAs, such as miRNA-21* and
miRNA-27a* may lead to dysregulation of PDLIMS5 protein by either
mRNA degradation or translational repression, which are general me-
chanisms of miRNA action and dependent on the degree of com-
plementarity between miRNA and target sequences [41]. This possibi-
lity was supported by the evidence that the PDLIM5 protein was
significantly decreased at 6 weeks post-MI whereas the PDLIM5 mRNA
level was still higher in CHF group compared to the sham group
(Fig. 3A and F). Furthermore, PDLIMS5 as a potential target of miR-27a*

+
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was confirmed by transfecting primary cardiomyocytes (CM) with
miRNA-27a* mimic and inhibitor, respectively (Fig. 3G and H), sug-
gesting that miRNA-27a* may also contribute to PDLIM5 translational
inhibition.

Cardiac remodeling is a hallmark of chronic heart failure, including
cardiomyocyte hypertrophy and cardiac fibrosis. The major cardiac cell
involved in the remodeling process is the cardiomyocytes [42]. Left
ventricular hypertrophy is an initial compensatory mechanism reducing
cardiac stress ultimately resulting in heart failure. Recently, increasing
evidence suggest that miRNAs are involved in several cardiovascular
disorders [37,43-45]. A single miRNA may regulate many genes as its
targets, while one gene may be targeted by many miRNAs. In this study,
we suggest that miRNA-27a* and miRNA-21* share the same target,
PDLIM5. Both were abundant in cardiac fibroblast-derived EVs sug-
gesting the existence of a general transport mechanism of star miRNAs.
Moreover, cardiac fibroblast-derived EVs in response to cardiac stress,
such as Ang II induce cardiac hypertrophy through the down-regulation
of PDLIM5 probably attributed to both miRNA-27a* and miRNA-21*
(Figs. 7, 8), suggesting that cardiac fibroblast secreted miRNA*-en-
riched EVs play a role in cardiac hypertrophy in the CHF state. miRNAs,
in particular circulating EV-enriched miRNAs have recently been de-
veloped as therapeutic targets and biomarkers of cardiovascular dis-
orders [12,38,46,47]. Pharmacological inhibition of miR-21* has been
shown to attenuate cardiac hypertrophy [16]. In this study, we ad-
ministrated a miRNA-27a* inhibitor to CHF rats at 3 wks post-MI. We
observed that this exogenous inhibitor significantly decreased the en-
dogenous miRNA-27a* level induced by MI, partially prevented the
expression of hypertrophic genes by increasing PDLIM5 expression
which may consequently improve the myocardial function (Fig. 9).
PDLIM5 as one of multiple Z-line-associated proteins is highly ex-
pressed in the heart and plays an important role in the pathogenesis of
human cardiomyopathy [16,25,26]. Our findings suggest that the
combination of pharmacological inhibition of miRNAs*, such as
miRNA-21* and miRNA-27a* may provide a more efficient therapeutic
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Fig. 9. Systemic administration of miRNA-27a* inhibitor partially improve heart contractility. The experimental designs for the systemic delivery of miRNA-27a*
inhibitor in CHF rats (A); qRT-PCR analysis of mature miRNA-27a* using specific TagMan miRNA assay, U6 snRNA was used as an internal control ( = SEM) (B);
qRT-PCR analyses were performed with specific primers: PDLIM5 (C), BNP (D), ANP (E) and 3-MHC (F), GAPDH was used as an internal control; Stroke volume (G
and H) and cardiac output (I and J) were analyzed by echocardiographic analyses (Mean = S.E.M).

strategy for CHF. Furthermore, these miRNAs* may be good potential
biomarkers for early diagnosis of CHF.

4.1. Limitations

Despite the potential involvement of cardiac fibroblast-derived EV-
miRNA-27a* in myocardial infarction-induced cardiac hypertrophy,
there are several limitations to this study that should be discussed. First,
cardiac fibroblasts may produce and secrete various miRNA*s, such as
miRNA-21* and miRNA-27a*, that target the same gene contributing to
cardiac hypertrophy. It will be difficult to determine which miRNA*
dominates in this pathological process thus the transfection of cardiac
fibroblast-derived EVs with individual miRNA inhibitors following
cardiac stress will be helpful to elucidate differences. Second, the
therapeutic effects of the miRNA-27a* inhibitor in an animal model of
CHF is tentative. It is not clear at the present time what dose and route
of administration are most effective. It may be more effective to develop
a cardiac homing peptide-based EV delivery system for miRNA-27a*
inhibitor administration as therapy for CHF. Moreover, we admini-
strated the miRNA-27a* inhibitor at 3 weeks post-MI. It remains to be
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investigated whether it is more effective to prevent myocardial dys-
function when administrated at early time points post-MI. Furthermore,
the group size may need to be increased in this experiment in order to
make the data significant. Third, other potential targets of miRNA-27a*
as listed in Supplemental Table 1, may play more important roles in the
pathogenesis of CHF in addition to PDLIMS5. Their roles need to be
clarified.

5. Conclusions

Taken together, under stress miRNA-27a* is upregulated in cardiac
fibroblasts, and preferentially packaged into extracellular vesicles and
secreted into the extracellular space. These star miRNAs are taken up by
cardiomyocytes in which they target PDLIMS5, leading to cardiac hy-
pertrophy (Fig. 10). Our findings suggest that cardiac fibroblast-derived
miRNA-27a* may be one of several star RNAs selectively incorporated
into extracellular vesicles to act as a crucial paracrine signaling med-
iator during cardiac remodeling and may act as a potential biomarker
and therapeutic target for CHF.
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