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Background: Cardiac fibrosis stiffens the ventricular wall, predisposes to cardiac arrhythmias and contributes to
the development of heart failure. In the present study, our aim was to identify novel miRNAs that regulate the
development of cardiac fibrosis and could serve as potential therapeutic targets for myocardial fibrosis.
Methods and results: Analysis for cardiac samples from sudden cardiac death victims with extensive myocardial
fibrosis as the primary cause of death identified dysregulation of miR-185-5p. Analysis of resident cardiac cells
from mice subjected to experimental cardiac fibrosis model showed induction of miR-185-5p expression spe
cifically in cardiac fibroblasts. In vitro, augmenting miR-185-5p induced collagen production and profibrotic
activation in cardiac fibroblasts, whereas inhibition of miR-185-5p attenuated collagen production. In vivo,
targeting miR-185-5p in mice abolished pressure overload induced cardiac interstitial fibrosis. Mechanistically,
miR-185-5p targets apelin receptor and inhibits the anti-fibrotic effects of apelin. Finally, analysis of left ven
tricular tissue from patients with severe cardiomyopathy showed an increase in miR-185-5p expression together
with pro-fibrotic TGF-β1 and collagen I.
Conclusions: Our data show that miR-185-5p targets apelin receptor and promotes myocardial fibrosis.

1. Introduction
The major cardiovascular pathologies such as systemic hypertension,
myocardial infarction (MI) and valvular heart disease induce injury to
the heart and predispose to myocardial fibrosis and development of
heart failure (HF). Despite rapid progress in early detection and treat
ment of HF, 5-year mortality of patients admitted for HF is 75% [1].
Myocardial fibrosis usually develops in response to cardiac disease or
injury but may also develop without an apparent cardiac stress or

pathology. Accumulation of extracellular matrix (ECM) in the myocar
dium impairs cardiac wall compliance predisposing to left ventricular
(LV) dysfunction, arrhythmias and sudden cardiac death (SCD). ECM
comprises mainly of fibrillar collagens, with a dominant collagen I
(>90%) at scarring region [2]. It has been noted that a 3% increase in
ECM volume in the myocardium increases mortality by 50% [3]. Despite
the advances in understanding the pathophysiology of myocardial
fibrosis, no specific therapies exist for treatment or prevention of fibrosis
in the heart.
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Committee of Helsinki and Uusimaa Hospital District, Finland. A written
informed consent was obtained from the patients.

MicroRNAs (miRNAs) are a class of small non-coding RNAs, which
function post-transcriptionally by complimentary binding to their target
mRNAs. Some miRNAs have been shown to regulate cardiac fibroblast
function and myocardial fibrosis in experimental models [4–6], whereas
their role in the human heart is poorly understood. Since a single miRNA
can control the expression of multiple genes [6], they offer an attractive
target for therapy as modulation of a single miRNA could have a broader
effect on genes underlying the given pathology. MiRNAs can regulate
the development of cardiac fibrosis through diverse aspects, e.g. miR-21
affecting fibroblast survival [7], miR-29 family controlling ECM protein
expression [8], miR-125b governing fibroblast activation [9] and miR30 targeting connective tissue growth factor (CTGF) to control fibrotic
remodeling [10].
In the FinGesture study of autopsy verified SCD victims, we have
observed primary myocardial fibrosis (PMF) without any known etiol
ogy to be a relatively common autopsy finding among young SCD vic
tims [11,12]. Here, we identify dysregulation of 38 miRNAs in SCD
victims with PMF, including mir-185. We find that miR-185-5p pro
motes collagen deposition and myocardial fibrosis in experimental
models and identify an increase in miR-185-5p levels in cardiac samples
of patients with end-stage cardiomyopathy. Mechanistically, miR-1855p regulates collagen production by targeting apelin receptor. This
novel mechanism may contribute to the development of myocardial
fibrosis and pathological LV remodeling.

2.3. Mice
Eight-week-old wild-type male C57BL/6 N mice were subjected to
thoracic aortic constriction (TAC) as previously described [13]. Ten days
after surgery mice were randomly divided to two groups receiving one
dose of either control oligonucleotide (antimiR-Ctrl) or antisense
oligonucleotide of miR-185-5p (antimiR-185-5p) (16.7 mg/kg i.p.).
Transthoracic echocardiography was performed by trained sonographer
with Vevo 2100 high resolution linear array ultrasound system using
MS-550D transducer and analyzed by a blinded observer. Mice were
euthanized with CO2 and sacrificed with cervical dislocation. Experi
mental protocols were approved by the Animal Use and Care Committee
of the University of Oulu and the National Animal Experiment Board
(ESAVI/8134/04.10.07/2017). The investigation conforms to the Guide
for the Care and Use of Laboratory Animals published by the US National
Institutes of Health.
2.4. Immunohistochemistry (IHC)
A transversal section of the heart at the level of the papillary muscles
was processed into paraffin-embedded sections [14]. To quantify
myocardial collagen content, 5 μm sections were stained with Picrosirius
Red (Direct Red 80, Sigma). The staining was analyzed under fluores
cence microscope (Nikon Eclipse 80i) and images were obtained with
ORCA-Flash 4.0 LT digital camera with 40× objective [14,15]. Two
images from perivascular area were obtained for analyzing perivascular
fibrosis, and 3 images from left ventricle combined with 2 images from
septum were captured to analyze interstitial fibrosis. Collagen fibers
were quantified with Adobe Photoshop. Cardiomyocyte size was deter
mined by staining sections with 5 μg/mL of wheat germ agglutinin
(WGA) Alexa Fluor 488-conjugate (Thermo Fisher Scientific) and by
measuring cross-sectional area of each cell with Adobe Photoshop. Five
representative fields (with 20× objective) from epicardial or endocar
dial sides of the left ventricle were selected from each section and 10–15
cardiomyocytes were measured in each site. Capillary density was
determined by analyzing the number of CD31+ (Santa Cruz, sc-1506,
1:200) cells from the left ventricle (2–3 images) and septum (2–3 im
ages) with Image J. For analysis of fibroblasts number, cardiac sections
were stained with an antibody against PDGFRα (R&D systems, AF1062SP, 1:400).

2. Methods
2.1. FinGesture cohort
The cardiac samples of SCD victims are derived from the FinGesture
study which has systematically collected both clinical and autopsy data
from SCD victims between 1998 and 2018 in Northern Finland (n =
5869) [11,12]. The study complies with the Declaration of Helsinki and
was approved by the Ethics Committee of the Northern Ostrobothnia
Hospital District, Finland. Permits to use data from medico-legal death
investigations were obtained from the Finnish Institute for Health and
Welfare and the Regional State Administrative Agency of Northern
Finland.
2.2. Human cardiomyopathy samples
The LV samples of ischemic and dilated cardiomyopathy patients
were obtained from patients undergoing cardiac transplantation in
Helsinki University Hospital between 2014 and 2019. The patient
characteristics are shown in Table 1. The investigation conformed with
the Declaration of Helsinki, and the protocol was approved by the Ethics

2.5. Cell cultures
Human cardiac fibroblasts (hCFs, ScienCell #6300) were cultured as
previously described [16]. Neonatal rat ventricular cardiomyocytes
were isolated from 2 to 4-day old Sprague-Dawley rats as previously
described [17]. Oligonucleotides were transfected with Lipofectamine
2000 (Thermo Fisher Scientific) according to the manufacturer's pro
tocol. 50 nM concentration was used for the antimiR-185-5p (QIAGEN,
#339131) and antimiR-Ctrl (QIAGEN, #339136). Mimic-185-5p and
control sequence (mimic-Ctrl) (QIAGEN, #339173) were transfected at
20 nM concentration. Recombinant human transforming growth factor
β1 (TGF-β1, Peprotech, #100–21) was used at 5 ng/mL, apelin-13
(Phoenix Peptides, #057–18) at 200 nM and apelin receptor antago
nist ML221 (Selleckchem/Absource, S8695) at 5 μM and 10 μM con
centrations. After co-treatment for 36 h hCFs were collected or fixed
with 4% paraformaldehyde for further analysis.

Table 1
Clinical characteristics of patients with ischemic or dilated cardiomyopathy.
Age (year)
Gender (M/F)
BMI (kg/m2)
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Cardiac function and structure
LVEDD (mm)
LVESD (mm)
EF%
Laboratory analyses
NT-proBNP (pmol/L)
CRP (% > 3 μg/mL)

ICM (n = 8)

DCM (n = 14)

58.8 ± 5.26
male (7/1)
27.7 ± 2.48
104.3 ± 10.61
70.5 ± 9.97

52.1 ± 12.72
male (13/1)
26.4 ± 3.25
96.7 ± 9.06
66.2 ± 6.70

64.3 ± 8.30
58.8 ± 2.36
22.5 ± 9.20

66.0 ± 9.06
59.8 ± 14.95
29.5 ± 9.14

1925(1491–3163)
n = 5 (62.5%)

2975(2244.75–5027.5)
n = 8 (69.2%)

2.6. Collagen deposition assay

ICM, ischemic cardiomyopathy; DCM, dilated cardiomyopathy; BMI, body mass
index; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular
end-systolic diameter; EF, ejection fraction; NT-proBNP, N-terminal pro-B-type
natriuretic peptide; CRP, C-reactive protein. Values shown are as mean ± SD
or as median (interquartile range).

After treatments, approximately 90% confluent hCFs were fixed and
subjected for collagen analysis. Sirius Red/fast green staining (Chon
drex/Amsbio, #9046) was utilized for detection of collagen deposition,
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according to the manufacturers' instructions, and measured by multi
plate reader (Varioskan Flash 4.00.53).

components) were analyzed by Student's t-tests with equal variances,
and a P values <0.05 was defined as statistical significance and differ
ential expression.

2.7. Analysis for cell proliferation, migration and metabolic activity

2.11. Leucine incorporation assay

For analysis of cell proliferation, 20 μM EdU was added for 2 h, and
the cells were fixed and analyzed by Click-iT™ EdU Alexa Fluor™ 488
HCS Assay (Thermo Fisher Scientific, #C10350) as described [16]. For
analysis of cell migration, the monolayer of hCFs was wounded by
scratching with a sterile plastic 200 μL micropipette tip, washed with
PBS, and photographed as described [18]. After incubation for 7 h, cells
were fixed and photographed again using a low-magnification phasecontrast microscope. The extent of migration into the wound area was
analyzed by using Adobe Photoshop. Cell metabolic activity was
determined by incubating cells with 10 μM resazurin (Sigma, #R7017)
for 1 h as previously described [16], and measuring with excitation at
544 nm and emission at 590 nm by a multi-plate reader (VarioskanFlash
4.00.53).

Protein synthesis was determined by measuring the rate of [3H]
leucine incorporation into proteins as previously described [22]. Briefly,
cardiomyocytes were supplemented with [3H] leucine (5 μCi/mL) for
24 h and incorporated [3H] leucine (Amersham Biosciences-Pharmacia)
was measured by liquid scintillation counter.
2.12. RNA isolation and qPCR analysis
qPCR for tissue and cell culture samples was performed as previously
described [16,23]. Trizol (Invitrogen) was used for isolation of RNA
from human and mice cardiac tissue samples. Total RNA from cultured
cells was isolated with the E.Z.N.A. total RNA kit I (OMEGA Bio-tek,
#OMEGR6834-02). E.Z.N.A. miRNA kit (Omega Bio-tek, #R7034–01)
was used for miRNAs isolation from cultured hCFs. Primers and probes
used in qPCR analysis were listed in Table S1. Data from qPCR analyses
are shown as relative to 18S expression.

2.8. Dual-luciferase reporter assay
Dual-luciferase reporter assays were conducted with Luc-Pair™ DuoLuciferase Assay Kit 2.0 (LF002, Genecopoeia). 5’UTR of the human
APLNR gene, including miR-185-5p binding site (TCTCTCC) was
generated against hCF genome by PfuUltra II Fusion HS DNA Polymer
ase (Cat# 600670–51) (primers in Table S1). The product was purified,
sequenced, and cloned into luciferase construct with SPE1-HF and
EcoRI-HF restriction enzymes and T4 ligase (New England BioLabs). For
mutated construct, five nucleotides from the binding site were mutated
(TCTCTCC- > TCGAATT) by using 5’phophorylated primers (Table S1).
Clones were sequenced to confirm the correct mutation in the binding
site. Cultured hCFs were treated with 20 nM mimic-185-5p for 24 h and
then transfected wild-type or mutant luciferase construct by using Lip
ofectamine (Thermo Fisher Scientific) for 24 h. Luciferase activity was
measured with Luc-Pair™ Duo-Luciferase Assay Kit 2.0 (Genecopoeia)
according to manufacturers' instructions. Firefly luciferase activity was
normalized to Renilla luciferase activity.

2.13. Western blotting
Western blotting was performed as previously described [23]. Pri
mary antibodies used were as collagen 1 (ab34710, Abcam, 1:500),
periostin (sc-398,631, Santa Cruz, 1:500), apelin receptor (ab214369,
Abcam, 1:500) and GAPDH (MAB374, Merck, 1:100,000). Secondary
antibodies were from Life Technologies (Alexa Fluor A11371, A21058,
and A21076) with 1:5000 dilution. Quantifications are shown as relative
to loading control (GAPDH).
2.14. Statistics
IBM SPSS Statistics software (IBM, Armonk, NY) was used for
determining statistical significance. Data was analyzed by using Student
t-test or one-way ANOVA when appropriate, followed by Tukey post hoc
test. When data was not normally distributed, Mann–Whitney U test was
used. P values <0.05 were defined as statistical significance.

2.9. miRNA sequencing analysis
For miRNA sequencing, the samples were prepared using the Illu
mina TruSeq Small RNA Sample Preparation Kit, and a HiSeq 2500 in
strument with single-end sequencing chemistry was used (50 bp as read
length). Data was processed using CLC Genomics Workbench (v. 9.5.3)
and miRBase 21 database was used in annotation. The R/Bioconductor
package with the DESeq normalization method was implemented for
data normalization. R package Limma was applied for statistical analysis
between the compared groups, and differentially expressed miRNAs
were filtered against a criteria of fold change >2 and Student's t-test p <
0.05. Heatmap of miRNA expression as well as unsupervised hierarchi
cal clustering were generated by Seaborn clustermap from Python,
clustered by average linkage with correlation as metric of distance
[19,20].

3. Results
3.1. MiR-185-5p is differentially expressed in diseased hearts
To identify potential miRNAs involved in human myocardial fibrosis,
we performed miRNA sequencing of cardiac samples from SCD victims
with PMF at the age of 30–40 yrs. No other cardiac diseases, such as
cardiac hypertrophy or coronary artery disease were observed at au
topsy of these SCD victims with PMF. In comparison, miRNA expression
was analyzed from cardiac samples of accidental death victims with no
history of cardiovascular diseases (CVDs) and no evidence of cardiac
diseases at autopsy. With the thresholds of fold change (FC) > 2 and p <
0.05, a total of 38 differently expressed (DE) miRNAs were identified
(Fig. 1A & Fig. SI). Analysis of samples from diseased and healthy hearts
identified differential expression of cardiac injury marker miR-499
[24,25], a fibrosis regulator miR-30c [10] and miR-503 that is dysre
gulated in diabetic muscles and has been shown to modulate endothelial
cell function and myocardial fibrosis [26–28]. Interestingly, unsuper
vised hierarchical clustering of DE miRNA expression indicated closest
relationship of miR-30c and miR-499 with miR-185 (Fig. 1A). Previous
studies have identified increased miR-185-5p plasma levels in patients
with HF [29] and dilated cardiomyopathy [30], but the role of miR-185
in cardiac fibrosis is not known.
MiR-185-5p is conserved among the species and to investigate for
possible regulation of miR-185-5p in experimental myocardial fibrosis

2.10. RNA sequencing analysis
Illumina TruSeq Stranded mRNA Kit on HiSeq 3000 (50 bp, Illumina)
was applied for RNA sequencing. Homo sapiens hg38 was selected as
reference genome, and RefSeq based annotation (from Illumina iGe
nomes website) was used as annotation of reference gene. [16] Pathway
analysis of differential expressed genes were conducted with The
PANTHER Classification System (http://pantherdb.org/). Annotation
data set were used Gene ontology (GO) cellular component complete
and Reactome pathways with PANTHER statistical overrepresentation
test. After normalization, differential expressed as well as fibrotic tran
scripts (encompassed all collagens and TGF-β/SMAD pathway
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Fig. 1. Analysis for miR-185-5p expression in
diseased hearts and resident cardiac cells.
(A) miRNA sequencing was performed on left
ventricular (LV) samples from sudden cardiac
death victims with primary myocardial fibrosis
at the age of 30–40 yrs. (N = 4) compared to
healthy subjects (N = 4, age: 30–40 yrs).
Shown is heatmap representation of miRNA
transcripts that were significantly altered in the
diseased hearts (fold change > ± 2 and p <
0.05). (B) qPCR analysis of miR-185-5p
expression in LV samples of mice subjected to
thoracic aortic constriction (TAC) for 2 weeks
compared to sham. N = 5. (C) Mice were sub
jected to TAC for 2 weeks followed by frac
tioning of the resident cardiac cells. Shown is
analysis for the expression of miR-185-5p in
cardiac fibroblasts (FB-185-5p), in car
diomyocytes (CM-185-5p) and in endothelial
cells (EC-185-5p). N = 5. (D-E) Analysis for
expression of miR-185-5p and CM-enrichedmiR-499-5p in resident cardiac cells isolated
from control mice. The values are shown as
relative to expression level in fibroblasts. Data
are expressed as mean ± SD. N represents the
number of biological replicates. Normally
distributed data was analyzed with Student's ttest, otherwise Mann–Whitney U test was used.
Statistical significance was defined as *p <
0.05, **p < 0.01, ***p < 0.001.

model, we analyzed for expression of miR-185-5p in cardiac samples of
mouse hearts subjected to hemodynamic pressure overload. We found
that cardiac miR-185-5p expression levels were reduced after two weeks
of pressure overload compared to sham-operated mice (Fig. 1B). Inter
estingly, qPCR analysis showed that expression of miR-30c and miR-499
is also decreased in TAC hearts, and the expression levels of both miR
NAs closely correlate with miR-185-5p expression (R2 = 0.616, p =
0.007 for miR-30c-5p and R2 = 0.428, p = 0.040 for miR-499; Fig. SII).
To understand for possible differences in cell specific expression in
resident cardiac cells, we subjected mice to cardiac pressure overload for
2 weeks and analyzed for miR-185-5p expression in cardiomyocytes,
endothelial cells and fibroblasts isolated from hearts as previously
described [21]. The purity of each population was confirmed by qPCR
analysis for respective cell markers (Fig. SIII). The cell-specific evalua
tion revealed a decrease in miR-185-5p levels in both cardiomyocytes
and endothelial cells, with the decrease in endothelial cells approaching
significance (p = 0.076) (Fig. 1C). In contrast, miR-185-5p expression
level in cardiac fibroblasts was increased by 2.9-fold (Fig. 1C). Inter
estingly, linear regression analysis showed that miR-185-5p expression
in fibroblasts correlated with the increase in LV mass and decline in LV
systolic function induced by thoracic aortic constriction (TAC)
(Fig. SIV). We then subjected mice to TAC for three weeks. Differently
from 2-week time point, no difference was observed in miR-185-5p
expression between the TAC and sham operated mice in any of the
cell types (Fig. SV). In addition, miR-185-5p expression in cardiac fi
broblasts after 3 weeks of TAC did not correlate with cardiac systolic
function or LV mass. Pressure overload thus appears to induce a tran
sient increase in miR-185-5p expression in cardiac fibroblasts. Analysis
for the relative distribution of miR-185-5p expression in mouse hearts
showed that miR-185-5p expression is highest in cardiomyocytes and
lowest in endothelial cells (Fig. 1D). Expression of cardiomyocyteenriched miR-499-5p was highest in cardiomyocytes (Fig. 1E).

levels with a synthetic mimic (mimic-185-5p) in human cardiac fibro
blasts (hCFs). A fluorescence-labeled control mimic (scrambled nucle
otides) was used to determine the delivery of mimic into hCFs, and a
dose-dependent increase of fluorescence signal was detected by flow
cytometry analysis (Fig. SVI). qPCR analysis showed a robust increase in
miR-185-5p expression in hCFs upon mimic-185-5p treatment
(Fig. SVII).
Sirius Red/Fast Green Collagen Staining showed that mimic-185-5p
augmented total collagen deposition in hCFs compared to control mimic
treated cells. On the other hand, downregulating miR-185-5p with
antimiR-185-5p (Fig. SVII) significantly attenuated collagen deposition
(Fig. 2A). Western blot analysis also indicated that mimic-185-5p trig
gered an increase in expression of collagen I and periostin in hCFs
(Fig. 2B), whereas antimiR-185-5p treatment attenuated of collagen I
and periostin expression (Fig. 2B). qPCR analysis showed that antimiR185-5p modestly reduced collagen I (COL1A1) expression at basal level
in hCFs (Fig. SVIII). On the other hand, antimiR-185-5p markedly
attenuated COL1A1 production in hCFs treated with pro-fibrotic TGF-β1
(Fig. SVIII). This effect was observed both in hCFs grown on a normal
dish and on a soft dish that emulates the stiffness of tissue in vivo
(Fig. SVIII). TGF-β1 treatment did not have effect on miR-185-5p
expression (Fig. SVIII).
3.3. MiR-185-5p promotes myocardial fibrosis
To investigate if miR-185-5p regulates development of myocardial
fibrosis in vivo, we subjected mice to experimental myocardial fibrosis
by TAC for 3 weeks. The duration of the study was chosen based on
previous data showing that accumulation of myocardial ECM in
response to TAC is most active in early phases after the surgery. [31–33]
In addition, our data indicated a transient increase in miR-185-5p
expression in cardiac fibroblasts after TAC (Fig. 1C and Fig. SV). Ten
days after the surgery, the mice were randomized for treatment with
either antimiR-185-5p or with antimiR-Ctrl.
Echocardiography analysis three weeks after TAC showed better
preserved cardiac ejection fraction in antimiR-185-5p treated mice (p =

3.2. MiR-185-5p promotes collagen production
To investigate for the function of miR-185-5p, we first augmented its
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Fig. 2. miR-185-5p regulates collagen deposition.
Human cardiac fibroblasts (hCFs) were treated with 20 nM mimic-185-5p or 50 nM antimiR-185-5p, or respective control (mimic-Ctrl or antimiR-Ctrl) for 36 h as
indication. (A) Analysis for total collagen deposition after treatment with mimic-185-5p or antimiR-185-5p. N = 5–6. (B) Western blot analyses for collagen I and
periostin and (C) corresponding densitometry analyses. N = 3. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control for normalization.
N represents the number of biological replicates. Data are shown as mean ± SD. Student's t-test was used for statistical comparison. Statistical significance was
defined as *p < 0.05, ** p < 0.01, ***p < 0.001 vs Ctrl.

0.052) and analysis for fractional area change showed significantly
better cardiac systolic function in antimiR-185-5p treated mice
(Fig. 3A). AntimiR-185-5p treated mice also had smaller LV diameter,
whereas no effect was observed in LV posterior wall thickness between
the TAC groups (Fig. 3B, Table S2). AntimiR-185-5p treatment had no
effect on TAC-induced increase in heart weight to body weight ratio or
cardiomyocyte size (Fig. 3D). Notably, cardiac pressure overload
induced a significant increase in cardiac interstitial fibrosis, which was
blunted by treatment with antimiR-185-5p (Fig. 3C and Fig. SIX). Car
diac pressure overload also induced perivascular fibrosis in the
myocardium, but that was not significantly affected by antimiR-185-5p
treatment (Fig. 3C and Fig. SIX). Staining for PDGFRα positive cells
indicated a decrease in the number of fibroblasts in the hearts of mice
treated with antimiR-185-5p (Fig. 3C). Cardiac pressure overload also
resulted in a decrease in capillary density, which was mitigated by
antimiR-185-5p treatment albeit not reaching significance (p = 0.104,
Fig. 3E).
qPCR analysis showed that the expression of miR-185-5p was
downregulated following 3 weeks of TAC, and the treatment of mice
with antimiR-185-5p further reduced miR-185-5p expression (Fig. 3F).
qPCR analysis for fibrosis and hypertrophy related genes showed that
antimiR-185-5p significantly attenuated periostin (POSTN) expression
in TAC hearts, with only tendency for downregulation of COL1A1, TGFβ1, CTGF and atrial natriuretic peptide (ANP) (Fig. 3G-H). Analysis for

angiogenesis related genes showed an increase in VEGFB and VEGFR1
expression in antimiR-185-5p treated hearts when compared to mice
treated with antimiR-Ctrl (Fig. 3I). The expression of tumor necrosis
factor α was downregulated but the expression of other inflammatory
genes including interleukin 1 α (IL-1α), IL-1β, and C–C motif chemokine
2 (CCL2) were not altered by antimiR-185-5p treatment (Fig. SX).
Immunoblot analysis revealed a significant reduction in ANP expression
levels in TAC mice treated with antimiR-185 (Fig. 3J). Treatment with
antimiR-185-5p had no effect on cardiac structure or function, or LV
expression of fibrotic and hypertrophic genes in non-operated mice
(Fig. SXI).
3.4. miR-185-5p does not promote hypertrophy in primary
cardiomyocytes
Considering previously reported anti-hypertrophic effect of miR185-5p in cardiomyocytes [34,35], we investigated if miR-185-5p
regulated hypertrophic growth in primary neonatal rat ventricular car
diomyocytes. qPCR analysis showed that antimiR-185-5p reduced BNP,
β-MHC and TGF- β1 expression, but had no effect on ANP expression in
cardiomyocytes (Fig. SXII). Analysis for [3H] leucine incorporation in
cardiomyocytes showed that neither mimic-185-5p or antimiR-185-5p
had an effect protein synthesis (Fig. SXII).
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Fig. 3. Targeting miR-185-5p attenuates myocardial fibrosis in vivo.
Mice were subjected to thoracic aortic constriction (TAC) or sham surgery, and 10 days later randomized for treatment with either antimiR-185-5p or antimiR-Ctrl.
(A-B) Echocardiography analysis of left ventricular (LV) ejection fraction (EF), endocardial fractional area change (FAC), LV inner diameter at diastole (LVID;d), and
LV posterior wall thickness at diastole (LVPWd) at 3 weeks after TAC. (C) Analysis of interstitial fibrosis, perivascular fibrosis and the number of PDGFRα positive
cells (cells per mm2) in the hearts 3 weeks after TAC. (D) Analysis of heart weight (HW) to body weight (BW) ratio and cardiomyocyte (CM) size. (E) Determination of
capillary density by histological analysis for CD31+ cells. (F–I) qPCR analysis of LV samples for expression levels of (F) miR-185-5p, (G) COL1A1, POSTN, TGF-B1,
CTGF, MMP2, MMP9, (H) ANP, BNP, β-MHC, PGC-1α1, (I) VEGFA, VEGFB, VEGFR1 and VEGFR2. Data are shown as relative to sham. N = 5 for sham group and N =
8 for TAC groups. (J) Western blot analysis for ANP in LV samples and corresponding densitometry analysis. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as a loading control. N = 6. N represents the number of biological replicates. Data are shown as mean ± SD. Normally distributed data was analyzed with
One-way ANOVA followed by Dunnett's test or Student's t-test. When data was not normally distributed, Mann–Whitney U test was used. Statistical significance was
defined as *p < 0.05, **p < 0.01, ***p < 0.001 vs sham; #p < 0.05, ##p < 0.01, ###p < 0.001 vs TAC + antimiR-Ctrl.

3.5. MiR-185-5p targets apelin receptor

that overexpression of miR-185-5p depressed APLNR expression and,
conversely, treatment of hCFs with antimiR-185-5p increased APLNR
expression (Fig. 4E-F).
To explore if sequence match between miR-185-5p and APLNR could
lead to inhibition of gene expression, we performed dual luciferase
assay. A luciferase construct harboring the binding site between miR185-5p and APLNR was generated (wtAPLNR) and compared to vector
with mutated miR-185-5p binding site (mutAPLNR). Upon miR-185-5p
overexpression, luciferase signal remained very low in wtAPLNR
transfected cells, whereas disruption of pairing with miR-185-5p in
mutAPLNR transfected cells resulted in a robust increase in luciferase
activity (Fig. 4G). These data thus establish APLNR as a direct target of
miR-185-5p in human.

To characterize the molecular function of miR-185-5p, we carried
out RNA sequencing of hCFs treated with either mimic-185-5p or control
mimic. Totally, 1207 genes were differentially expressed (Table S3).
Gene ontology (GO) pathway analysis of DE genes revealed that mimic185-5p induced a transcriptional signature, in which 4 of the top 10 gene
pathways (ranking by FDR p-value) were related to ECM or membranebounded organelle (Fig. 4A). Reactome pathway analysis showed that
among all classified pathways, ECM organization was the top one
enriched signature and 3 converged on G protein-coupled receptor
(GPCR) related signaling (Fig. 4B).
Interestingly, exploring public database miRDB showed that apelin
receptor (APLNR), a member of GPCR signaling, is a potential target of
miR-185-5p. MiR-185-5p binds to 5’untranslated region (5’UTR) of
human APLNR (Fig. 4C). Among the resident cardiac cells in mice,
APLNR expression is highest in endothelial cells (Fig. SXIII). Over
expressing miR-185-5p in cultured human endothelial cells was able to
robustly dampen APLNR expression (Fig. 4D). qPCR analysis of hCFs
show that overexpression of miR-185-5p has tendency to decrease
APLNR expression (Fig. SXIII). Western blot analysis of hCFs showed

3.6. MiR-185-5p regulates collagen production by targeting apelin
signaling
Further analysis of fibrosis related transcripts (including all collagens
and components of TGF-β/SMAD pathway) in RNA sequencing data
showed that miR-185-5p induced the expression of several key ECM
components and fibrosis regulators, including COL1A1, smooth muscle
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Fig. 4. MiR-185-5p targets apelin receptor.
Human cardiac fibroblasts (hCFs) were treated with mimic-185-5p (n = 3) or mimic-Ctrl (n = 2) for 24 h and samples were subjected to RNA sequencing. Shown are
(A) Gene Ontology (GO) enrichment analysis and (B) Reactome pathway analysis for the genes regulated by mimic-185-5p. (C) Schematic presentation of the binding
sequence of miR-185-5p and the 5′ untranslated region (UTR) of human apelin receptor (APLNR). (D) Human umbilical vein endothelial cells were treated with
mimic-185-5p (50 nM) or mimic-Ctrl. Shown is qPCR analysis for APLNR. (E-F) hCFs were treated with mimic-185-5p (20 nM) or 50 nM antimiR-185-5p and with
respective controls (mimic-Ctrl or antimiR-Ctrl) for 36 h. Shown are Western blot and densitometry analyses for expression of APLNR. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as a loading control. N = 3. (G) hCFs were treated with 20 nM mimic-185-5p for 24 h, and then co-transfected with mutated
(mutAPLNR) or wild-type (wtAPLNR) APLNR luciferase reporter construct. Shown is normalized firefly luciferase activity (FLuc) to Renilla luciferase (RLuc) activity.
N = 6. N represents the number of biological replicates. Data are shown as mean ± SD. Student's t-test was used for statistical comparison, and significance was
defined as *p < 0.05, **p < 0.01 vs Ctrl.

alpha actin (ACTA2), TGF-β receptor type-2 (TGFBR2), latent TGF-β
binding protein 2 (LTBP2), and CTGF, along with the reduction of bone
morphogenetic protein 2 (BMP2) (Fig. 5A).
We next addressed if miR-185-5p could affect TGF-β1 induced
fibrotic response. Treatment of hCFs with TGF-β1 induced collagen
deposition, which was further increased by mimic-185-5p (Fig. 5B).
There is data from previous studies showing that apelin attenuates
fibrotic responses [27,36–38]. We found that augmenting apelin
signaling by apelin-13 attenuated TGF-β1 induced collagen deposition

(Fig. 5C). Notably, this inhibitory effect of apelin on collagen deposition
was abrogated in hCFs cotreated with mimic-185-5p (Fig. 5C). In
agreement, qPCR analysis showed that apelin-13 treatment reduced the
COL1A1 expression, and mimic-185-5p treatment impeded the antifibrotic effect of apelin-13 (Fig. 5C). qPCR analysis for fibrotic
markers LTBP2, TGFBR2, fibronectin and periostin, also displayed a
reversal trend against apelin upon mimic-185-5p treatment, though only
LTBP2 reaching significance (Fig. SXIV).
In contrast with the effects of apelin, apelin receptor blockade with
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Fig. 5. MiR-185-5p inhibits the anti-fibrotic
effects of apelin.
(A) Human cardiac fibroblasts (hCFs) were
treated with mimic-185-5p (N = 3) or
mimic-Ctrl (N = 2) for 24 h and RNA sam
ples were subjected to RNA sequencing.
Shown is heatmap presentation of expression
of extracellular matrix and transforming
growth factor β -related components that
were significantly altered by mimic-185-5p.
(B) hCFs were treated with TGF-β1 (5 ng/
mL) and with mimic-185-5p (20 nM) where
indicated. Shown is analysis for collagen
deposition. N = 5–6. (C) TGF-β1 treated hCFs
were co-treated with apelin-13 (200 nM)
with or without mimic-185-5p (20 nM).
Shown is analysis for collagen deposition
(left panel, N = 5–6) and qPCR analysis for
expression of collagen I (COL1A1, right
panel, N = 4). (D) hCFs were treated apelin
receptor antagonist ML221 (5 μM or 10 μM)
and co-treated with antimiR-185-5p (50 nM)
where indicated. Shown is analysis for
collagen deposition and cell metabolic ac
tivity (N = 5–6). N represents the number of
biological replicates. Data are expressed as
mean ± SD. One-way ANOVA followed by
Tukey's post hoc test and Student's t-test was
used for statistical comparison. Statistical
significance was defined as **p < 0.01, ***p
< 0.001 vs Ctrl; #p < 0.05, ##p < 0.01 vs
TGF-β1; ††p < 0.01 vs TGF-β1 + apln-13; $p
< 0.05, $$p < 0.01, $$$p < 0.001 vs anti
miR-185-5p.

ML221, a selective antagonist of apelin receptor, induced an increase in
Col 1 and Col 3 expression and enhanced collagen deposition in hCFs
(Fig. SXV). Importantly, the decreased collagen deposition upon miR185-5p targeting was abolished by apelin receptor antagonist
(Fig. 5D). Targeting miR-185-5p in hCFs did not have effect on fibroblast
proliferation or fibroblast migration (Fig. SXVI). However, miR-185-5p
targeting reduced the metabolic activity of hCFs, and treatment with
apelin receptor antagonist abrogated this effect (Fig. 5D). These data
thus indicate that the anti-fibrotic effect of miR-185-5p targeting is at
least partially dependent on apelin receptor.

(Fig. 6C), but not in hearts with ischemic or dilated cardiomyopathy
(Fig. SXVII). No difference was observed in APLNR expression between
diseased and healthy hearts (Fig. SXVIII). Differently from miR-185-5p,
the diseased hearts showed no difference in the expression of miR-499a5p, miR-30c-5p or miR-503-5p, all of which were also dysregulated in
SCD cases with PMF (Fig. 1; Fig. SXVIII).
4. Discussion
Myocardial fibrosis is progressive accumulation of ECM proteins that
are produced by activated fibroblasts or by fibroblast-derived myofi
broblasts, which reduces tissue compliance and accelerates the pro
gression to HF. Currently, therapies targeting angiotensin II and
mineralocorticoid receptors are used in the clinics and reduce devel
opment of myocardial fibrosis [39]. However, more efficient therapies
are needed to prevent or even reverse myocardial fibrosis and progres
sion of HF.
Cardiac stresses such as chronic pressure overload [35] and MI [40]
repress miR-185-5p expression in the heart. Data from previous studies
also show that miR-185-5p antagonizes hypertrophic growth [34,35]
and exacerbates cardiac dysfunction in mice subjected to MI [40]. In
crease in cardiac miR-185-5p levels thus contributes to progression of
HF, and these data raise a question if miR-185-5p regulates fibroblast
function and development of myocardial fibrosis.
In the present study, we aimed to identify novel miRNAs that

3.7. miR-185-5p expression is increased in failing hearts
As cardiac fibrosis is a hallmark of end-stage heart failure, we
investigated if miR-185-5p is dysregulated in LV samples of hearts
explanted from patients with end-stage ischemic or dilated cardiomy
opathy. The patient characteristics are shown in Table 1. In comparison,
miR-185 expression was analyzed from LV samples of accidental death
victims with no history of CVD or evidence of CVD at autopsy. Analysis
of LV samples from patients with ischemic or dilated cardiomyopathy
showed an increase in miR-185-5p expression levels (Fig. 6A). Consis
tent with the fibrotic phenotype, the diseased hearts also showed
increased expression of collagen I and TGF-β1 compared to healthy
controls (Fig. 6B). Interestingly, LV miR-185-5p levels highly correlated
with LV expression of COL1A1 and TGF-β1 in healthy control subjects
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Fig. 6. miR-185-5p is a potential biomarker
for myocardial fibrosis.
(A) qPCR analysis for miR-185-5p expression
in left ventricular (LV) samples from healthy
control subjects (N = 13) and in LV samples
explanted from hearts of patients with endstage ischemic (N = 8) or dilated (N = 14)
cardiomyopathy. (B) qPCR analysis for
collagen 1 (COL1A1) and transforming
growth factor β1 (TGF-β1) expression in
healthy and cardiomyopathy hearts. (C)
Expression of miR-185-5p was plotted against
COL1A1 and TGF-β1 expression in healthy
control samples. Linear regression model was
used to study correlation. R2 value represents
the goodness of fit and p-value is the signifi
cance of the correlation. N represents the
number of biological replicates. Man
n–Whitney U test was used for statistical
comparison. Pearson correlation was selected
for correlation analysis. Data are shown as
relative to control and are expressed as mean
± SD. Statistical significance was defined as
*p < 0.05, **p < 0.01, ***p < 0.001 vs
healthy control.

regulate development of myocardial fibrosis and could serve as potential
targets of therapy for myocardial fibrosis. By analyzing human LV tissue
samples from SCD victims with PMF and LV samples from mice sub
jected to pressure overload, we identify miR-185-5p as a potential
regulator of myocardial fibrosis. Analysis of LV samples from patients
with end-stage cardiomyopathy also show increased expression of miR185-5p. Interestingly, miR-185-5p expression associates strongly to
COL1A1 expression in healthy hearts, which indicates a role of miR-1855p in regulating basal level of collagen expression. This is in line with the
ability of miR-185-5p to alter collagen deposition at baseline in hCFs.
However, cardiac miR-185-5p shows no correlation to COL1A1 or TGFβ1 expression in LV samples from patients with end-stage dilated or
ischemic cardiomyopathy, which may be due to different etiologies and
features in both diseases comparing to PMF, and therefore varying
causes responsible for COL1A1 elevation. Identification of miRNAs that
correlate with pro-fibrotic processes in the heart could be valuable for
not only providing cues for the pathogenesis of myocardial fibrosis, but
also for providing potential targets for anti-fibrotic therapies.
The failing human heart exhibits complex structural remodeling that
involves rearrangement of the muscle fibers, accumulation of ECM, and
impaired angiogenesis, which implies that the non-muscle cells residing
in the interstitium likely play important roles in both cardiac hyper
trophy and heart failure. In fact, cells other than cardiomyocytes ac
count for approximately 70% of the total cell number in the heart [41].
By separate analysis of resident cardiac cells, we find that increase in
hemodynamic afterload imposed by TAC results in an increase in miR185-5p expression specifically in cardiac fibroblasts. Studies in fibro
blast model show that miR-185-5p promotes collagen deposition,
whereas targeting miR-185-5p attenuates collagen production.
We then targeted miR-185-5p in mice, which completely abolishes
pressure overload-induced cardiac interstitial fibrosis and is accompa
nied with better preserved LV systolic function and reduced expression
of HF marker ANP. However, targeting miR-185-5p has no effect on LV
hypertrophy or LV collagen expression, which may be due to lack of
effect on perivascular fibrosis. Furthermore, data from isolated car
diomyocytes and sham mice suggest that miR-185-5p does not promote
cardiomyocyte growth at least in non-stimulated cardiomyocytes. Tar
geting miR-185-5p results in induction of angiogenesis related genes in
TAC hearts and has some effect in attenuating the capillary rarefaction

following TAC. Interestingly, there is also previous data indicating an
anti-angiogenic role for miR-185-5p [40,42–44]. Studies in human
umbilical vein endothelial cells showed that augmenting miR-185-5p
reduced endothelial cell proliferation, migration and tube formation,
and, conversely, targeting miR-185-5p enhanced endothelial cell pro
liferation, migration and tube formation [40]. Augmenting miR-185-5p
levels in vivo abrogated angiogenesis 4 weeks post-MI and that was
associated with worsening of LV systolic function [40]. Given the
essential difference of pressure overload and ischemic stress, it is
possible that the main function of miR-185-5p shifts between fibroblasts
and endothelial cells depending on the course and type of the disease.
We detected a decrease in miR-185-5p expression in LVs following both
2 and 3 weeks of TAC. Notably, targeting miR-185-5p with an antimir
resulted in further reduction of miR-185-5p levels and attenuated TACinduced pathological LV remodeling. These data thus suggest that the
initial reduction of cardiac miR-185-5p upon stress serves to compensate
and resolve the stress-induced damage and LV dysfunction. Additional
experiments would be needed to dissect if targeting miR-185-5p protects
from development of heart failure upon prolonged hemodynamic stress.
Apelin receptor (APLNR, formerly APJ) is a member of trans
membrane G protein-coupled receptors (GPCRs) [45]. Apelin and apela
are the two ligands for the apelin receptor [46], and in human apelin-13
is the most potent activator for the receptor [47]. Downregulation of
APLNR is observed in human with idiopathic dilated cardiomyopathy
(in LV) and coronary heart disease (in the atrias) [48]. Apelin receptorinduced signaling has shown to exert beneficial effects in ischemiareperfusion injury [49], in experimental cardiac pressure overload
model [50,51] and in patients with HF [52]. Importantly, the role of
apelin – apelin receptor signaling in protecting from development of
cardiac fibrosis is well established [36,54]. Lentiviral overexpression of
apelin has been shown to reduce stress-induced cardiac fibrosis [54],
whereas apelin knockout mice display aging associated increase in
cardiac fibrosis [37,56]. In addition, there is evidence for miRNAs in
modulating the anti-fibrotic effects of apelin. MiR-503 targets apelin-13,
and inhibition of miR-503 has been shown to suppress angiotensin II
-induced fibrotic response in hearts in vivo [27]. Herein, we uncover a
novel regulation of APLNR by miR-185-5p. MiR-185-5p directly re
presses APLNR expression as disruption of miR-185-5p binding site in
APLNR luciferase reporter construct results in marked increase of
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luciferase signal. Data from studies in cardiac fibroblasts show that this
bears functional importance as the anti-fibrotic effects of apelin-13 are
abrogated by miR-185-5p, and conversely, the anti-fibrotic effect of
antimiR-185-5p is abrogated by apelin receptor antagonist. Prior study
has shown an anti-fibrotic role of miR-185 via directly targeting COL1A1
[57]. However, in TargetScan, regarding the two mature arms of mir185, we found that only miR-185-3p has a putative target of COL1A1.
By integrating data from patient samples and studies in vitro and in
vivo, we identify a pro-fibrotic function for miR-185-5p in the heart. Our
results also highlight the therapeutic potential of targeting miR-185-5p
in limiting myocardial fibrosis induced by pressure overload. Mecha
nistically, our data shows that miR-185-5p targets apelin receptor,
which at least partially mediates the anti-fibrotic effects of miR-185-5p.
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