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1 | INTRODUCTION

Abstract

Right ventricular (RV) failure is the primary cause of death in pulmonary arterial hy-
pertension (PAH). We hypothesized that heart-relevant microRNAs, that is myomiRs
(miR-1, miR-133a, miR-208, miR-499) and miR-214, can have a role in the right ventri-
cle in the development of PAH. To mimic PAH, male Wistar rats were injected with
monocrotaline (MCT, 60 mg/kg, s.c.); control group received vehicle. MCT rats were
divided into two groups, based on the clinical presentation: MCT group terminated
4 weeks after MCT administration and prematurely terminated group (ptMCT) dis-
playing signs of terminal disease. Myocardial damage genes and candidate microR-
NAs expressions were determined by RT-gPCR. Reduced blood oxygen saturation,
breathing disturbances, RV enlargement as well as elevated levels of markers of myo-
cardial damage confirmed PH in MCT animals and were more pronounced in ptMCT.
MyomiRs (miR-1/miR-133a/miR-208a/miR-499) were decreased and the expression
of miR-214 was increased only in ptMCT group (P < 0.05). The myomiRs negatively
correlated with Fulton index as a measure of RV hypertrophy in MCT group (P < 0.05),
whereas miR-214 showed a positive correlation (P < 0.05). We conclude that the ex-
pression of determined microRNAs mirrored the disease severity and targeting their

pathways might represent potential future therapeutic approach in PAH.
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pulmonary hypertension

of death for the patients with PAH.? Notwithstanding that medical in-
terventions decrease pulmonary vascular resistance, deterioration in

Pulmonary arterial hypertension (PAH) is a rare and severe disease, de-

! caused by

fined by an elevation in mean pulmonary arterial pressure
increased vasoconstriction, vascular remodelling, fibrosis and stiffen-
ing of the pulmonary vasculature. The disease progresses into elevated

right ventricular (RV) afterload promoting RV failure, the leading cause

RV function occurs in a certain number of patients, which has a strong
prognostic value in PAH.® Therefore, RV-targeted therapy is needed.
Multifactorial background and epigenetic alterations might also mark-
edly contribute to PAH progression starting to be explored for thera-

pies mostly in animal models.? In rats, administration of monocrotaline
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induces a reliable model of experimental pulmonary hypertension (PH)
which mimics a number of features of human PAH.>8

MicroRNAs (miRNAs) are small non-coding RNA molecules
(around 22 nucleotides long) that regulate gene expression on
post-transcriptional level, by mRNA degradation or translational re-
pression’ and various miRNAs have been suggested to be involved
in the pathophysiology of PAH.}%! Importantly, alterations in mus-
cle-specific microRNAs (myomiRs), that is miR-1, miR-133a, miR-208

12,13 and,

and miR-499, have been found in diverse cardiac injuries
recently, myomiRs have been unveiled to be sensitive markers of
sudden death from myocardial infarction.** Thus, their role in RV pa-
thology resulting from PAH can be anticipated.

MiR-1 is abundantly expressed in the skeletal muscle and the
heart and is a key regulator in differentiation and proliferation of
muscular cells.® MiR-1 also plays a crucial role during cardiogenesis
and regulates cardiac conduction.?” Its increased levels have been
detected in patients with coronary arterial disease and in rat hearts
after myocardial infarction.'® On the contrary, decreased levels were
observed in patients with atrial fibrillation'” and in rats with left ven-
tricular hypertrophy.'®

Closely related to miR-1, miR-133 has two isoforms, miR-133a
and miR-133b. MiR-133a is highly expressed in the heart and also
plays a role in cardiogenesis and cardiac conductance.’® It has anti-
apoptotic properties in cardiomyocytes” and represses myocardial
fibrosis.2° Similarly to miR-1, its expression was also found to be de-
creased in cardiac hypertrophy.?!

Another heart-enriched microRNAs belong to the miR-208 fam-
ily, which consists of miR-208a, encoded by a-myosin heavy chain
(MHC) gene—Myhé; miR-208b, co-expressed with f-MHC gene—
Myh7; and miR-499, encoded in the Myh7b gene. In adult rodents,
miR-208a is expressed exclusively in the cardiac muscle, thus car-
dio-specific, whereas miR-499 is relatively highly expressed in the
heart and miR-208b is absent in this organ under normal conditions.
a-MHC is also the predominant form of MHC, accounting for more
than 90% of total expression.?> However, in larger mammals and
human beings, the major cardiac isoform is -M HC.2® During patho-
logical hypertrophy, the distribution of myosin isoform changes with
induction of p-MHC at the expense of a-MHC.?* MiR-208a regulates
the expression of Myh7b/miR-499 and is also needed for the up-reg-
ulation of Myh7/miR-208b and p-MHC in pathological setting. This
microRNA is therefore considered to govern myofiber diversifica-
tion, stress responsiveness of the heart and cardiac remodelling22*25
and it is also important for proper cardiac conduction.?¢ MiR-499,
seeming to be a downstream mediator of miR-208a,%? has antiapop-
totic and proliferative properties during the late stages of cardiac
differentiation.”

Even though miR-214 was initially associated with cellular death
and is dysregulated in various malignancies, it is also expressed in
cardiac tissue having cardiac pathology-related influence, influenc-
ing tissue remodelling, ischaemic conditions, etc?® This microRNA
was investigated in connection with cardiac hypertrophy and fi-
brosis; nevertheless, the studies suggest controversial conclusions,

because some indicate that miR-214 has pro-hypertrophic?’ and

pro-fibrotic®® properties, whereas others showed its protective ef-
fects in these aspects.332

Based on a close relation of the above-mentioned miRNAs to
cardiac injury and remodelling, we suppose that these microRNAs
could also have an impact on the overwhelmed right ventricle in
experimental PH and they could possibly help clarify pathological

mechanisms occurring in this organ.

2 | MATERIALS AND METHODS
2.1 | Animal experiment design

In the experiment, 12-week-old male Wistar rats weighing 235-
300 g (Department of Toxicology and Laboratory Animals breed-
ing, Dobrd Voda, Slovak Republic) were randomized into two
groups, depending on the treatment (either saline—control group
or monocrotaline—MCT group). Monocrotaline was administered
subcutaneously at the dose of 60 mg/kg in MCT group’ whereas
the control group received a corresponding volume of saline. Rats
were kept under standard conditions, with access to food and water
ad libitum. The rats were planned to be killed after 4 weeks since
the treatment administration; however, in certain animals from the
MCT group, the terminal stage of PH developed more rapidly and
they had to be killed prematurely, since their survival till the 28th
day after MCT administration was not expected. These prema-
turely terminated MCT rats (ptMCT) were observed and selected
by two independent examiners, the necessary criteria being loss of
more than 10 g in bodyweight during 24 hours, estimated profound
dyspnoea (confirmed by breath rate measurement, see Vital func-
tions measurements), decreased activity and apathy and bristled
fur. In our experience, all of these signs indicate a potential death in
24 hours. Therefore, ptMCT group represents the terminal stages of
the progression of PH. The animals in the control and surviving MCT
group were killed 4 weeks after the treatment, as planned. All ex-
perimental procedures that involved the use of experimental animals
were approved by the Ethics Committee of the Faculty of Pharmacy,
Comenius University in Bratislava, Slovak Republic; and by the State
Veterinary and Food Administration of the Slovak Republic. These
investigations were also performed in accordance with NIH Guide
for the Care and Use of Laboratory Animals: Eight Edition (2010)
published by the US Committee for the Update of the Guide for the
Care and Use of Laboratory Animals; National Research Council, the
EU adopted Directive 2010/63/EU of the European Parliament and
of the Council on the protection of animals used for experimental
and other scientific purposes and the Slovak law regulating animal

experiments.

2.2 | Vital functions measurements

For haemoglobin oxygen saturation, heart and breath rate meas-

urement, a pulse oximeter (MouseOx Plus; Starr Life Sciences,
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Oakmont, PA, USA) was used 24 hours before sacrifice,® or, in case
of ptMCT group, shortly before sacrifice. A sensor collar of appropri-
ate size was placed around the neck of conscious rats, and the vital
functions of the animals were recorded and analysed accordingly to

the manufacturer's instructions.

2.3 | Sample collection

Lungs and heart ventricles were harvested, blotted dry and weighted.
The ratio of RV mass to left ventricular mass plus interventricular
septum (Fulton index) was used as a measure of RV hypertrophy.8
Tissue samples of right ventricles were frozen in liquid nitrogen and
stored at -80°C until further processing.

2.4 | Messenger RNA and microRNA tissue
expression measurement

Both mRNA expression of cardiac failure-related indicators, such as
brain natriuretic peptide (BNP)-encoding gene (Nppb),® cardiac mus-
cle myosin heavy chains (a- and 8-MHC) encoding genes (Myhé and
Myh7)'? and microRNA expression in RV samples, were determined
by quantitative real-time polymerase chain reaction (RT-gPCR). Total
RNA was isolated by phenol/chloroform extraction method using
TRI reagent (Sigma-Aldrich, Saint-Louis, MO, USA). The quality of
the isolated RNA was verified by 2% agarose gel electrophoresis and
quantified by microspectrophotometry using NanoDrop ND-1000
(Thermo Fisher Scientific, Waltham, MA, USA).

TABLE 1 Primer sequences for

RT-qPCR Gene symbol

B2m

Hprtl

Myhé

Myh7

Nppb

RefSeq access. no.

NM_012512.1

NM_012583.2

NM_017239.2

NM_017240.1

NM_031545.1

WILEY- 2%

For mRNA measurements, reverse transcription was per-
formed using High Capacity cDNA Reverse Transcription Kit
with RNAse inhibitor (Thermo Fisher Scientific) with 2 pg of
total RNA. SYBR" Select Master Mix (Thermo Fisher Scientific)
was utilized for qPCRs. Messenger RNA-specific primers
(Sigma-Aldrich) were designed in Primer-BLAST®* with mea-
sures against genomic DNA detection and were verified to
yield a single PCR product with the correct molecular weight
and amplicon length. List of primers with their sequences is
shown in Table 1. Results were normalized to the geometric
mean of expressions of two pre-verified endogenous refer-
ence genes—beta-2-microglobulin and hypoxanthine phos-
phoribosyltransferase 1.

For microRNA measurements, reverse transcription was per-
formed using TagMan MicroRNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA) in a multiplex assay of all analysed
microRNAs according to the manufacturer's instructions. TagMan
2x Universal PCR Master Mix (Applied Biosystems) was utilized
for gPCRs with primers from individual TagMan microRNA Assays
(Applied Biosystems) of analysed microRNAs (Table 2). Results were
normalized to the expression of endogenous reference, U6 small nu-
clear RNA.

All gPCRs of both mRNAs and microRNAs were performed on
StepOnePIusm Real-Time PCR System (Thermo Fisher Scientific).
Mean PCR efficiency estimates per amplicon and quantification
cycle (Cq) values per sample were determined with LinRegPCR soft-
ware (version 2018.0).%° Finally, Pfaffl-like efficiency corrected rela-
tive expressions were calculated®® and calibrated to their applicable

control group.

PCR

Primer sequences (5’ = 3') product size

Forward: ATG GAG CTC TGA ATC 105
ATC TGG

Reverse: AGA AGA TGG TGT GCT
CAT TGC

Forward: CAG CTT CCT CCT 150
CAGACCGCTTT

Reverse: TCA CTA ATC ACG ACG
CTG GGA CTG

Forward: GCC CTT TGA CATCCG 152
CACAGAGT

Reverse: TCT GCT GCA TCA CCT
GGT CCTCC

Forward: GCG GAC ATT GCC 133
GAG TCC CAG

Reverse: GCT CCA GGT CTC
AGG GCT TCA CA

Forward: GAC CGG ATC GGC 78
GCA GTCAGT

Reverse: GGA GTC TGC AGC
CAGGAGGTCT

Note: Abbreviations: B2m, beta-2-microglobulin; Hprt1, hypoxanthine phosphoribosyltransferase
1; Myhé, myosin heavy-chain 6; Myh7, myosin heavy-chain 7; Nppb, natriuretic peptide B.


info:ddbj-embl-genbank/NM_012512.1
info:ddbj-embl-genbank/NM_012583.2
info:ddbj-embl-genbank/NM_017239.2
info:ddbj-embl-genbank/NM_017240.1
info:ddbj-embl-genbank/NM_031545.1
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Nomenclature of

microRNA name mature form Sequence

5-UGGA AUG UAA AGA AGU GUG

TABLE 2 Mature sequences of rat
cardiac microRNAs (seed sequences
are underlined, source mirBase.org) and
control U6 snRNA

5-UUUG GUC CCC UUC AAC CAG

5-AUAA GAC GAG CAA AAA GC-3'
5'-ACAG CAG GCA CAG ACA GGC AG-3
5-UUAA GAC UUG CAG UGA UGU UU-3'
5-GTGCTCGCTTCGGCAGCACATATAC

TAAAATTGGAACGATACAGAGAAGAT
TAGCATGGCCCCTGCGCAAGGATGAC
ACGCAAATTCGTGAAGCGTTCCATATT

miR-1 rno-miR-1-3p
UAU-3’
miR-133a rno-miR-133a-3p
CUG-3’
miR-208a rno-miR-208a-3p
miR-214 rno-miR-214-3p
miR-499 rno-miR-499-5p
ué U6 snRNA
TT-3'
Control MCT

Bodyweight (g) 381+5 338 +8*
Heart mass (g) 1.10 £ 0.03 1.14 £ 0.04
Heart mass to bodyweight ratio 2.89 +0.05 3.38+£0.18

(mg/g)
Right ventricle mass (g) 0.22 +0.01 0.30 + 0.02*
Right ventricle mass to BW ratio 0.59 +0.01 0.90 +0.07*

(mg/g)
Left ventricle mass (g) 0.78 +£0.02 0.70 £ 0.02*
Left ventricle mass to BW ratio 2.03+£0.03 2.07 £0.06

(mg/g)
Fulton index 0.29 +£0.01 0.43 +0.02*
Lung mass (g) 1.54 £ 0.08 2.06 +0.10*
Lung mass to BW ratio 4.03+0.19 6.19 £ 0.36*
Oxygen saturation (%) 94.3+0.5 92.0 +0.5*
Heart rate (bpm) 399+6 431 £ 9*
Breath rate (brpm) 102+ 2 109 + 4

TABLE 3 Basic characteristics of

ptMCT .
experimental groups

308 + 8*#
1.37 +0.05**
4.44 +0.11**

0.44 + 0.02**
1.44 +0.06**

0.73 +0.03
2.37 +0.05**

0.61+0.03**
2.78 +0.12**
9.08 + 0.49**
92.0+0.7*
451 + 8*
157 + 9*#

Note: Bodyweight (BW), absolute and relative mass of organs, Fulton index (right ventricular mass/
left ventricular plus septum mass), haemoglobin oxygen saturation, heart and breath rate of the
rats; n(control) = 17, n(MCT) = 20, n(ptMCT) = 10; expressed as mean = SEM, *P < 0.05 vs control

group, *P < 0.05 vs MCT.

Abbreviations: bpm, beats per minute; brpm, breaths per minute; MCT, monocrotaline group;

ptMCT, prematurely terminated MCT group.

2.5 | Statistical analysis

Data are presented as mean = SEM. Data distribution was de-
termined by Shapiro-Wilk normality test. One-way unbalanced
ANOVA for single-factor analysis (ie intensity of MCT effect) with
Tukey's HSD post hoc test was selected for normally distributed
results; otherwise, Kruskal-Wallis test was chosen, with pairwise
Wilcox post hoc test adjusted for multiple comparison by Benjamini-
Hochberg procedure. Results were considered statistically sig-
nificant when two-tailed P < 0.05. Pearson correlation coefficient
in MCT group was calculated for bivariate normally distributed

pairs of variables, otherwise Spearman correlation coefficient was

computed. Correlations with |r] > 0.60 for sample size N = 20 in
MCT group have P < 0.05 and statistical power > 0.83 and were
considered statistically significant. All calculations were performed
in GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA) or
in R, version 3.5.2.%

3 | RESULTS

In rats following MCT administration, the development of PH was
demonstrated by increased RV mass (including Fulton index), heart

rate, lung weight and depressed oxygen saturation (Table 3). With
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FIGURE 1 Relative gene expression of Nppb, Myhé and Myh7 in the right ventricle; n(control) = 17, n(MCT) = 19, n(ptMCT) = 9;
expressed as mean + SEM, *P < 0.05 vs control group, *P < 0.05 vs MCT. MCT, monocrotaline group; Myhé, myosin heavy-chain é; Myh7,
myosin heavy-chain 7; Nppb, natriuretic peptide B; ptMCT, prematurely terminated MCT group
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exception of heart rate and oxygen saturation, all relevant characteris- In contrast, the Myh7 gene was up-regulated according to a similar
tics were significantly elevated in ptMCT rats when compared to sur- pattern, that is with more considerable change in ptMCT (Figure 1).

viving MCT animals. Additionally, ptMCT rats exhibited also markedly
elevated breath rate.
3.2 | Dysregulated expression of myomiRs and miR-
214 in right ventricle
3.1 | Changes in the gene expression of RV
impairment markers We found significantly suppressed RV tissue levels of all tested my-
omiRs exclusively in the ptMCT group (when compared to control
We noted a significant eightfold increase in the expression of BNP group, in case of miR-1 and miR-133a also compared to MCT, see
encoding gene (Nppb) in MCT group and a 15-fold increase of Nppb Figure 2) whereas these were stable in MCT. Expression of miR-214
in ptMCT when compared to control group (Figure 1). Gene expres- was unaltered in MCT group whereas significant up-regulation oc-
sion of Myhé was significantly decreased in MCT group (by 33%); curred in ptMCT group (by 95%) when compared to control group
this was aggravated in ptMCT group (by 88%) vs the control group. (Figure 3).
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FIGURE 3 Relative microRNA expression of miR-214 in the right
ventricle; n(control) = 17, n(MCT) = 20, n(ptMCT) = 10; expressed
as mean = SEM, *P < 0.05 vs control group, #P < 0.05 vs MCT. MCT,
monocrotaline group; ptMCT, prematurely terminated MCT group

3.3 | Expression of microRNAs significantly
correlates with Fulton index

Further analyses showed a significant negative correlation be-
tween the expression of miR-1, miR-133a, miR-208a and miR-499
and Fulton index in the MCT group (Figure 4). In contrary, there
was also a significant positive correlation between miR-214 and

4 | DISCUSSION

In this study, we observed significant alterations of candidate micro-
RNAs in the right ventricles of monocrotaline-induced model of PH
in rats in line with disease severity. The right ventricle is an essential
point of interest in PAH as it is the major determinant of functional
state and prognosis of the disease.®® We focused on heart-relevant
microRNAs, that is miR-1, miR-133a, miR-208a, miR-499 and miR-
214 due to their high expression in the myocardium and their vital
roles in cardiac development and function, and an increasing evi-
dence about their roles in cardiovascular pathologies.

We discriminated between two groups of rats suffering from
MCT-induced PH according to their disease progression. As ex-
pected, ptMCT group exhibited more pronounced signs of PH devel-
opment and target organ damage compared to surviving MCT group,
in line with reports that clinical manifestation correlates with the
stage of experimental PH development.®? In addition, ptMCT exhib-
ited altered tissue expression of cardiac damage-related genes. First,
RV expression of BNP encoding gene (Nppb) was enhanced in MCT
and this up-regulation was more pronounced in ptMCT rats. Thisisin
agreement with the known fact that BNP levels are increasing during
ventricular failure progression.*? It is also well reported that MHCs
are changing during myocardial remodelling and dysfunction, and
hence, alterations in Myhé and Myh7 genes, in particular in ptMCT
group, were expected.*! Taken together, gross clinical examination

Fulton index. unveiled the terminal stage of PH reliably and was accompanied by
miR-1 miR-133a miR-208a
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FIGURE 4 Correlation between relative microRNA expression of miR-1, miR-133a, miR-208a, miR-214 and miR-499 (when normalized
to reference U6 small nuclear RNA) in the right ventricle and Fulton index (right ventricular mass/left ventricular plus septum mass) in MCT

group (n = 20; P < 0.05)
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foetal gene re-expression (Nppb, Myh7), an event correlating with
experimental cardiac failure.*?

MyomiRs are intensively studied in diverse models of cardiac
diseases,'® including those of PH.374243 Although MCT administra-
tion is the most common in PH research, the data on myomiRs in
right ventricle of this particular model are from scarce to non-ex-
istent, with the exception of miR-208.%% Here, we describe a con-
comitant suppression of muscle-related microRNAs, including the
cardiac-specific miR-208a, exclusively in the terminal stage of the
disease. Moreover, this finding is underlined with a significant, neg-
ative correlation of myomiR levels with Fulton index, an indicator
of RV hypertrophy progression, in surviving MCT rats with less se-
vere disease. As translational silencing of mRNAs is the dominant
mechanism of microRNAs,” the lack of myomiR expression, partic-
ularly in ptMCT, could be interpreted as a loss of inhibitory control
of myomiR network on target mRNAs potentially contributing to RV
deterioration. This requires further confirmation; nevertheless, my-
omiRs probably do not govern the initial phases of RV remodelling
in MCT-induced PH, but their suppressions might contribute to the
worsening of the RV deterioration at the terminal stage.

Particularly, we have found depressed levels of miR-208 family
members (miR-208a and miR-499, resp.). MiR-208a, as the only car-
diac-specific myomiR, is usually found to be dysregulated in various
cardiac pathological situations, like myocardial infarction and dilated
cardiomyopathy.*** Interestingly, decreased miR-208 expression
was reported in the stage of compensated RV hypertrophy in the
MCT-induced model of PH, with a further aggravation in decompen-
sated RV hypertrophy.®’ This progressive decrease may cause, for
instance, a repression of transcription factor Mef2 via MED13/NoR1
complex, marking the transition from compensated RV hypertrophy
to the decompensated state, because Mef2 has been implicated in
regulation of various metabolic, contractile and angiogenic genes.%’
Importantly, miR-208 family members control also the regulation of
MHCs distribution participating in an adaptation of adult cardiac
gene expression to pathological stimuli. Their cistrons are located
in the introns of the cardiac muscle a- and p-MHC-encoding genes
(Myhé, Myh7, resp.) responsible for cardiac contractility and are ex-
cised from the pre-mRNA.*® In particular, miR-208a encoded by the
Myhé gene is the dominant regulatory microRNA in this family?? and
plays a crucial role in the cardiac stress response.’? Cardiac stress
stimuli were often associated with decreased expression of a-MHC
mRNA (Myhé) and/or increased f-MHC mRNA (Myh7) expression in
both rodents and human beings.24 This is usually followed by a de-
crease in miR-208 expression, which, according to some authors,?®
should indirectly lead to down-regulation of -MHC expression. This
seemingly contradictory finding was later partially explained by the
knowledge®” that some microRNAs are capable of functioning prop-
erly up to a certain threshold. Thus, even low levels of miR-208 are
perhaps able to sustain increase in -MHC expression. This was also
seen in other experimental cardiomyopathies.*? Interestingly, miR-
208a/b and miR-499 quantities were increased in left ventricular
heart failure,*® suggesting a differential expression pattern in vari-

ous cardiac compartments.49

WILEY--2%

MiR-1 regulates the expression of genes relevant in cardiac con-
duction and contraction.*® The down-regulation we observed was
also noted in the murine model of pulmonary artery constriction.*3
Contradictory to our observation, Reddy and colleagues reported
the down-regulation of miR-1 in RV as soon as 2 days after pulmo-
nary artery constriction which they described as early compensated
hypertrophy. This down-regulation persisted until progression to
decompensated cardiac hypertrophy and failure, in line with our
findings.*® Altered miR-1 levels lead to conductance defects of
heart.>®>! In both human PAH and MCT-induced PH, a proarrhyth-
mic state is a vital contributor to morbidity and mortality.’>°® The
decrease in miR-1 levels could contribute to this condition.

With regard to miR-133a that is also a regulator of cardiac electric
remodelling and exhibits antifibrotic and antihypertrophic effects in
heart,>*>> we observed a marked decrease only in ptMCT. Drake
and colleagues found down-regulation of miR-133a only in models of
RV failure (using Sugen5416/hypoxia and pulmonary artery banding
with a Cu?*-depleted diet), whereas in the models of compensated
RV hypertrophy (hypoxia and pulmonary artery banding), they ob-
served no significant changes.42 This is perfectly in accordance with
our results, that is the more pronounced RV damage, the lower the
miR-133a expression.

So far, miR-214 has been linked to different effects in studies
concerning cardiac hypertrophy and fibrosis.??32 Similarly to our
findings in ptMCT rats, miR-214 was found to be up-regulated in the
right ventricle of the Sugen5416/hypoxia PH model®® that is consid-
ered a model of severe PH with RV failure.*? Reddy and colleagues
also reported increased miR-214 expression in pulmonary artery
banding model of RV hypertrophy and failure and associated this mi-
croRNA with myocyte survival and antiapoptotic properties.43 MiR-
214 null male mice exposed to Sugen5416 and hypoxia had more
pronounced RV hypertrophy when compared to their respective
wild-type controls. Interestingly, this was not associated with ele-
vation in RV systolic pressure.’® This would suggest that miR-214
has a direct, pressure independent, antihypertrophic effect on the
right ventricle. However, it is rather contradictory to our finding of
significantly positive correlation between miR-214 and the measure
of RV hypertrophy, that is Fulton index, in surviving MCT rats and
to the observation that miR-214 elevation was significantly pres-
ent only in ptMCTs. Alternatively, one could interpret the finding
of enhanced miR-214 as crucial contribution to RV damage because
this microRNA plays an essential role in the inhibition of cardiac
angiogenesis.”’

There are certain limitations in the present study. MCT model—
even though widely used, as other animal models, does not entirely
reflect the human pathophysiology. Also, when translating findings
concerning miR-208a to the clinical setting, we need to keep in mind
that Myh6/miR-208a is the predominant myosin/myomiR isoform
in the hearts of rodents whereas larger mammals express mainly
Myh7/miR-208b."2

To sum up, alterations in RV tissue levels of candidate microR-
NAs reflected the worsened clinical status of rats and the more pro-

nounced molecular indicators of cardiac damage in MCT-induced
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PH. We showed decreased RV levels of cardio-specific miR-208a as
well as other myomiRs (miR-1, miR-133a and miR-499), whereas the
expression of cardiac damage-related miR-214 was enhanced with
disease severity. Further studies should focus on their particular
downstream targets in preclinical research and drug development.
In conclusion, our data support the validity of concept of influential
microRNAs in PH-related RV damage inspiring their further inves-
tigation as potential aid for differential diagnosis of human disease.

5 | CLINICAL IMPLICATIONS

In this study, we showed the decreased levels of myomiRs and in-
creased expression of miR-214 at the terminal stage of experimen-
tal PH. As these microRNAs were demonstrated to be fundamental
regulators also in human cardiac pathology,'**” they might be in the
spotlight of clinical research when searching for candidate molecules
responsible for sudden worsening of RV performance in human PAH
patients.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge the excellent technical assis-
tance of Ms Alena Hnizdova, Ms Simona Kolembusova, Ms Lenka
Svobodova and Ms Elena Vilemova. This work was supported by a
grant from the Slovak Research and Development Agency (APVV-
15-0685) and Science Grant Agency (VEGA 1/0203/19 and VEGA
1/0195/20).

CONFLICT OF INTEREST
The authors confirm that there are no conflicts of interest.

AUTHOR CONTRIBUTIONS

ZK, KLZ and JV performed the research; ZK, LBP, GD and EM ana-
lysed the data and devised the methodology; ZK, JK and PK wrote
the paper; LP revised the manuscript; JK and PK designed the re-
search study and supervised the work.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from

the corresponding author upon reasonable request.

ORCID
Jan Klimas https://orcid.org/0000-0002-6845-2105
REFERENCES

1. Galie N, Humbert M, Vachiery J-L, et al. 2015 ESC/ERS guidelines
for the diagnosis and treatment of pulmonary hypertension. Eur
Heart J. 2016;37:67-119.

2. Thenappan T, Ormiston ML, Ryan JJ, et al. Pulmonary arte-
rial hypertension: pathogenesis and clinical management. BMJ.
2018;360:j5492.

3. vande Veerdonk MC, Kind T, Marcus JT, et al. Progressive right ven-
tricular dysfunction in patients with pulmonary arterial hyperten-
sion responding to therapy. J Am Coll Cardiol. 2011;58:2511-2519.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Huston JH, Ryan JJ. The emerging role of epigenetics in pulmonary
arterial hypertension: an important avenue for clinical trials (2015
Grover conference series). Pulm Circ. 2016;6:274-284.
Gomez-Arroyo JG, Farkas L, Alhussaini AA, et al. The monocro-
taline model of pulmonary hypertension in perspective. Am J Physiol
Cell Mol Physiol. 2012;302:L363-L369.

Malikova E, Galkova K, Vavrinec P, et al. Local and systemic re-
nin-angiotensin system participates in cardiopulmonary-renal in-
teractions in monocrotaline-induced pulmonary hypertension in
the rat. Mol Cell Biochem. 2016;418:147-157.

Radik M, Kmecova Z, Veteskova J, et al. Hepatocyte growth fac-
tor plays a particular role in progression of overall cardiac dam-
age in experimental pulmonary hypertension. Int J Med Sci.
2019;16:854-863.

Veteskova J, Kmecova Z, Malikova E, et al. Opposite alterations of
endothelin-1 in lung and pulmonary artery mirror gene expression
of bone morphogenetic protein receptor 2 in experimental pulmo-
nary hypertension. Exp Lung Res. 2019;45:30-41.

Mohr AM, Mott JL. Overview of microRNA biology. Semin Liver Dis.
2015;35:3-11.

Bienertova-Vasku J, Novak J, Vasku A. MicroRNAs in pulmonary
arterial hypertension: pathogenesis, diagnosis and treatment. J Am
Soc Hypertens. 2015;9:221-234.

Zhou G, Chen T, Raj JU. MicroRNAs in pulmonary arterial hyperten-
sion. Am J Respir Cell Mol. Biol. 2015;52:139-151.

Doka G, Malikova E, Galkova K, et al. Downregulation of myogenic
microRNAs in sub-chronic but not in sub-acute model of daunoru-
bicin-induced cardiomyopathy. Mol Cell Biochem. 2017;432:79-89.
Chistiakov DA, Orekhov AN, Bobryshev YV. Cardiac-specific
miRNA in cardiogenesis, heart function, and cardiac pathol-
ogy (with focus on myocardial infarction). J Mol Cell Cardiol.
2016;94:107-121.

Pinchi E, Frati P, Aromatario M, et al. miR-1, miR-499 and miR-208
are sensitive markers to diagnose sudden death due to early acute
myocardial infarction. J Cell Mol Med. 2019;23:6005-6016.

Xinran Xu FD, Xu X, Chen Y-H. The role of miR-1 in the heart:
from cardiac morphogenesis to physiological function. Hum Genet
Embryol. 2014;4:1-4.

Yang B, Lin H, Xiao J, et al. The muscle-specific microRNA miR-1
regulates cardiac arrhythmogenic potential by targeting GJA1 and
KCNJ2. Nat Med. 2007;13:486-491.

Girmatsion Z, Biliczki P, Bonauer A, et al. Changes in microRNA-1
expression and IK1 up-regulation in human atrial fibrillation. Hear
Rhythm. 2009;6:1802-1809.

Curcio A, Torella D, laconetti C, et al. MicroRNA-1 downregula-
tion increases connexin 43 displacement and induces ventricu-
lar tachyarrhythmias in rodent hypertrophic hearts. PLoS ONE.
2013;8:e70158.

Li S, Xiao F-Y, Shan P-R, et al. Overexpression of microRNA-133a
inhibits ischemia-reperfusion-induced cardiomyocyte apoptosis by
targeting DAPK2. J Hum Genet. 2015;60:709-716.

Chen S, Puthanveetil P, Feng B, et al. Cardiac miR-133a overex-
pression prevents early cardiac fibrosis in diabetes. J Cell Mol Med.
2014;18:415-421.

Dong D-L, Chen C, Huo R, et al. Reciprocal repression between
microRNA-133 and calcineurin regulates cardiac hypertrophy.
Hypertension. 2010;55:946-952.

van Rooij E, Quiat D, Johnson BA, et al. A family of microRNAs en-
coded by myosin genes Governs myosin expression and muscle per-
formance. Dev Cell. 2009;17:662-673.

Lompré A-M, Mercadier J-J, Schwartz K. Changes in gene expres-
sion during cardiac growth. Int Rev Cytol. 1991;124:137-186.

Gupta MP. Factors controlling cardiac myosin-isoform shift
during hypertrophy and heart failure. J Mol Cell Cardiol.
2007;43:388-403.


https://orcid.org/0000-0002-6845-2105
https://orcid.org/0000-0002-6845-2105

WILEY--2*

KMECOVA ET AL.

25. van Rooij E, Sutherland LB, Qi X, et al. Control of stress-depen- 44, Kuwabara Y, Ono K, Horie T, et al. Increased MicroRNA-1 and
dent cardiac growth and gene expression by a microRNA. Science. MicroRNA-133a levels in serum of patients with cardiovascu-
2007;316:575-579. lar disease indicate myocardial damage. Circ Cardiovasc Genet.

26. Callis TE, Pandya K, Seok HY, et al. MicroRNA-208a is a regula- 2011;4:446-454.
tor of cardiac hypertrophy and conduction in mice. J Clin Invest. 45, Satoh M, Minami Y, Takahashi Y, et al. Expression of microRNA-208
2009;119:2772-2786. is associated with adverse clinical outcomes in human dilated car-

27. Li X, Wang J, Jia Z, et al. MiR-499 regulates cell proliferation and diomyopathy. J Card Fail. 2010;16:404-410.
apoptosis during late-stage cardiac differentiation via Sox6 and cy- 46. Akat KM, Moore-McGriff D, Morozov P, et al. Comparative RNA-
clin D1. PLoS ONE. 2013;8:e74504. sequencing analysis of myocardial and circulating small RNAs in

28. ZhaoY, Ponnusamy M, Zhang L, et al. The role of miR-214 in cardio- human heart failure and their utility as biomarkers. Proc Natl Acad
vascular diseases. Eur J Pharmacol. 2017;816:138-145. SciUSA.2014;111:11151-11156.

29. YangT, Zhang G-F, Chen X-F, et al. MicroRNA-214 provokes cardiac 47. Wilson KD, Hu S, Venkatasubrahmanyam S, et al. Dynamic mi-
hypertrophy via repression of EZH2. Biochem Biophys Res Commun. croRNA expression programs during cardiac differentiation of
2013;436:578-584. human embryonic stem cells: role for miR-499. Circ Cardiovasc

30. Sun M, Yu H, Zhang Y, et al. MicroRNA-214 mediates isoprotere- Genet. 2010;3:426-435.
nol-induced proliferation and collagen synthesis in cardiac fibro- 48. Matkovich SJ, Hu Y, Eschenbacher WH, et al. Direct and indirect
blasts. Sci Rep. 2015;5:18351. involvement of microRNA-499 in clinical and experimental cardio-

31. Dong H, Dong S, Zhang L, et al. MicroRNA-214 exerts a car- myopathy. Circ Res. 2012;111:521-531.
dio-protective effect by inhibition of fibrosis. Anat Rec. 49. Kakimoto YU, Tanaka M, Kamiguchi H, et al. MicroRNA deep se-
2016;299:1348-1357. quencing reveals chamber-specific miR-208 family expression pat-

32. Tang C-M, Liu F-Z, Zhu J-N, et al. Myocyte-specific enhancer factor terns in the human heart. Int J Cardiol. 2016;211:43-48.
2C: a novel target gene of miR-214-3p in suppressing angiotensin 50. LuY, Zhang Y, Shan H, et al. MicroRNA-1 downregulation by pro-
ll-induced cardiomyocyte hypertrophy. Sci Rep. 2016;6:36146. pranolol in a rat model of myocardial infarction: a new mechanism

33. Doust J, Lehman R, Glasziou P. The role of BNP testing in heart for ischaemic cardioprotection. Cardiovasc Res. 2009;84:434-441.
failure. Am Fam Physician. 2006;74:1893-1898. 51. Zhao Y, Ransom JF, Li A, et al. Dysregulation of cardiogenesis,

34. Ye J, Coulouris G, Zaretskaya |, et al. Primer-BLAST: a tool to de- cardiac conduction, and cell cycle in mice lacking miRNA-1-2. Cell.
sign target-specific primers for polymerase chain reaction. BMC 2007;129:303-317.

Bioinform. 2012;13:134. 52. Rajdev A, Garan H, Biviano A. Arrhythmias in pulmonary arterial

35. Ruijter JM, Ramakers C, Hoogaars WMH, et al. Amplification effi- hypertension. Prog Cardiovasc Dis. 2012;55:180-186.
ciency: linking baseline and bias in the analysis of quantitative PCR 53. Benoist D, Stones R, Drinkhill MJ, et al. Cardiac arrhythmia mecha-
data. Nucleic Acids Res. 2009;37:e45-e45. nisms in rats with heart failure induced by pulmonary hypertension.

36. Pfaffl MW. A new mathematical model for relative quantification in Am J Physiol Heart Circ Physiol. 2012;302:H2381-H2395.
real-time RT-PCR. Nucleic Acids Res. 2001;29:45e. 54. Castoldi G, di Gioia CRT, Bombardi C, et al. MiR-133a regulates col-

37. R Core Team. A Language and Environment for Statistical Computing. lagen 1A1: Potential role of miR-133ain myocardial fibrosis in angio-
Vienna, Austria: R Foundation for Statistical Computing; 2018. tensin lI-dependent hypertension. J Cell Physiol. 2012;227:850-856.
https://www.R-project.org/. Accessed March 24, 2020. 55. LiN, Zhou H, Tang Q. miR-133: a suppressor of cardiac remodeling?

38. Samson N, Paulin R. Epigenetics, inflammation and metabolism in Front Pharmacol. 2018;9:903.
right heart failure associated with pulmonary hypertension. Pulm 56. Stevens HC, DengL, Grant JS, et al. Regulation and function of miR-
Circ. 2017;7:572-587. 214 in pulmonary arterial hypertension. Pulm Circ. 2016;6:109-117.

39. Paulin R, Sutendra G, Gurtu V, et al. A miR-208-Mef2 Axis drives 57. Duan Q, Yang L, Gong W, et al. MicroRNA-214 is upregulated in
the decompensation of right ventricular function in pulmonary hy- heart failure patients and suppresses XBP1-mediated endothelial
pertension. Circ Res. 2015;116:56-69. cells angiogenesis. J Cell Physiol. 2015;230:1964-1973.

40. Binoun-A-Egom C, Andreas A, Klimas J, et al. B-type natriuretic
peptide and heart failure: what can we learn from clinical trials? Clin
Exp Pharmacol Physiol. 2015;42:881-887. How to cite this article: Kmecova Z, Veteskova J, Lelkova-

41. Mercadier JJ, Lompré AM, Wisnewsky C, et al. Myosin isoenzyme . . . . .
changes in several models of rat cardiac hypertrophy. Circ Res. Zirova K, et al. Disease severity-related alterations of cardiac
1981;49:525-532. microRNAs in experimental pulmonary hypertension. J Cell Mol

42. Drake JI, Bogaard HJ, Mizuno S, et al. Molecular signature of a right Med. 2020;24:6943-6951. https://doi.org/10.1111/
heart failure program in chronic severe pulmonary hypertension. jcmm.15352
Am J Respir Cell Mol Biol. 2011;45:1239-1247. -

43. Reddy S, Zhao M, Hu D-Q, et al. Dynamic microRNA expression

during the transition from right ventricular hypertrophy to failure.
Physiol Genomics. 2012;44:562-575.


https://www.R-project.org/
https://doi.org/10.1111/jcmm.15352
https://doi.org/10.1111/jcmm.15352

