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miR-1 is increased in pulmonary hypertension and
downregulates Kv1.5 channels in rat pulmonary arteries
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Key points

� The expression of miR-1 is increased in lungs from the Hyp/Su5416 PAH rat model.
� Pulmonary artery smooth muscle cells from this animal model are more depolarized and show

decreased expression and activity of voltage-dependent potassium channel (Kv)1.5.
� miR-1 directly targets Kv1.5 channels, reduces Kv1.5 activity and induces membrane

depolarization.
� Antagomir-1 prevents Kv1.5 channel downregulation and the depolarization induced by hypo-

xia/Su5416 exposition.

Abstract Impairment of the voltage-dependent potassium channel (Kv) plays a central role in
the development of cardiovascular diseases, including pulmonary arterial hypertension (PAH).
MicroRNAs are non-coding RNAs that regulate gene expression by binding to the 3′-untranslated
region region of specific mRNAs. The present study aimed to analyse the effects of miR-1 on
Kv channel function in pulmonary arteries (PA). Kv channel activity was studied in PA from
healthy animals transfected with miR-1 or scrambled-miR. Kv currents were studied using the
whole-cell configuration of the patch clamp technique. The characterization of the Kv1.5 currents
was performed with the selective inhibitor DPO-1. miR-1 expression was increased and Kv1.5
channels were decreased in lungs from a rat model of PAH induced by hypoxia and Su5416.
miR-1 transfection increased cell capacitance, reduced Kv1.5 currents and induced membrane
depolarization in isolated pulmonary artery smooth muscle cells. A luciferase reporter assay
indicated that KCNA5, which encodes Kv1.5 channels, is a direct target gene of miR-1. Incubation
of PA with Su5416 and hypoxia (3% O2) increased miR-1 and induced a decline in Kv1.5 currents,
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which was prevented by antagomiR-1. In conclusion, these data indicate that miR-1 induces
pulmonary artery smooth muscle cell hypertrophy and reduces the activity and expression of Kv
channels, suggesting a pathophysiological role in PAH.
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Introduction

MicroRNAs (miRNAs) are small non-coding RNAs that
regulate gene function by binding to the 3′-untranslated
region (3′-UTR) of specific mRNAs. The miRNA–3′UTR
interaction leads to cleavage of target mRNA or to
translational repression, resulting in a decrease in the
targeted protein. Mature miRNAs play a key role in global
cellular processes, such as differentiation, proliferation,
apoptosis and organogenesis, as a result of their capacity
to target multiple mRNAs (Bartel, 2004). Dysregulation
of miRNAs has been involved in a number of clinically
important diseases, ranging from myocardial infarction
to cancers, highlighting their potential usefulness as
diagnostic and prognostic tools (Sayed & Abdellatif, 2011;
Meloche et al. 2014). Moreover, modulating the levels of
under- and overexpressed miRNAs has recently emerged
as a promising therapeutic strategy. miRNA-based
therapeutic strategies (van Rooij & Kauppinen, 2014)
can be formulated by either antagonizing (with
antagomirs) or restoring (with mimetics) the functions
of miRNAs. Mimetics are synthetic RNA duplexes
designed to mimic the endogenous functions of the
miRNA of interest, with modifications for stability
and cellular uptake, whereas antagomirs are modified
anti-sense oligonucleotides harbouring the full or
partial complementary reverse sequence of a mature
miRNA.

Pulmonary hypertension (PH) is defined as a mean
pulmonary arterial pressure of at least 25 mmHg at
rest. Class I PH (i.e pulmonary arterial arterial hyper-
tension; PAH) originates from alterations in the small
precapillary pulmonary arteries (PA) (Galie et al. 2016).
It is a disorder with significant burden in terms of both
severity and prevalence, affecting young and middle aged
individuals, preferentially women (Galie et al. 2016). The
disease progresses with increasing pulmonary vascular
resistance, right heart failure and ultimately death. It is
characterized by sustained pulmonary vasoconstriction,
thrombosis in situ and excessive pulmonary vascular
remodelling, involving an increase in medial thickness as
a result of hypertrophy and proliferation of pulmonary
artery smooth muscle cells (PASMCs) (Meyrick & Reid,
1980; Tajsic & Morrell, 2011). These factors contribute
to a reduced lumen diameter and increased peripheral
resistance.

Ionic remodelling, comprising the downregulation of
voltage-gated K+ channels (Kv) channels (notably the
α subunit Kv1.5), is also considered to be an early
contributor to the pathophysiology of the disease (Yuan
et al. 1998; Wang et al. 2005; Barnes et al. 2017) via a more
depolarized membrane potential in PASMCs, leading to
increased intracellular calcium, vasoconstriction, hyper-
trophy and proliferation (Shimoda et al. 2001; Cogolludo
et al. 2007; Burg et al. 2008).

We hypothesized that specific miRNAs are involved in
key pathophysiological features of pulmonary vascular
diseases, such as ionic remodelling. miR-1 has been pre-
viously reported as a biomarker of PH (Sarrion et al. 2015;
Sysol et al. 2018). Therefore, the present study aimed to
analyse the effects of miR-1 on pulmonary Kv channel
currents.

Methods

Ethical approval

All experimental procedures utilizing animals were carried
out in accordance with the Care and Use of Laboratory
Animals and were approved by the institutional Ethical
Committees of the Universidad Complutense de Madrid
(Madrid, Spain) and the regional Committee for
Laboratory Animals Welfare (Comunidad de Madrid, Ref.
number PROEX-251/15). The present study conforms
with the principles and regulations described by Grundy
(2015). All of the investigators understand the ethical
principles under which the journal operates and state
that their work complies with the journal’s animal ethics
checklist.

Animals and models of PAH

Pathogen-free male Wistar rats were obtained from Envigo
(Barcelona, Spain). All animals were kept with free
access to standard rat chow and water in an enriched
environment throughout the whole experiment period
and maintained under a 12:12 h light/dark cycle at 24°C.
Rats were killed using CO2.

For the rat model of Su5416 plus hypoxia-induced
PAH (Hyp/Su5416), rats weighing 220 g were injected
S.C. with a single dose of the vascular endothelial
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growth factor (VEGF) receptor type 2 inhibitor Su5416
(20 mg kg–1) or vehicle (Taraseviciene-Stewart et al. 2001;
Gomez-Arroyo et al. 2012). Then, Su5416-treated animals
were introduced into glass cages and ventilated with 10%
O2 (hypoxia) for 3 weeks. CO2 and water vapour produced
by the animals were captured with soda lime and silica
gel, respectively. Control rats (normoxia) were kept in the
same room. Oxygen was monitored using an oxygen sensor
(DrDAQ Oxygen Sensor; Pico Technology, St Neots, UK)
in the room and in the chamber outflow. The chambers
were opened for 20–30 min daily for regular animal care.

Haemodynamic measurements

At the end of the experimental protocol, rats were
anaesthetized I.P. with 80 mg kg–1 ketamine plus 8 mg kg–1

xylazine and ventilated with room air (tidal volume
9 mL kg–1, 60 breaths min–1, positive end-expiratory
pressure 2 cmH2O). Right ventricular systolic pressure
and diastolic pressure, as well as systolic, diastolic and
mean pulmonary arterial pressures, were then measured
in open-chest rats with a pressure transducer via a
catheter advanced through the right ventricle into the
PA (Morales-Cano et al. 2014). After haemodynamic
measurements, rats were killed by exsanguination under
anaesthesia ketamine/xylazine (80 mg/8 mg kg–1, I.P.).

In silico analysis for miR target prediction

Target gene prediction analysis was completed using
the microRNA.org target prediction resource, utilizing
miRanda sites and miRSVR scoring. The target sites
predicted using miRanda are scored for likelihood of
mRNA downregulation using a regression model trained
on sequence and contextual features of the predicted
miRNA:mRNA duplex.

Incubation and transfection of PA

Rat PA were isolated from the lungs and cut into
rings. In preliminary experiments, we assessed the trans-
fection efficiency of this protocol using a fluorescent
miRNA (miRIDIAN mimic transfection control-Dy547,
CP-004500-01-05; Dharmacon, Lafayette, CO, USA).
To increase transfection efficiency into the smooth
muscle cells, PAs were first partially digested with a
Ca2+-free solution containing (in mg mL–1): 1.125
collagenase, 0.1 elastase and 1 albumin for 4 min
at 4°C followed by 1 min at 37°C. To introduce
miR-1 (hsa-miR-1-3p mirVanaTM, miRNA mimic,
MC10617; Applied Biosystems, Foster City, CA, USA),
scrambled miR (miRNA mimic negative control, 4464058)
and the antagomiR-1 (hsa-miR-1-3p mirVanaTM
miRNA inhibitor, MH10617; Applied Biosystems) into

isolated PA, a combination of reverse permeabilization
(Moreno et al. 2014) and Lipofectamine RNAiMAX (Life
Technologies, Grand Island, NY, USA) was used. miRNA
duplexes with a final concentration of 100 nM and
Lipofectamine RNAiMAX were mixed with Opti-MEM
(Life Technologies). Briefly, PA were exposed to three
successive solutions (4°C) containing (in mM): (i) miRNA
duplexes, 10 EGTA, 120 KCl, 5 Na2ATP, 2 MgCl2 and 20
Hepes (pH 6.8; 30 min); (ii) miRNA duplexes, 120 KCl, 5
Na2ATP, 2 MgCl2 and 20 Hepes (pH 6.8; 180 min); and
(iii) miRNA duplexes, 120 KCl, 5 Na2ATP, 10 MgCl2 and
20 Hepes (pH 6.8; 30 min). Subsequently, PA were bathed
in a fourth solution containing (in mM) 120 NaCl, 5 KCl,
5 Na2ATP, 10 MgCl2, 5.6 glucose and 10 Hepes (pH 7.1,
4°C), in which [Ca2+] was gradually increased from 0.001
to 0.01, 0.1 and 1 mM every 15 min. Vessels were then
placed in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with glucose (1 g L–1), non-essential amino
acid solution (1×), penicillin (100 U mL–1), streptomycin
(0.1 mg mL–1), amphotericin B (0.25 μg mL–1) and
maintained for 48 h in a normoxic incubator (21% O2

and 5% CO2) or hypoxic incubator (3% O2 and 5%
CO2 in the presence of 10 μmol L−1 Su5416). Under
these conditions, we achieved a higher efficiency of trans-
fection as determined in pilot experiments with the
fluorescent miRNA. It should be noted that Kv currents
are downregulated in cells isolated from PA incubated
for 48 h in culture by �50% compared to the freshly
isolated cells, whereas the permeabilization /transfection
produced no effect on these current (not shown). In
some experiments, miR-1 was measured as described
below in PA placed in DMEM supplemented with glucose
(4.5 g L–1), non-essential amino acid solution (1×),
penicillin (100 U mL–1), streptomycin (0.1 mg mL–1),
amphotericin B (0.25 μg mL–1) and maintained for 48 h in
a normoxic incubator (21% O2 and 5% CO2) or hypoxic
incubator (3% O2 and 5% CO2 in the presence of 10 μmol
L−1 Su5416).

Electrophysiology

PASMCs were isolated by enzymatic digestion as described
previously (Cogolludo et al. 2006). Membrane currents
were recorded with an Axopatch 200B and a Digidata
1322A (Axon Instruments, Burlingame, CA, USA) using
the whole-cell configuration of the patch clamp technique.
Cells were superfused with an external Ca2+-free Hepes
solution (see above) and a Ca2+-free pipette (internal)
solution containing (mol L−1): 130 KCl, 1.2 MgCl2, 5
Na2ATP, 10 Hepes, 10 EGTA (pH adjusted to 7.3 with
KOH). Kv currents were evoked after the application of
200 ms depolarizing pulses from −60 mV to +60 mV
in 10 mV increments. To characterize the contribution
of Kv1.5 channels to the total Kv current, cells were
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exposed to the selective inhibitor DPO-1 (1 μmol L−1)
(Lagrutta et al. 2006; Du et al. 2010). Cell capacitance
was calculated from the integral of the capacitive transient
current elicited by 10 mV hyperpolarizing pulses from a
holding potential of −70 mV. Currents were normalized
for cell capacitance and expressed as pA pF–1. Membrane
potential was recorded under the current clamp mode.
All experiments were performed at room temperature
(22–24°C).

miRNA extraction and quantitative RT-PCR

miRNA was extracted from lung tissue using miRNeasy
Mini Kit (Qiagen, Hilden, Germany) and a NucleoSpin
miRNA-RNA purification kit (Macherey-Nagel GmbH
& Co. KG, Germany) was used to isolate miRNA from
PA, in accordance with the manufacturer’s instructions.
RNA concentration and quality was checked using a
NanoDrop 1000 Spectrophotometer (Thermo Fisher
Scientific Inc., Waltham, MA, USA). For miRNA analysis,
complementary DNA analysis was synthesized from
total RNA using specific stem-loop reverse-transcription
primers (Taqman MicroRNA Reverse Transcription Kit;
Applied Biosystems). Gene expression was determined
by quantitative RT-PCR with a Taqman system (Applied
Biosystems) in the Genomic Unit of the Complutense
University (Madrid) using specific primers (U6 Ref.
001973 and miR-1 Ref. 002222). The ��Ct method was
used to quantify relative changes. miRNA expression was
normalized by the expression of U6.

Luciferase gene expression reporter assay

Luciferase activity assays were performed in the African
green monkey kidney-derived cell line (COS-7) trans-
fected with the 3′-UTR region of Kcna5 (NM 002234)
cloned into pMirTarget vector (OriGene Technologies,
Rockville, MD, USA) containing the sequence of a
red fluorescent protein (RFP) and a firefly luciferase
as a reporter. COS-7 cells placed into a 96-well plate
were cotransfected with cloned vector (50 μg) and
miR-1 or scrambled miR (both at 10 nM), using
Lipofectamine 2000 transfection reagent (Invitrogen,
Thermo Fisher Scientific), in accordance with the
manufacturer’s instructions. Forty-eight hours after trans-
fection, luciferase activity was measured using the Firefly
Luciferase Assay Kit 2.0 (Biotium, Fremont, CA, USA), in
a luminometer (Fluoroskan Ascent, Thermo Scientific)
for 5 min. Luminescence was normalized to the red
fluorescence of RFP.

Western blotting analysis

Homogenates were subjected to SDS-PAGE. Proteins
were transferred to polyvinylidene difluoride membranes,

incubated with primary rabbit polyclonal antibodies
against Kv1.5 (dilution 1:200; APC-004; Alomone Labs,
Jerusalem, Israel) overnight and then with the secondary
peroxidase conjugated antibodies. Antibody binding was
detected by an ECL system (Amersham Pharmacia
Biotech, Amersham, UK). Blots were imaged using an
Odissey Fc System (Li-Cor, Lincoln, NE, USA) and
were quantified by densitometry using Quantity One
software (Bio-Rad, Hercules, CA, USA). Samples were
re-probed for expression of smooth muscle α-actin
(dilution 1:10,000; A2547; Sigma-Aldrich, Madrid, Spain).

Immunocytochemistry

Enzymatically isolated PASMCs from PAs were fixed
in polylysine coated glass coverslips, blocked and
permeabilized as described previously (Morales-Cano
et al. 2016). The coverslips were exposed to primary
rabbit anti-Kv1.5 (dilution 1:100; APC-004; Alomone
Labs) antibodies overnight and exposed afterwards to
secondary antibody Cy3 conjugated donkey anti-rabbit
(dilution 1:200; Jackson ImmunoResearch, Ely, UK)
and stained with 4′,6-diamidino-2-phenylindole (DAPI).
Image analysis was performed using a Confocal laser
scanning fluorescence microscope (SP2; Leica Micro-
systems, Wetzlar, Germany) with oil immersion lens ACS
APO 40× (Unidad de Microscopı́a Confocal Hospital
General Universitario Gregorio Marañón, Madrid, Spain).

Drugs

All drugs were obtained from Sigma-Aldrich, except
Su5416 (Tocris Bioscience, Bristol, UK).

Statistical analysis

Data are expressed as the mean ± SEM. Statistical
comparisons were performed using one- or two-tailed
unpaired t tests or two-way ANOVA followed by a
Bonferroni test as appropriate. P < 0.05 was considered
statistically significant.

Results

PASMCs from the Hyp/Su5416 model have increased
cell capacitance and depolarized membrane potential

We used an established model of PAH triggered by
exposition to Su5416 plus hypoxia (10% O2, Hyp/Su5416).
As expected, haemodynamic assessment revealed a
robust elevation of mean pulmonary arterial pressure
in Hyp/Su5416 rats (Fig. 1A). In addition, PASMCs
from Hyp/Su5416 rats had a significantly increased cell
capacitance (Fig. 1B), as an index of PASMC hypertrophy.

C© 2018 The Authors. The Journal of Physiology C© 2018 The Physiological Society
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Moreover PASMCs from these PAH animals had a more
depolarized membrane potential (Fig. 1C).

Ionic remodelling in an animal model of PAH. To
investigate the possible ionic remodelling, we analysed the
total Kv currents in freshly isolated PASMCs from control
or Hyp/Su5416 rats. Figure 2A shows representative
original traces of the total Kv currents recorded in freshly
isolated PA myocytes under both conditions. Kv currents
measured at the end of the 200 ms depolarizing pulses
were significantly decreased in PASMCs from Hyp/Su5416
compared to those from control rats (Fig. 2B). We analysed
whether the Kv1.5 current, which represents a main
component of the total Kv current in the pulmonary
vasculature (Moral-Sanz et al. 2011), was affected in
Hyp/Su5416 rats. We found that the selective Kv1.5
channel inhibitor DPO-1 (1 μmol L–1) induced a marked
reduction of the Kv currents in control and Hyp/Su5416 rat
PASMC (Fig. 2C). Thus, DPO-1 sensitive currents, which
reflect the Kv1.5 channel component, were markedly
smaller in Hyp/Su5416 rats (Fig. 2D). In agreement with
these data, the expression of Kv1.5 channels was reduced
in lung homogenates from Hyp/Su5416 rats compared to
those exposed to normoxia (Fig. 2E).

Expression of Kv1.5 channels is downregulated by
miR-1. We hypothesized that the expression of Kv1.5
could be regulated by miRNAS. Thus, we performed
an in silico analysis using the microRNA.org database
and identified that KCNA5, which encodes the Kv1.5
channel protein, is a predicted mRNA target of miR-1
(Fig. 3A). Remarkably, lungs from Hyp/Su5416 rats
showed a marked upregulation of miR-1 (�4-fold
increase) (Fig. 3B). To confirm that miR-1 binds to the
3′-UTR of the KCNA5 mRNA, we constructed a vector
containing the 3′-UTR of KCNA5 mRNA and the firefly

luciferase. COS-7 cells were cotransfected with this vector
and miR-1 or a scrambled miR. The luciferase activity
of COS-7 cells was significantly reduced after 48 h of
co-transfection with miR-1 (Fig. 3C), confirming that
KCNA5 is a direct target of miR-1. To assess the potential
pathophysiological impact of the regulation of KCNA5
by miR-1 levels, we transfected PA with miR-1 or a
scramble sequence. Transfection of miR-1 in PAs produced
a decrease in the immunostaining of Kv1.5 channels
(Fig. 3D).

miR-1 reduces Kv1.5 currents and induces membrane
depolarization in PASMCs. Interestingly, the transfection
of miR-1 in PAs mimicked the electrophysiological
findings observed in the PAH model. Thus, after
miR-1 transfection, PASMC showed an increase in cell
capacitance (Fig. 4A), strongly reduced Kv currents
(Fig. 4B and 4C) and a more depolarized membrane
potential (Fig. 4D) compared to scrambled miR trans-
fected cells. Moreover, we also found that the selective
Kv1.5 channel inhibitor DPO-1 (1 μmol L−1) induced a
smaller reduction of the Kv currents in PASMCs trans-
fected with miR-1 compared to the scrambled miR
(Fig. 5A). Therefore, in the presence of DPO-1, the current
was similar in cells transfected with the control or with
the active miR. Figure 5B shows that DPO-1 sensitive
current (i.e. the Kv1.5 channel component) was smaller
in miR-1 transfected cells. These data indicate a lower
contribution of Kv1.5 channels to whole Kv currents in the
presence of miR-1. DPO-1 induced a strong depolarization
in both scrambled miR and miR-1 treated cells so that the
differences in membrane potential were abolished after
Kv1.5 inhibition (Fig. 5C).

AntagomiR-1 prevents hypoxia-induced ionic
remodelling. Finally, we evaluated the role of

60
A B C

40

20 (7)

(5)

***
**

***

(8/4)

(8/4)

(9/4)

(7/4)

Control Hyp/Su5416

0 0

5

10

15

20

25 0

−10

−20

−30

−40

−50

−60
Control Hyp/Su5416

m
PA

P
 (

m
m

 H
g)

C
ap

ac
ita

nt
e 

(p
F

)

E
m

 (
m

V
)

Control Hyp/Su5416

Figure 1. Hypertrophy and membrane depolarization in PASMCs from the Hyp/Su5416 model
A, mean pulmonary artery pressure (mPAP). B, average cell capacitance of PASMCs from normoxic and Hyp/Su5416
rats. C, resting membrane potential in PASMC measured under current clamp mode. Results are the mean ± SEM.
The number of animals in each group is indicated in parenthesis. ∗∗P < 0.01 and ∗∗∗P < 0.001 vs. normoxia,
respectively.

C© 2018 The Authors. The Journal of Physiology C© 2018 The Physiological Society



1190 G. Mondejar-Parreño and others J Physiol 597.4

antagomiR-1 in PA exposed to normoxia and hypoxia (3%
O2) plus Su5416 (10 μmol L−1) for 48 h in vitro. We also
used scrambled miR as a negative control for antagomir-1.
Under normoxic conditions, antagomiR-1 transfection
did not produce changes in cell capacitance (scrambled:
16.44 ± 0.77 pF and antagomiR-1: 16.80 ± 1.01 pF,
n = 7 and 9, respectively; P > 0.05), in total Kv currents
or in membrane potential in PASMCs compared to
scrambled miR (Fig. 6A). We analysed the expression of
miR-1 in PA from rats incubated 48 h in Hyp/Su5416

respect to normoxic conditions. The results showed
a significant increase of miR-1 in PA incubated with
Hyp/Su5416 (Fig. 6B). PASMCs isolated from PA trans-
fected with the inactive miR and exposed to Hyp/Su5416
showed an increase in cell capacitance (23.11 ± 2.21 pF,
n = 7; P < 0.05) and a marked reduction in total Kv
currents compared to normoxia (Fig. 6C vs. Fig. 6A).
AntagomiR-1 transfection prevented the increase in cell
capacitance (16.31 ± 2.17 pF, n = 6; P > 0.05), produced
a significant increase in Kv currents and hyperpolarized
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PASMCs isolated from PA exposed to Hyp/Su5416
(Fig. 6C). DPO-1 induced a stronger blockade in PASMC
from PA transfected with antagomiR-1 compared to
scrambled miR under hypoxia plus Su5416. Therefore,
DPO-1-sensitive currents were increased by antagomiR-1
(Fig. 6D), suggesting that antagomiR-1 partially prevents
the hypoxia plus Su5416-induced decline in Kv1.5
currents. This was associated with a significantly higher
Kv1.5 channel expression in Hyp/Su5416-exposed
PA transfected with antagomiR-1 compared to those
transfected with scrambled miR (Fig. 6E).

Discussion

In the present study, we show that miR-1 is upregulated
and Kv1.5 channels are downregulated in lungs from
rats with PAH induced by Su5416 plus hypoxia. Trans-
fection with miR-1 of PA induced a strong decline in
whole Kv currents, which was accompanied by membrane
depolarization. We confirmed KCNA5 mRNA, which
encodes Kv1.5, as a direct target of miR-1. Finally,
antagomiR-1 prevented the downregulation of Kv currents
and Kv1.5 channel expression, as well as the depolarization
induced by Hyp/Su5416 in PA.

Among the miRNAs found in the literature that
were increased in PAH but had not been previously

functionally characterized with respect to PA function,
miR-1 was the one with the highest upregulation (8-fold
increase in microarray experiments and 12-fold increase
in the validating PCR analysis) in plasma from 12
idiopathic PAH patients (Sarrion et al. 2015). miR-1 is
also upregulated in peripheral blood mononuclear cells
in essential hypertensive patients (Kontaraki et al. 2014)
and in pre-eclampsia (Hromadnikova et al. 2015). By
contrast, the expression of miR-1 showed a strong down-
regulation in the buffy coat of a cohort of 31 sub-
jects with pulmonary hypertension, including all classes
of pulmonary hypertension, such as chronic obstructive
pulmonary disease, interstitial lung disease, obstructive
lung disease, scleroderma, etc. (Wei et al. 2013). Very
recently, it was also reported that miR-1 was down-
regulated in cultured PASMCs from four patients with
idiopathic PAH (Sysol et al. 2018). To further under-
stand these conflicting results and because the expression
of miR-1 has not been analysed in lungs with PAH,
we analysed miR-1 levels in a widely used animal
model of PAH, consisting of a combination of hypo-
xia plus the VEGF antagonist Su5416. The Hyp/Su5416
model, as opposed to hypoxia alone, is considered to
best conform to class 1 pulmonary hypertension (i.e.
PAH) because it develops complex vascular lesions,
including plexiform-like lesions, and it is irreversible
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after returning to normoxia (Gomez-Arroyo et al. 2012;
Ryan et al. 2013), rather than pulmonary hypertension
as a result of respiratory diseases and hypoxia (i.e. class
3). We found a very strong upregulation of miR-1 in
the lungs of Hyp/Su5416 treated rats. By contrast, the
lungs from mice exposed to hypoxia (class 3 PH), as
well as cultured human PASMC exposed to hypoxia
in vitro, had reduced miR-1 levels (Sysol et al. 2018).
Our in vitro studies show that cultured PA under hypo-
xia and Su5416 had increased miR-1 levels. Altogether,
the data from human samples and animal models show
that changes in miR-1 are not apparently uniform in
pulmonary hypertension, indicating that plasma miR-1
levels do not appear to be a reliable biomarker of the
disease. These variable levels of miR-1 may contribute to
explaining the heterogeneity in the different forms of the
pathology.

Kv channels play a fundamental role in controlling
PASMC membrane potential and pulmonary arterial tone.
Kv channel activity is decreased by several vasoactive
factors involved in PAH, such as endothelin-1, 5-HT,
thromboxane A2 and hypoxia (Shimoda et al. 1998;

Cogolludo et al. 2006; Cogolludo et al. 2009). Moreover,
decreased PASMC expression of Kv1.5 and Kv2.1 in
humans with PAH is considered to play an important
pathophysiological role (Yuan et al. 1998; Michelakis et al.
2001; Wang et al. 2005). Thus, diminished transcription
of Kv α-subunits may reduce the number of functional Kv
channels in the membrane resulting in the decreased Kv
current and leading to pulmonary artery vasoconstriction,
hypertrophy and proliferation. Interestingly, we found
that PASMC size, as reflected in the measurement of cell
capacitance, was increased in PH rats, consistent with
PASMC hypertrophy. A similar increase in cell capacitance
has been reported previously (Shimoda et al. 2001) in
PASMC derived from the chronic hypoxia PH mice model.
Moreover, to our knowledge, the present study is the
first to show a downregulation of Kv currents in the
Hyp/Su5416 model of PAH. This effect is much more
evident in this model than in the monocrotaline or in
the hypoxic rat model reported previously (Wang et al.
2005; Morales-Cano et al. 2014). Indeed, the current
sensitive to the Kv1.5 channel blocker DPO-1 (i.e. the
component attributable to Kv1.5 channels) was almost
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completely abolished. In agreement with this finding,
we found a lower expression of the Kv1.5 channels in
lungs from Hyp/Su5416 rats. A potential limitation of
the present study is that the inhibitory effect of DPO-1
on Kv1.5 channels can be influenced by multiprotein
channel composition, such as the presence of the ancillary
Kvbeta1.3 subunits (Du et al. 2010). Accordingly, we
cannot rule out that changes in the expression of these
regulatory subunits could also contribute to the different
sensitivity to the drug. Unfortunately, this also appears to
occur with other Kv1.5 channel inhibitors (Gonzalez et al.
2002; Decher et al. 2005).

The KCNA5 mRNA, which encodes for the Kv1.5
channel protein, was predicted by microRNA.org to be
a target of miR-1. We subsequently validated this inter-
action of miR-1 with the human KCNA5 3′ -UTR by a
luciferase reporter assay. The data indicate that the levels
of Kv1.5 protein may be regulated by miR-1. Therefore, to
analyse the functional consequences of the miR-1–KCNA5
interaction, we investigated the Kv currents in rat PA trans-
fected with miR-1. The expression of miR-1 in the PA
myocytes produced an increase in cell capacitance and a
dramatic decline of the whole Kv current and specifically
of the DPO-1-sensitive current. miR-1 also significantly
depolarized the membrane potential. Therefore, miR-1
transfection mimicked the changes on Kv currents in the
Hyp/Su5416 animal model of PAH and in human PAH.
Thus, we hypothesized that miR-1 might play a role in the
downregulated Kv currents in PAH. For this purpose, we
analysed the effects of the antagomiR-1 on the PA exposed
to hypoxia (3% O2) plus Su5416 for 48 h, an in vitro

correlate to the in vivo model. The in vitro exposure to
Hyp/Su5416 produced a marked downregulation of the
Kv current and increased miR-1, also mimicking the in
vivo model. Interestingly, antagomiR-1 prevented PASMC
hypertrophy and increased Kv currents and Kv1.5 channel
expression in Hyp/Su5416-treated PA. Altogether, these
data indicate that miR-1 downregulates Kv1.5 channels
and suggest that that elevated miR-1 may be implicated in
the inhibition of Kv channel expression in the Hyp/Su5416
animal model of PAH.

Kv downregulation for pulmonary hypertension
associated with chronic hypoxia has been previously
reported to be the result of hypoxia-inducible factor-1α
(HIF-1α)-dependent induction of endothelin-1 (ET-1)
(Whitman et al. 2008). The results of the present study
may represent an alternative mechanism. Bioinformatic
analysis and reporter assays revealed miR-1 binding sites
in the 3′-UTR region of both the HIF-1α and the ET-1
mRNAs (Lu et al. 2014). miR-1 has also demonstrated to
downregulate both proteins in colorectal cancer cells (Xu
et al. 2017) and hepatocarcinoma cells (Li et al. 2012).
Because HIF-1α and ET-1 play a fundamental role in
pulmonary hypertension, it would be important to under-
stand their relationship with miR-1 in the context of
PAH. We speculate that the reduced miR-1, as found in
some series of patients with pulmonary hypertension and
cell culture exposed to hypoxia (discussed above), might
allow a higher overexpression of HIF-1α and ET-1, finally
resulting in reduced Kv1.5. However, although HIF-1α
overproduction in endothelial cells or in the whole lung
appears to play a clear pathophysiological role, changes
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in HIF-1α in smooth muscle cells are controversial.
Reduced Kv1.5 protein expression has been reported to
be concurrent with diminished HIF-1α in the smooth
muscle layer of PA from idiopathic PAH (Barnes et al.
2017). Regarding the context of the present study, Su5416
is known to reduce HIF1α expression in several cell types,
including PASMCs (Dean et al. 2017). Taken together, Kv
downregulation in PASMC may result from at least two
mechanisms: (i) HIF-1α- and ET-1-dependent and (ii)
miR-1-dependent pathways. We speculate that the former
might be more important in the context of hypoxia and
respiratory diseases (class 3 PH) and the later in PAH (i.e.
class 1 PH).

In conclusion, these data indicate that miR-1 reduces
the activity and expression of Kv channels. KCNA5 is a
direct target of miR-1 and its downregulation accounts
for decreased Kv currents and membrane depolarization
in miR-1 transfected cells. The diminished Kv currents
in Hyp/Su5416 treated PA was prevented by antagomiR-1.
All of these data suggest that miR-1 upregulation may play
a pathophysiological role, at least in some forms of PAH.
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