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Increased Expression of MicroRNA-206 Inhibits Potassium
Voltage-Gated Channel Subfamily A Member 5 in Pulmonary Arterial
Smooth Muscle Cells and Is Related to Exaggerated Pulmonary Artery

Hypertension Following Intrauterine Growth Retardation in Rats

Ying Lv, PhD;* Linchen Fu, PhD;* Ziming Zhang, PhD; Weizhong Gu, MD; Xiaofei Luo, MS; Ying Zhong, PhD; Shanshan Xu, PhD; Yu Wang,
PhD; Lingling Yan, PhD; Min Li, PhD; Lizhong Du, PhD

Background—Intrauterine growth retardation (IUGR) is related to pulmonary artery hypertension in adults, and microRNA-206
(miR-206) is proposed to affect the proliferation and apoptosis of pulmonary artery smooth muscle cells (PASMCs) via post-
transcriptional regulation.

Methods and Results—In an IUGR rat model, we found that the expression and function of potassium voltage-gated channel
subfamily A member 5 (Kv1.5) in PASMCs was inhibited, and pulmonary artery hypertension was exaggerated after chronic hypoxia
(CH) treatment as adults. microRNA expression was investigated in PASMCs from 12-week-old male IUGR rats with CH by
microarray, polymerase chain reaction, and in situ hybridization. The expression levels of Kv1.5 in primary cultured PASMCs and
pulmonary artery smooth muscle from IUGR or control rats were evaluated with and without application of an miR-206 inhibitor.
Right ventricular systolic pressure, cell proliferation, luciferase reporter assay, and /, were also calculated. We found increased
expression of miR-206 in resistance pulmonary arteries of IUGR rats at 12 weeks compared with newborns. Application of an miR-
206 inhibitor in vivo or in vitro increased expression of Kv1.5 a-protein and KCNA5. Also, decreased right ventricular systolic
pressure and cell proliferation were observed in PASMCs from 12-week-old control and IUGR rats after CH, while inhibitor did not
significantly affect control and IUGR rats.

Conclusions—These results suggest that expression of Kv1.5 and 4-aminopyridine (Kv channel special inhibitor)-sensitive Kv
current were correlated with the inhibition of miR-206 in PA rings of IUGR-CH rats and cultured IUGR PASMCs exposed to hypoxia.
Thus, miR-206 may be a trigger for induction of exaggerated CH—pulmonary artery hypertension of IUGR via Kv1.5. (/ Am Heart
Assoc. 2019;8:e010456. DOI: 10.1161/JAHA.118.010456.)
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ntrauterine growth retardation (IUGR) has been found to
be associated with the later occurrence of many adult
diseases, such as metabolic disease and hypertension. We
have previously shown that more severe hypoxia-induced

From the Departments of Pediatric Health Care (Y.L.) and Neonatology (L.F.,
zZ, WG, XL, YZ, SX, YW, LY, ML., LD.) the Children’s Hospital,
Zhejiang University School of Medicine, Hangzhou, Zhejiang Province, People’s
Republic of China.

*Dr Lv and Dr Fu contributed equally to this work.

Correspondence to: Lizhong Du, PHD, The Children’s Hospital, Zhejiang
University School of Medicine, No. 3333 Binsheng Road, Hangzhou, Zhejiang
Province 310003, P.R. China. E-mail: dulizhong@zju.edu.cn

Received August 28, 2018; accepted December 11, 2018.

© 2019 The Authors. Published on behalf of the American Heart Association,
Inc., by Wiley. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivs License, which permits use
and distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are made.

pulmonary artery hypertension (PAH) in adults is related to
IUGR occurrence.? PAH is a serious disease characterized by
pulmonary vasoconstriction and excessive proliferation of
pulmonary artery smooth muscle cells (PASMCs), leading to
structural remodeling of blood vessel walls. Though several
pharmacotherapies are reasonably efficacious for the treat-
ment of PAH, this disease is still associated with high
mortality (5-year survival rates ranging from 34% to 58%).°
Furthermore, the exaggerated pulmonary arterial pressure
following IUGR may increase mortality due to PAH after
chronic hypoxia (CH).

Epigenetic mechanisms contribute to adult diseases that
are associated with IUGR.* microRNAs (miRNAs) comprise a
class of 18 to 25-bp small-molecule RNAs that are highly
conserved, do not encode proteins, and mediate many key
pathways involved in regulating cell growth processes.’®
These molecules usually combine with the 3’-untranslated
region (UTR) of mRNA to suppress translation initiation.
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Clinical Perspective

What Is New?

This study is the first to provide evidence that microRNA-
206 (miR-206) promotes pulmonary artery smooth muscle
cells proliferation and induces pulmonary artery dysfunction
and exaggerated pulmonary artery hypertension via effects
on Kv1.5 in adults in an intrauterine growth retardation rat
model with chronic hypoxia.

This study is the first time to use miR-206 inhibitor gene
transfer via airway nebulization in vivo to alter miR-206
expression in pulmonary artery smooth muscle cells of the
chronic hypoxia—pulmonary artery hypertension rat model
following intrauterine growth retardation.

What Are the Clinical Implications?

It is significant that the overexpression of miR-206 in an
intrauterine growth retardation rat model is associated with
downregulation of Kv1.5, exaggerated pulmonary artery
hypertension, pulmonary artery remodeling, and pulmonary
artery smooth muscle cells dysfunction.

This study reveals that miR-206 may serve as a clinical
biomarker to facilitate early diagnosis and that miR-206
inhibition may be an effective therapeutic option for
pulmonary artery remodeling and pulmonary artery hyper-
tension.

miR-206 is a member of the miR-1 family, which includes miR-
1, miR-133, and miR-206 and has been shown to be muscle-
specific. These miRs play a critical role in myogenesis and cell
proliferation”®; however, the role of the miR-1 family
molecules in hypoxia-induced PAH is still unclear.

Recently, studies demonstrated the downregulation of miR-
206 under CH via effects on Hif-1o and Notch3 in PASMCs as
well as in animal models.”'® As we previously found, the
potassium voltage-gated channel subfamily A member 5
(Kv1.5) appears to be a potential molecular target of IUGR-
enhanced chronic hypoxia-induced PAH (CH-PAH).' It is
therefore of great interest to characterize the mechanisms
that mediate these effects and determine whether epigenetic
mechanisms, such as those involving miR-206, directly
regulate Kv1.5.

In this study, we described an miRNA screen to identify
effects of intrauterine malnutrition on small RNA expression in
IUGR rats at adulthood. Epigenomic profiling in pulmonary
artery (PA) tissue identified changes in miR-206 expression
between IUGR and control PASMCs. We then found that
expression of Kv1.5 and 4-aminopyridine (Kv channel special
inhibitor)-sensitive Kv currents were correlated with the
inhibition of miR-206 in PA rings of IUGR rats and cultured
PASMCs exposed to hypoxia. These results suggest that miR-
206 may induce exaggerated CH-PAH following IUGR via

Kv1.5 and may have implications for diagnosis and therapy in
the future.

Methods

The data, analytic methods, and study materials will be made
available to other researchers for purposes of reproducing the
results. Material will be available from the Department of
Neonatology, the Children’s Hospital, Zhejiang University
School of Medicine, which is responsible for maintaining
availability. All animal experiments were performed in accor-
dance with currently prescribed guidelines under a protocol
approved by the Institutional Animal Care and Use Committee
at Zhejiang University and performed in accordance with the
National Institutes of Health guidelines (NIH Publication No.
85-23, revised 1996).

The randomization was used to assign the rats and cells to
groups and the technicians of polymerase chain reaction
(PCR), western blot, fluorescent in situ hybridization (FISH),
histologic and morphometric measurements, psychology
tests, electrophysiology tests, EdU tests, and luciferase tests
were blinded.

Rat Model of IUGR and CH-PAH

We established the IUGR rat model and CH-PAH rat model in
our previous studies.” Only male offspring were studied to
avoid hormonal cycle disturbances. Offspring of nonrestricted
mothers were labeled as control rats; offspring of food-
restricted mothers (with a birth weight <5.8 g) were labeled
as IUGR rats." After 2 weeks under hypoxic conditions,
offspring rats (14 weeks of age) were randomly assigned to
four groups: control (CON), control-hypoxia (CON-CH), IUGR,
and IUGR-hypoxia (IUGR-CH). To raise the comparison ability
of the results, all the experiments follow the principle of
random control and double-blind.

RNA Extraction and Quantitative Real-Time
Polymerase Chain Reaction

Resistance PA rings with diameters between 180 and 220 um
were dissected from the lungs of rats under the anatomic
microscope. Samples were ground with a liquid Np-cooled
mortar and pestle. Total RNA for microarray analysis was
extracted from the PA ring powder using Trizol. Because of the
stem loop structures of the miRNA primers, only mature
miRNA molecules were amplified into cDNA using fluores-
cently labeled Tagman probes and primer sets with a 7500HT
Fast Real-Time PCR device (Applied Biosystems, Foster City,
CA). Fold-change of RNA species was calculated using the
formula 272 The housekeeping gene glyceraldehyde 3-
phosphate dehydrogenase was used as an mRNA reference
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control. The small RNA U6 was used as a reference control for
miRNA quantification.

Microarray Hybridization

Total RNA (50 pg) was fluorescently labeled at 37°C for
15 minutes and at 25°C for 30 minutes with T4 RNA ligase.
Flash Tag—labeled samples were hybridized to Affymetrix 3.0
microarrays at 48°C for 16 hours. Microarrays were then
washed as previously described and scanned using a Gene
Chip Scanner 3000 (Thermo Fisher Scientific, Waltham, MA).”
Then, quantitative real-time polymerase chain reaction was
used to verify the identified changes in miRNA.

In Silico Analysis for miR Target Prediction

The analysis of target gene prediction was completed using
the TargetScan5. The 3-UTR of the KCNA5 gene was
screened as the presence of miRNA response elements from
TargetScanHuman and miRanda sites.

Hemodynamic, Histologic, and Morphometric
Measurements

Right ventricular systolic pressure (RVSP) was measured to
reflect the pressure of the PA as described previously.'
systolic blood pressure (SBP; mean artery pressure) and heart
rate were measured as described previously. '?

Immunohistochemical staining of a-smooth muscle actin
was performed as reported previously.'" In each artery (n=2—
5/animal), we measured the outer perimeter of each vessel
and the medial area occupied by smooth muscle (a-smooth
muscle actin positive). The ratio was calculated to assess
vascular dysfunction using Image Pro Plus software 5.0
(Media Cybernetics, Rockville, MD).

Fluorescent In Situ Hybridization

The protocol for in situ hybridization for miRNA detection was
based on a prior report.'® Specifically, 5-um sagittal lung
sections were probed using a 3'-fluorescein isothiocyanate—
labeled miRCURY LNA rno-miR-206 detection probe
(100 nmol/L; Exigon, Vedbaek, Denmark). The miRCURY LNA
U6 probe was used as a control. Probe (50 nmol/L LNA probe)
annealing was performed in hybridization buffer (H7782;
Sigma-Aldrich, St Louis, MO) for 16 hours at 62°C. Following
serial washes and inactivation of endogenous peroxide activity
(3% hydrogen peroxide, 30 minutes at 25°C), immunolabeling
was performed with an anti—3'-fluorescein isothiocyanate
horseradish peroxidase—conjugated secondary antibody for
1 hour at 25°C (1:100; DAKO, Carpinteria, CA). For detection,
tyramide amplification was performed with the Individual

Indirect Tyramide Reagent (PerkinElmer), and positive staining
was evident by a green color. Nuclei were visualized with DAPI
(Roche). The miR-206 expression was quantified in the vascular
wall of 10 to 15 resistance PAs (<100-um external diameter) in
rats. Data are expressed as arbitrary units.

In Vivo Gene Delivery to the Lung

Rats were anesthetized with pentobarbital sodium (50 mg/kg
body weight, intraperitoneally) and intubated orotracheally
with PE240 polyethylene tubing during tracheal transillumi-
nation. While breathing spontaneously, ~25 pL (0.5 mg/kg)
of Anti-miR miR-206 inhibitor in Invivofectamine 3.0 (Thermo
Fisher Scientific) compounds were nebulized to CON-Anti206,
IUGR- Anti206, CON-CH-Anti206, and IUGR-CH- Anti206 rats
using an intratracheal microspray device placed in the distal
endotracheal tube.'' Nebulized Invivofectamine 3.0 reagent
with sterile saline was used as a negative control (=25 pL) in
the CON, IUGR, CON-CH, and IUGR-CH rats. Rats were
allowed to recover from anesthesia for 24 hours before return
to the hypoxia chamber. Experiments were performed 14 days
after nebulization.

PASMC Culture

PASMCs were obtained from the resistance PAs of 8-week-old
rats using an enzymatic dissociation method as described
previously.'* To compare the expression levels of miR-206 in
differentiated PASMCs, the freshly isolated differentiated
PASMCs were cultured with Dulbecco’s modified Eagle’s
medium in 15% fetal bovine serum for 3 days and then used
for analysis.

Analysis of Cell Proliferation

To detect cell proliferation, primary PASMCs from the CON
and IUGR groups were seeded into 96-well plates at 1000
cells/well before transfection of miR-206 inhibitor or anti-
miRTM miRNA Inhibitors-Negative Control (Invitrogen) follow-
ing the manufacturer’s instructions. Dilute Lipofectamine
RNAIMAX Reagent in Opti-MEM Medium (1:15) and Dilute
miRNA inhibitor in Opti-MEM Medium (1:50) were mixed as
1:1 ratio. The complex was incubated for 5 minutes at room
temperature and was added to cells (1 pmol miRNA inhibitor
per well). Then, 24 hours after transfection, cells were
stimulated with 100 pmol/L CoCl, (a classic hypoxia
mimetic; Sigma-Aldrich) for 48 hours. EdU assays (Sigma-
Aldrich) were performed to assess cell proliferation after
transfection (0, 24, and 48 hours) according to the manufac-
turer’s instructions. The cells were scanned in a plate reader
(Tecan, Mannedorf, Switzerland) at an absorbance of 490 nm.
All assays were performed in triplicate.
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Dual-Luciferase Assay

Dual-luciferase reporter experiments were performed in
primary cultured PASMCs. PASMCs were cotransfected with
the 3’-UTR region of KCNA5 cloned into pMirTarget vector
(0.008 pg/puL medium, Sangon Biotech,Shanghai, China)
containing the sequence of a firefly luciferase as a reporter
and a vector contain a Ranilla luciferase as an internal control
(0.002 pg/pL medium, Sangon Biotech). PASMCs placed into
a 96-well plate at 70% confluence were cotransfected with
miR-206 mimic or scrambled miRNA as control (both at
10 nmol/L, Thermo Fisher Scientific), using Lipofectamine
RNAIMAX transfection reagent (Thermo Fisher Scientific), in
accordance with the manufacturer’s instructions. After
48 hours, luciferase activity of firefly luciferase (F) and
luciferase activity of Ranilla luciferase (R) was measured by
a luminometer (Infinite® M1000 Pro, Tecan), using the Dual-
Luciferase Reporter Assay System (Promega, Madison, WI).
Luciferase activity was expressed as R/F and normalized to
the scrambled miRgroup.

Immunoblotting

The smooth muscle layer of resistance PA rings was
dissected. Total protein extracts and western blotting were
performed as previously reported.’®'® The membrane pro-
teins were immunoblotted with antibodies to Kv1.5 (APC-004;
Alomone Labs, Jerusalem, Israel).

Electrophysiology

After transfection and maintenance under hypoxic conditions
for 48 hours, the patch clamp assay was performed on isolated
PASMCs that had been cultured for 3 days. Whole-cell patch
clamp recording was performed as previously reported.' The Kv
current was defined as the difference between the whole-cell
outward current recorded in the 4-aminopyridine—free bath
solution and the current recorded after superfusing with the
same bath solution containing 5 mmol/L 4- aminopyridine.
The current density of Kv channels was calculated by dividing
the average plateau phase /x, by the cell capacitance and was
compared among all the groups.'” Electrophysiologic data
analysis was performed using the Clampfit subroutine of the
pCLAMP software (Axon Instruments, Union City, CA).

Statistical Analysis

Data are presented as mean+SEM. The differences in mRNA
and microRNA expression (PCR and FISH), protein expression,
RVSP, SBP, heart rate, thickness of smooth muscle layer, EdU
assays, current density, and membrane capacitance were
among groups were analyzed using one-way ANOVA for 2-
group comparisons and the Tukey’s honestly significant

difference test as post hoc statistical analysis. All of the
above statistical analyses were performed by using SPSS,
version 16.0 (IBM, Armonk, NY). The heat map and log-log
scatter plot were assessed by R-software of significance
analysis of microarray. P<0.05 was considered to indicate
statistical significance.

Results

miR-206 Associates With PAH Progression at
Adulthood Following IUGR

As we found previously, IUGR causes exaggerated PAH in
conjunction with CH later in life, due to PASMC dysfunction.'
To explore the epigenetic mechanisms underlying these
relationships, we used Affymetrix microarrays to analyze
RNA levels from PASMCs from 3 pairs of male offspring (CON
and IUGR rats at 12 weeks of age; Figure 1A). Interestingly,
the relative signal strength of miR-206 and miR-184 in IUGR
rats was consistently higher than that in CON rats, while other
miRNAs exhibited no difference between the 2 groups. (The
expression of miR-206 [red point] in resistance PA smooth
muscle tissue were 4.73 times higher in the IUGR group than
the control group by microarray test; Figure 1B and 1C.) As
Kyoto Encyclopedia of Genes and Genomes pathway analysis
and gene ontology processes analysis show, miR-206 is a
member of a muscle-specific miR family associated with
hypoxia and cation channel activity and predicted to target
the PAH network (Figure 1D).

To confirm the effects of hypoxic conditions on adult rats
following IUGR, we measured the RVSP of these animals. The
RVSP of the IUGR group was significantly higher than that of the
control group after 2 weeks under hypoxic conditions
(30.6+0.9 versus 35.9£1.6 mm Hg; P<0.05), while no differ-
ence was detected in SBP between these groups (119.9+£1.1
versus 121.7+1.7 mm Hg; P=0.28; Figure 2C). The birth
weights of the offspring from the IUGR group were markedly
reduced compared with the control group (5.0+0.6 versus
7.0£0.9 g; P<0.05) as reported previously,’ while no differ-
ence was detected in weights of these offspring at 12 weeks
(4444+12.7 g versus 438+8.2 g; P=0.10). To validate our
findings in PAs of IUGR rats, we confirmed higher level of miR-
206 in an additional 8 IUGR rats by gRT-PCR (Figure 3A).
What’s more, we investigated the expression of miR-206 in lung
tissue by FISH and found that the proportion of PASMCs
expressing miR-206 in the IUGR rats was increased compared
with CON rats (Figure 3E). After 2 weeks under hypoxic
conditions, the expression of miR-206 increased in both the
CON-CH and IUGR-CH groups but was increased to a greater
degree in the IUGR-CH group. Similar findings were apparent by
gRT-PCR, as CH increased miR-206 expression in IUGR groups
more than in the CON groups (Figure 3A).
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Figure 1. Level of miR-206 expression in PA smooth muscle and predicted target network of miR-206. A, Heat map of the 680 miRNAs that
had differential expression between intrauterine growth retardation (IUGR) and control (CON) rats. Each column in this map corresponds to an
individual rat, whereas each row corresponds to data from a single microRNA. Yellow color shows high expression, and blue color shows low
expression. n=3. B and C, The microarray data show the expression of microRNA-206 (red point) in resistance PA smooth muscle tissue of CON
and IUGR rats at 12 weeks of age. D, Predicted target network of miR-206 identified both by enrichment analysis and literature review reveals
genes that may represent points of miR-206 regulation in cell proliferation and migration inhibition. CON indicates control; IUGR, intrauterine
growth retardation; miR-206, microRNA-206; miRNA, microRNA; PA, pulmonary artery.

miRNA-206 Regulates RVSP in PAH Progression
in Adulthood Following IUGR

After identifying differential effects of IUGR and CH on miR-
206, we sought to examine the role of this miRNA inhibition in

RVSP in PAH following nebulization with Invivofectomine 3.0
and miR-206 inhibitor, as shown in Figure 2A. The RVSP of
CON-CH rats was lowest after application of miRNA-206
inhibitor doses of 0.5 and 0.6 mg/kg based on preliminary
experiments (Figure 2B) and showing that it decreased miR-
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Figure 2. miR-206 inhibition in vivo restored exaggerated PAH of IUGR rats. A, Representative photo of nebulized miR-206 inhibitor. B, The
effect of the indicated doses of inhaled miR-206 inhibitor on RVSP of CON-chronic hypoxia (CH rats). C, RVSP of the indicated groups after a

dose of 0.5 mg/kg miR-206 inhibitor via inhalation. D, Representative

images of a-SMA (smooth muscle actin) staining (brown) using

immunohistochemical staining in small PA cross-sections. Scale bar=75 um. E, Summary plots of the area proportion (medial area/
[medial+lumen] area) show the wall thickness of the smooth muscle layer in resistance PA between groups. F and G, SBP and heart rates were
measured for each of the groups. n=6 for each group. *P<0.05. In all cases, data are expressed as the mean+SEM. CON indicates control;
IUGR, intrauterine growth retardation; miR-206, microRNA-206; PA, pulmonary artery; PAH, pulmonary artery hypertension; RVSP, right

ventricular systolic pressure; SBP, systemic blood pressure.

206 expression without excessive toxicity on heart rate and
SBP (Figures 2F, 2G, and 3A), so we chose a dose of 0.5 mg/
kg to conduct experiments. Both qRT-PCR and FISH showed
that the expression of miR-206 in PA smooth muscle rings
was significantly lower in CON-CH-Anti206 and IUGR-CH-
Anti206 groups than in CON-CH and IUGR-CH groups and that
there were no differences between the 2 groups treated with
the inhibitor (Figure 3A and 3E).

After 2 weeks of hypoxia following nebulization, the miR-
206 inhibitor slightly decreased RVSP in IUGR-CH-Anti206
rats (27.58+0.40 mm Hg) compared with IUGR-CH rats
(35.84+1.55 mm Hg; P<0.05). RVSP was also decreased in
the CON-CH-Anti206 group (30.56+0.86 mm Hg [CON-CH]

versus 28.15+0.61 mm Hg [CON-CH-Anti206]; P=0.08),
while there was no difference between the RVSP values in
the CON-CH-Anti206 and IUGR-CH-Anti206 groups (Fig-
ure 2C). The SBP and heart rates were not affected between
any of the groups, indicating that miR-206 does not affect
these parameters (Figure 2F and 2G). On the other hand,
RVSP did not statistically differ between CON-Anti206 and
IUGR-Anti206 groups. Mortality was 0 of 10 following use of
25 pL Invivofectamine reagent and 7 of 10 following use of
50 pL of Invivofectamine reagent, and the presence of
wheezy phlegm regressed 1 day after transfection in all the
rats. Furthermore, lung inflammation was not apparent in lung
sections 14 days after transfection (Figure 2D).
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Figure 3. miR-206 inhibition in vivo increased Kv1.5 channel expression to restore CH-PAH of IUGR rats. A, Fold-change of miR-206
expression by gRT-PCR in PA smooth muscle and mesenteric artery smooth muscle of different groups. n=5 per group of CON, IUGR, CON-CH
and IUGR-CH; n=8 per group of CON-CH-Anti206, IUGR-CH-Anti206, CON-Anti206, and IUGR-Anti206;* P<0.05. B, Fold-change of mRNA of
KCNAS5 in PA smooth muscle of different groups. n=8 per group; *P<0.05. C and D, Representative images of immunoblotting and quantitative
analysis of Kv1.5 a-protein in PA smooth muscle. n=8 per group; *P<0.05. E, Representative images of miR-206 by FISH from IUGR and CON
rats with or without CH from newborn to 12 weeks old. n=4 per group, scale bar=50 pum. In all cases, data represent the mean+=SEM. CH
indicates chronic hypoxia; CON, control; FISH, fluorescent in situ hybridization; IUGR, intrauterine growth retardation; miR-206, microRNA-206;
PA, pulmonary artery; PAH, pulmonary artery hypertension; qRT-PCR, quantitative real-time polymerase chain reaction.

Additionally, we performed immunohistochemical staining
in 14-week-old rats. There was a significant reduction in the
medial hypertrophy and a-smooth muscle actin expression in
small PAs of CH groups after application of the miR-206
inhibitor, and we found that the thickness of the resistance PA
smooth muscle layer in artery slices did not differ between

CON-CH-Anti206  (0.654+0.09) and  IUGR-CH-Anti206
(0.6240.16; P=0.41; Figure 2D and 2E). No differences in
the normalized expression of o-smooth muscle actin in the
resistance PAs between the normoxia groups with or without
the miR-206 inhibitor were observed by immunohistochemical
staining.
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miRNA-206 Inhibition Affects Kv1.5 Expression of
PASMCs In Vivo in CH-PAH in Adulthood
Following IUGR

We previously showed that Kv1.5 in PASMCs is downregu-
lated in exaggerated CH-PAH originating from IUGR," and we
hypothesized that an epigenetic mechanism may play an
important role in the disease progression. To further test this
hypothesis, we measured protein and mRNA levels of Kv1.5 in
PA smooth muscle after nebulization with miR-206 inhibitor.
The protein level of Kv1.5 was increased in CON-CH-Anti206
(1.07£0.01) and IUGR-CH-Anti206 (1.05+0.04; P=0.37)
according to immunoblotting studies, and the mRNA level of
KCNA5 was markedly increased in the CON-CH-Anti206 group
(0.774+0.02) compared with the IUGR-CH-Anti206 group
(0.59£0.15; P=0.55) by PCR (Figure 3B, 3C, and 3D) and
by FISH (Figure 3E). No differences in Kv1.5 protein and
KCNA5 mRNA expression were noted between the CON-
Anti206 and IUGR-Anti206 groups, indicating specific effects
by the miR-206 inhibitor. To confirm that miR-206 binds to the
3’-UTR of the KCNA5 mRNA, we screened the 3’-UTR region of
KCNAS5 and identified putative binding sites of miR-206
(Figure 4E). miR-206 mimic significantly decreased the rela-
tive luciferase reporter activity of PASMCs compared with
scrambled miR group (1 versus 0.7440.09, P<0.05), which
suggests that miR-206 could directly bind to the 3’-UTR of
KCNAS5 (Figure 4F).

miR-206 Inhibition In Vitro Abolished the Effects
of Hypoxia on PASMCs From IUGR Rats Via
Heightened Kv1.5 Expression

To explore the therapeutic potential of miR-206 inhibition, we
next treated a CH cell model of PASMCs (hypoxia mimicked
by 100 pmol/L CoCl, as previously reported ') with 10 pumol/L
miR-206 inhibitor." The miR-206 inhibition (Figure 4A)
decreased EdU uptake in IUGR-CH-Anti206 PASMCs, but
EdU uptake in CON-CH-Anti206 PASMCs was only a bit lower
compared with CON-CH PASMCs (Figure 4H and 4l), sug-
gesting that the proliferation rate was decreased much more
in the IUGR-CH-Anti206 PASMCs than the CON-CH-Anti206
groups. As expected, there was no significant effect of the
miR-206 inhibitor on CON-Anti206 and IUGR-Anti206 groups
(Figure 4G). The EdU uptake in CON-CH and IUGR-CH
PASMCs was significantly higher than CON and IUGR groups
(Figure 4G, 4H, and 41).

To further investigate the role of miR-206 inhibitor on
Kv1.5 expression, we examined Kv1.5 in both CON-CH-
Anti206 and IUGR-CH-Anti206 PASMCs using immunoblot-
ting. The decreased proportion of Kv1.5 protein was
diminished in CON-CH-Anti206 and IUGR-CH-Anti206 groups
compared with the CON-CH and IUGR-CH groups, and there

was no difference between the CON-CH-Anti206 and IUGR-
CH- Anti206 groups, suggesting that the inhibitory effects of
hypoxia on Kv1.5 have been alleviated by inhibition of miR-
206 (Figure 4C and 4D). Next, qRT-PCR analysis demon-
strated that reduced miR-206 expression induces an increase
in KCNA5 mRNA expression in PASMCs of CON-CH-Anti206
and IUGR-CH-Anti206 groups, and that this increase was
similar in both groups (Figure 4B). Additionally, the Kv1.5
protein levels were increased similarly to the levels of Kv1.5
mRNA in these groups (Figure 4B, 4C, and 4D).

miR-206 Inhibition Elevates 4-Aminopyridine -
Sensitive /k, in Resistance PASMCs of CH Rats

PASMCs from resistance PAs were patch-clamped, and the
whole-cell outward current was assessed after application of
4-aminopyridine. Within 1 minute, these currents were
inhibited by 4-aminopyridine (Figure 5A and 5B). Subtraction
analyses showed that 4-aminopyridine—sensitive Kv currents
and current densities in CON-CH-Anti206 and IUGR-CH-
Anti206 groups were both increased compared with those
in CON-CH and IUGR-CH groups; however, there was no
significant difference between CON-CH-Anti206 and CON-CH
groups and did not exhibit a significant difference between
each other (Figure 5F). The whole-cell current densities do not
have significant difference in the groups as those cultured
under normoxic conditions before 4-aminopyridine or after 4-
aminopyridine (Figure 5E through 5H). Furthermore, there
was no effect of miR-206 inhibition on the CON-Anti206 and
IUGR-Anti206 groups (Figure 5C and 5D), and no differences
in cell capacitance between any of the groups were noted
(Figure 5l). Together, these results suggest that miRNA-206
downregulation in primary cultured PASMCs could offset
hypoxia-inhibited Kv current in the IUGR group, as miR-206
inhibition increased Kv1.5 expression similar to that of 4-
aminopyridine—sensitive Kv currents (Figure 5J).

Discussion

Using a rat model, we verified previous reports of exaggerated
PAH after CH later in life following intrauterine malnutrition
and IUGR. This study demonstrates that miR-206 participates
in epigenetic regulation of processes that originate from IUGR
and consequently promotes hypoxia-induced pulmonary vas-
cular disease. More specifically, we first found that miR-206
was overexpressed in PASMCs of IUGR rats at 12 weeks of
age compared with control rats. Second, miR-206 expression
was decreased to a greater extent after CH, concomitant with
reduced Kv1.5 expression and /, in both PA smooth muscle
and cultured PASMCs from 14-week-old IUGR rats. Finally,
and most importantly, miR-206 inhibition improved pulmonary
vascular compliance, alleviated excessive PAH, and abolished
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Figure 4. miR-206 inhibition in primary cultured PASMCs regulates Kv1.5 channel expression and prevents overpro-
liferation of PASMCs from IUGR-CH-PAH rats. A, Fold-change of miR-206 in PASMCs of different groups. B, Fold-change of
mRNA of KCNA5 in PASMCs of different groups. C and D, Representative images of immunoblotting and quantitative
analysis of Kv1.5 a-protein in PASMCs. Data in (A, B, D) are presented as means+SEM. *P<0.05; n=4 100-mm dishes from
4 rats per group. E, Predicted sequence of miR-206 complements 3'-UTR of KCNA5 mRNA in rat. F, Relative luciferase
activity in (PASMCs) cotransfected with miR-206 mimic or scrambled miRNA with the pMirTarget vector containing the 3'-
UTR region of KCNA5 and the luciferase gene. Results are presented as means=SEM; *P<0.05. G, H, and I, Proliferation of
PASMCs transfected with or without miR-206 inhibitor was measured with EdU assays. Relative fluorescence units were
detected to calculate the proliferation of PASMCs. *Represents IUGR-CH vs IUGR-CH-Anti206, P<0.05; n=6 experiments. In
all cases, all values are expressed as the mean+SEM. CH indicates chronic hypoxia; IUGR, intrauterine growth retardation;
miR-206, microRNA-206; miRNA, microRNA; PAH, pulmonary artery hypertension; PASMCs, pulmonary artery smooth

muscle cells; UTR, untranslated region.

over proliferation of PASMCs in both our [IUGR-CH rat model
and cultured cell model, and these effects were primarily via
upregulation of Kv1.5 expression. Taken together, these
findings indicate that miR-206 is a target molecule that
downregulates the expression of Kv1.5 on PASMCs in IUGR
rats after 2 weeks of hypoxia, causing exaggerated PAH in
adults as previously suggested.’

The progression and outcome of PAs underlie PAH
following IUGR. Observations in humans suggest that tran-
sient intrauterine insults are associated with pulmonary
vascular dysfunction later in life."® Exploring new patho-
genetic factors, such as noncoding RNA, is therefore
paramount for the development of efficient new therapies. '
As accumulating evidence demonstrates that miRNAs are
involved with tissue remodeling and the development of

hypertrophy and blockage in the pulmonary vasculature,?®23

we sought to identify miRNAs involved in these processes in
PA smooth muscle tissue. These studies demonstrated that
miRNA-206 was significantly overexpressed in IUGR rats
compared with control animals. The role of miR-206 has
already been confirmed in tumor cell lines. Yan et al found
low expression of miR-206 in rhabdomyosarcoma cells via
interaction with miRNA response elements (sequence-guided)
and complementary sequences (within a region of the 3’-UTR)
of the tumor suppressor c-Met, ultimately inhibiting its
expression or stabilizing the expression of PAX3 and CCND2
and causing abnormal cell proliferation and migration
inhibition.””?* Other studies reported that miR-206 potentially
affects prenatal skeletal muscle development by repressing
SFRP1 expression via degradation of the mRNA transcripts.?®
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Figure 4. Continued

Furthermore, other investigations in relevant cell models have
highlighted the critical role of miR-206 in PASMCs,”° raising
challenges for in vivo use of miR-206 for PAH intervention,
especially following IUGR.

Administration of the miR inhibitor via the airway signif-
icantly reduced the expression of miR-206 in PASMCs. This
delivery route is simple, effective, and well tolerated, as
reported previously.'' The current volume of vector did not
cause mortality, overt lung toxicity, or inflammation. Impor-
tantly, miR-206 inhibition was found only in PAs and not in the
mesenteric arteries (Figure 3A). As previously reported, unlike
cationic lipids, neutral lipid emulsion such as the transfection
reagent we used (lipofectamine RNAIMAX) preferentially
accumulates in the lungs rather than other tissues.”” A
repeated inhalation may improve the RVSP downregulation,
and further investigations will be needed to assess potential
laryngeal injury. Thus, we found that miR-206 gene transfer
via airway nebulization in vivo is feasible and effective and
ameliorates PAH in the IUGR-CH-PAH model. Additional
vectors may be used to employ cell type—specific promoters
to target PASMCs, rather than a promiscuous promoter, and
may also include other target microRNAs. Further investiga-
tions will address these possibilities.

The loss of Kv1.5 expression in PASMCs appears to be
important to the pathogenesis of CH-PAH.'"?® Intrauterine

malnutrition may augment this effect of hypoxia later in life.’
Although miR-206 has many additional predicted targets
according to Kyoto Encyclopedia of Genes and Genomes
pathway analysis and gene ontology processes analysis, most
of which are related to cell proliferation and apoptosis effects,
our in vitro and in vivo experiments demonstrate a dominant
role of miR-206 on Kv1.5 expression in IUGR in protecting
from CH-PAH progression following miR-206 inhibition. These
observations were consistent with TargetScan5, which pre-
dicted KCNA5 as a target of miR-206."® We attributed the
decrease of RVSP, regression in medial hypertrophy of small
PAs, and altered hypoxia-induced cell proliferation to
increased Kv1.5 expression in PASMCs of IUGR-CH-Anti206
rats. Although SBP was slightly higher in IUGR-CH-Anti206
rats, there was no statistically significant difference in these
values compared with control groups (Figure 2F).

Another interesting finding is that both the Kv1.5 mRNA
and protein levels were repressed by miR-206 after CH.
Current evidence suggests posttranscriptional inhibition by
miRNA completely complementary binding to mRNA to initiate
the transcript degradation, and this mechanism may indeed
play a key role in this progression.®?’

Furthermore, the /¢, of PASMCs is more sensitive to 4-
aminopyridine in IUGR-CH-Anti206 rats and is proportional to
the expression of the Kv1.5 a-subunit. miR-206 is thought to
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Figure 5. miR-206 inhibition increased 4-aminopyridine-sensitive voltage-gated potassium (Kv)
currents more prominently in [IUGR-CH rats. A and B, Representative traces of the whole-cell currents
in resistance PASMCs in CON-CH-Anti206 (A) and IUGR-CH-Anti206 (B) rats before (top, left traces) and
after (top, right traces) treatment with 4-aminopyridine (5 mmol/L). Analyses of current subtraction,
which represents 4-aminopyridine-sensitive Kv currents, are shown at the bottom of (A and B). C and D,
Representative traces of whole-cell currents in resistance PASMCs in CON-Anti206 (C) and IUGR-
Anti206 (D) rats before (top, left) and after (top, right) treatment with 4-aminopyridine (5 mmol/L).
Analyses of current subtraction, which represents 4-aminopyridine—sensitive Kv currents, are shown at
the bottom of (C and D). E and F, Plots of whole-cell 4-aminopyridine—sensitive Kv current density of
PASMCs of the indicated groups after treatment with 4-aminopyridine were analyzed. *Represents CON-
CH vs IUGR-CH, J:represents IUGR-CH vs IUGR-CH-Anti206, P<0.05. G, Plots of whole-cell current
density of PASMCs of the indicated groups before treatment with 4-aminopyridine were analyzed.
Though the currents density of CON-CH-Anti206 and IUGR-CH-Anti206 groups was higher than CON-CH
and IUGR-CH groups, there was no significant difference between each group. H, Plots of remaining
currents density between the indicated groups. There were no significant differences between the
groups. |, Plots of membrane capacitance of PASMCs of the indicated groups after treatment with 4-
aminopyridine were analyzed. There was no significant difference between each group. J, Plots of the
ratio of /¢, increase at —70 to 70 mV for CON-CH-Anti206 /CON-CH and IUGR-CH-Anti206 /IUGR-CH
rats. Data are presented as means+SEM. *P<0.05. In all cases, n=18 cells from 6 rats per group. CH
indicates chronic hypoxia; CON, control; IUGR, intrauterine growth retardation; miR-206, microRNA-206;
PASMCs, pulmonary artery smooth muscle cells.

mediate the downregulation of Kv1.5 expression during CH,
thus causing voltage-dependent current changes, as well as
RVSP and medial hypertrophy of small PAs, in IUGR rats.
One limitation of our study involves the detection of miR-
206 in PA smooth muscle tissue rather than via peripheral
blood testing. Because expression of miRNA206 in peripheral
blood is low, changes in expression need further study to
consider this marker for improved diagnostics for IUGR
patients with PAH. Moreover, despite the availability of classic
drugs, the development of new pharmacotherapies with
mechanisms that differ from current compounds may prove
valuable in the treatment of PAH following IUGR. Studies

stemming from our results may provide novel diagnostic
potential and therapies to PAH following IUGR, in response to
this high-priority unmet clinical need.?**'

In conclusion, miRNA is a key epigenetic regulator of
numerous functions involved in IUGR progression, including
increased activity, proliferation, and apoptosis of cells.*? Our
study provides in vivo and in vitro findings that overexpression
of miR-206 in IUGR rats favorably increased RVSP and
accelerated PASMC proliferation in these rats after CH.
Importantly, miR-206 inhibition reduced the progression of
CH-PAH of IUGR via increased expression of Kv1.5 and Kv
currents in PASMCs. Collectively, these findings support the
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