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Non-coding RNAs play an important role in the pathogenesis
of pulmonary arterial hypertension (PAH). The aim of this
study was to characterize the therapeutic role of melatonin as
well as the underlying molecular mechanism (its effects on
the expression of H19 and its downstream signaling pathways)
in the treatment of PAH. Real-time PCR and western blot
analysis were performed to evaluate the expression of H19,
miR-200a, miR-675, insulin-like growth factor-1 receptor
(IGF1R), and programmed cell death 4 (PDCD4). The value
of systolic pulmonary artery pressure (SPAP) and the ratio of
medial thickening in the monocrotaline (MCT) group were
increased, whereas the melatonin treatment could decrease
these values to some extent. The weights of RV (right ventricle),
LV (left ventricle) + IVS (interventricular septal), and RV/
(LV + IVS) in the MCT group were much higher than those
in the MCT + melatonin and control groups. In addition, the
expression of H19, miR-675, IGF1R mRNA, and IGF1R pro-
tein in the MCT group was the highest, whereas their expres-
sion in the control group was the lowest. The expression of
miR-200, PDCD4 mRNA, and PDCD4 protein in the MCT
group was the lowest, whereas their expression in the control
group was the highest. Furthermore, H19 directly suppressed
the expression of miR-200a, whereas miR-675-3p and miR-
200a directly inhibited the expression of IGF1R and PDCD4,
respectively. Finally, melatonin treatment inhibited cell prolif-
eration; upregulated the expression of H19, miR-675-3p, and
PDCD4; and downregulated the expression of miR-200a and
IGF1R. This study demonstrated the role of H19-miR-675-
3p-IGF1R- and H19-miR-200a-PDCD4-signaling pathways in
the melatonin treatment of PAH.
https://doi.org/10.1016/j.omtn.2018.08.015.
7These authors contributed equally to this work.

Correspondence: Guanghe Fei, PhD, Department of Respiratory and Critical Care
Medicine, The First Affiliated Hospital of Anhui Medical University, Hefei, 230022,
China
E-mail: guanghefei@hotmail.com
Correspondence: Chao Cao, PhD, Department of Respiratory Medicine, Ningbo
First Hospital, Ningbo 315000, China
E-mail: caochaoningbo@126.com
INTRODUCTION
As a multifactorial disease, pulmonary arterial hypertension (PAH) is
featured by the continued increase in pulmonary arterial pressure,
which finally leads to right ventricular failure and even death.1 The
pathological mechanisms underlying the development of PAH
remain complex and unclear. One feature of PAH is the remarkable
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increase in the resistance of distal small pulmonary arteries (PAs).2

In pulmonary circulation, the mechanisms underlying the narrowing
of low-resistance arterioles include in situ thrombosis, pulmonary
vascular remodeling, and pulmonary vasoconstriction.3 Vascular
smooth muscle cells (VSMCs) are one of the critical factors affecting
vascular homeostasis, and recent studies have shown that the
increased proliferation of VSMCs contributes to the structural varia-
tions and remodeling of PAH.4–8 Eddahibi et al.4,5 demonstrated that
multiple genetic and/or environmental factors may cause abnormally
enhanced proliferation of VSMCs, forming vascular remodeling, the
pathological structure basis of PAH. Vascular remodeling subse-
quently thickens vessel walls and narrows the lumen of the vessels,
leading to an obvious increase in pulmonary arterial resistance.4–8

A majority of the known non-coding RNAs (ncRNAs) perform
relatively generic functions in cells. For example, small nuclear
RNAs (snRNAs) are associated with splicing, small nucleolar RNAs
(snoRNAs) are associated with rRNA modification, and both tRNAs
and rRNAs are related to the translation of mRNA. Some studies have
shown that long ncRNAs (lncRNAs) of 200 nt in length have no or
limited protein-coding capacity.9,10 Nevertheless, it has been demon-
strated in some previous investigations that lncRNAs are critical mol-
ecules for controlling cellular activities.11–13 For example, it has been
demonstrated that gene expression can be regulated by lncRNAs at
the posttranscriptional, epigenetic, and transcriptional levels.14,15

Furthermore, the expression of H19 lncRNA has been shown to
mediate the growth arrest and/or differentiation of SMCs. In
he Authors.
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Figure 1. Changes in SPAP and Organ Weights after MCT Treatment in PAH Rats

(A) SPAP in the MCT group was much higher than in the MCT plus melatonin group, and both of them were much higher than the control group (*p < 0.05 as compared with

the control group, #p < 0.05 as compared with the MCT group). (B) Weight of RV in the MCT group wasmuch higher than in the MCT plus melatonin and control groups, and

both of them were higher than that of the control group (*p < 0.05 as compared with the control group, #p < 0.05 as compared with the MCT group). (C) The MCT group

exhibited a lower weight of LV + IVS compared with the MCT plus melatonin group, and the MCT plus melatonin group showed a lower weight of LV + IVS than the control

group (*p < 0.05 as compared with the control group, #p < 0.05 as compared with the MCT group). (D) The MCT group exhibited a higher RV/(LV + IVS) compared with the

MCT plusmelatonin group, and theMCT plusmelatonin group showed a higher RV/(LV + IVS) than the control group (*p < 0.05 as compared with the control group, #p < 0.05

as compared with the MCT group). (E) Ratio of medial thickening in the MCT group was much higher than in the MCT plus melatonin group, and both of them were much

higher than the control group (*p < 0.05 as compared with the control group, #p < 0.05 as compared with the MCT group).
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addition, it was discovered by Wiles16 that some genes in undifferen-
tiated embryonal carcinoma cells remain silent and only start to ex-
press themselves when the cells have differentiated into the endo-
derm. Also, in the multipotential mesodermal embryonic cell line
C3H lOT 1/2 that can be used to simulate different stages of muscle
cell development, the expression of H19 gene dramatically increases
when precursor stem cells differentiate into myoblasts.17

As a hormone also named N-acetyl-5-methoxy tryptamine,1 mela-
tonin is secreted by the pineal gland in animals and regulates the nat-
ural sleep cycle.18 Melatonin primarily exerts its biological effect
through melatonin receptors, although it can also act as an antioxi-
dant to protect mitochondrial and nuclear DNA.19

Previous investigations have demonstrated that chronic hypoxia leads
to a significantly elevated level of lipid peroxidation in the lungs.20,21

In addition, during chronic hypoxia, progenitor cells migrate into
pulmonary vascular walls and, hence, result in medial thickening.22

As a hormone well known for its high lipophilicity and ability to scav-
enge free radicals, melatonin can reduce the oxidative stress level and
relieve pulmonary hypertension.23
It has been shown that melatonin treatment could upregulate
the expression of H19 and miR-675, whereas H19 could bind to
miR-200a competitively to inhibit the expression of miR-200a.24,25

In addition, by searching online microRNA (miRNA) databases
(http://www.mirdb.org and http://mirtarbase.mbc.nctu.edu.tw/php/
index.php), we have identified insulin-like growth factor-1 receptor
(IGF1R) and programmed cell death 4 (PDCD4) as possible target
genes for miR-675-3p and miR-200a, respectively. In this study, we
established animal models of PAH and investigated the therapeutic
effect of melatonin in the treatment of PAH as well as its effect on
the expression of H19 and its downstream signaling pathways.

RESULTS
Changes in SPAP and Organ Weights after MCT Treatment

The rats were treated with monocrotaline (MCT) to establish a rat
model of PAH. Subsequently, the PAH rats were treated with mela-
tonin, and the values of systolic pulmonary artery pressure (SPAP),
right ventricle (RV), left ventricle (LV) + interventricular septal
(IVS), and RV/(LV + IVS), as well as the ratio of medial thickening
in the control, MCT, and MCT + melatonin groups, were measured.
As shown in Figure 1, the SPAP value and ratio of medial thickening
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Figure 2. Differential Levels of H19, miR-675, miR-200a, IGF1R, and PDCD4 after MCT Treatment in PAH Rats

(A) The H19 level in theMCT plus melatonin group wasmuch higher than in the MCT group, while it was even higher in the control group than in the MCT plus melatonin group

(*p < 0.05 as compared with the control group, #p < 0.05 as compared with theMCT group). (B) ThemiR-200a level in theMCT plusmelatonin group wasmuch higher than in

the control group, while it was even higher in theMCT group than in theMCT plusmelatonin group (*p < 0.05 as compared with the control group, #p < 0.05 as compared with

the MCT group). (C) The miR-675-3p level in the MCT group was much lower than in the MCT plus melatonin group, and both of them were much lower than in the control

group (*p < 0.05 as compared with the control group, #p < 0.05 as compared with the MCT group). (D) The IGF1RmRNA level in the MCT group wasmuch higher than in the

MCT plusmelatonin group, and both of themweremuch higher than in the control group (*p < 0.05 as compared with the control group, #p < 0.05 as comparedwith theMCT

group). (E) The MCT plus melatonin group displayed a lower level of PDCD4 mRNA than did the control group, while the MCT group exhibited an even lower level of PDCD4

mRNA than did the MCT plus melatonin group (*p < 0.05 as compared with the control group, #p < 0.05 as compared with the MCT group). (F) The IGF1R protein level in the

MCT groupwas much higher than in the MCT plus melatonin group, and both of themwere much higher than in the control group. The PDCD4 protein level in the MCT group

wasmuch lower than in the MCT plus melatonin group, and both of themwere much lower than in the control group (*p < 0.05 as compared with the control group, #p < 0.05

as compared with the MCT group).
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in the control group were the lowest, whereas the SPAP value (Fig-
ure 1A) and ratio of medial thickening (Figure 1E) in the MCT group
were the highest. Meanwhile, weights of RV (Figure 1B), LV + IVS
(Figure 1C), and RV/(LV + IVS) (Figure 1D) in MCT-treated rats
were evidently increased, whereas the treatment with melatonin
decreased the corresponding values.

Different Levels of H19, miR-675-3p, miR-200a, IGF1R, and

PDCD4 after MCT Treatment

The expression of H19, miR-675-3p, miR-200a, IGF1R, and
PDCD4 among the control, MCT, and MCT + melatonin groups
was determined by real-time PCR and western blot analysis. As
shown in Figure 2, the expression of miR-200a (Figure 2B),
IGF1R mRNA (Figure 2D), and IGF1R protein (Figure 2F) in
the MCT group was the highest, whereas their expression in the
control group was the lowest. In contrast, the expression of
H19 (Figure 2A), miR-675-3p (Figure 2C), PDCD4 mRNA (Fig-
ure 2E), and PDCD4 protein (Figure 2F) in the MCT group was
46 Molecular Therapy: Nucleic Acids Vol. 13 December 2018
the lowest, whereas their expression in the control group was the
highest.

Protein Expression of IGF1R and PDCD4 in the Control, MCT,

and MCT + Melatonin Groups

Immunohistochemistry (IHC) assays were carried out to measure the
protein level of IGF1R and PDCD4 in the control, MCT, and MCT +
melatonin groups. As shown in Figure 3, IGF1R protein expression in
the MCT group was the highest, whereas its expression in the control
group was the lowest. In contrast, as shown in Figure 4, PDCD4
protein expression in the MCT group was the lowest, whereas its
expression in the control group was the highest.

H19 Directly Regulates the Expression of miR-200a

A computational analysis was performed to investigate whether H19
served as molecular sponges or as competing endogenous RNAs in
the regulation of miR-200a expression. As shown in Figure 5A, a pu-
tative binding site of H19 was located on miR-220a. Subsequently,



Figure 3. Immunohistochemistry for IGF1R

According to the IHC result, the IGF1R protein level in the MCT group was much higher than in the MCT plus melatonin group, and both of themwere much higher than in the

control group (scale bars, 10 mm).
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luciferase assays were conducted to further confirm the regulatory
relationship between H19 and miR-200a in human pulmonary artery
smooth muscle cells (hPASMCs) and rat PASMCs (rPASMCs).
Compared with scramble control, miR-200a mimics significantly
reduced luciferase activity of wild-type H19 in hPASMCs (Figure 5B)
and rPASMCs (Figure 5C), whereas the luciferase activity of mutant
H19 in hPASMCs (Figure 5B) and rPASMCs (Figure 5C) transfected
with miR-200a mimics showed no significant difference, suggesting
that H19 negatively regulated miR-200a expression.

miR-675-3p and miR-200a Directly Targeted IGF1R and PDCD4,

Respectively

We performed a computational analysis to investigate the role of miR-
675-3p and miR-200a in PAH. IGF1R (Figure 6A) and PDCD4 (Fig-
ure 6D) were identified as target genes of miR-675-3p and miR-200a,
respectively. As compared with the cells transfected with the scramble
control,miR-675-3pmimics significantly inhibited the luciferase activ-
ity of wild-type IGF1R 30 UTR in hPASMCs (Figure 6B) and rPASMCs
(Figure 6C), whereas the luciferase activity of mutant IGF1R 30 UTR
in hPASMCs and rPASMCs transfected with miR-675-3p mimics
showed no significant difference. In addition, miR-200amimics signif-
icantly inhibited the luciferase activity of wild-type PDCD4 30 UTR in
hPASMCs (Figure 6E) and rPASMCs (Figure 6F), whereas the lucif-
erase activity of mutant PDCD4 30 UTR in hPASMCs and rPASMCs
transfected with miR-200a mimics showed no significant difference.
Figure 4. Immunohistochemistry for PDCD4

According to the IHC result, the PDCD4 protein level in the MCT group was much lower t

control group (scale bars, 10 mm).
Collectively, these results indicated that miR-675-3p and miR-200a
directly targeted IGF1R and PDCD4, respectively.

Effect of Melatonin on Cell Proliferation and Expression of H19,

miR-675-3p, miR-200a, IGFIR, and PDCD4

Different doses of melatonin (1 nM, 100 nM, and 10 mM)were used to
treat hPASMCs and rPASMCs. Subsequently, MTT (3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide) assay, real-time
PCR, and western blot analyses were utilized to detect cell prolifera-
tion and the expression of H19, miR-675-3p, miR-200a, IGFIR, and
PDCD4. As shown in Figures 7 and 8, melatonin treatment decreased
the growth rate of hPASMCs (Figures 7A and 7B) and rPASMCs
(Figures 8A and 8B) in a dose-dependent manner. In addition, the
expression of H19 (Figures 7C and 8C), miR-675-3p (Figures 7D
and 8D), PDCD4 mRNA (Figures 7G and 8G), and PDCD4 protein
(Figures 7H and 8H) in hPASMCs (Figure 7) and rPASMCs (Figure 8)
was increased with melatonin treatment in a dose-dependent
manner. Contradictorily, miR-200a expression (Figures 7E and 8E),
IGF1R mRNA (Figures 7F and 8F), and IGF1R protein (Figures 7H
and 8H) in hPASMCs (Figure 7) and rPASMCs (Figure 8) was
reduced with melatonin treatment in a dose-dependent manner.
Overall, these findings indicated the involvement of two signaling
pathways (H19-miR-675-IGFR1 and H19-miR-200a-PDCD4) in
the therapeutic role of melatonin, which alleviated the severity of
PAH by promoting the apoptosis of PASMCs (Figure 9).
han in the MCT plus melatonin group, and both of themwere much lower than in the

Molecular Therapy: Nucleic Acids Vol. 13 December 2018 47

http://www.moleculartherapy.org


Figure 5. H19 Directly Regulated miR-200a

(A) Comparison of the sequences of H19 and mutant with replacement of binding

site against the sequence of miR-200a. (B) miR-200a mimic inhibited luciferase

activity of wild-type H19, but not that of mutant H19 in hPASMCs (*p < 0.05 as

compared with the control group). (C) miR-200a mimic reduced luciferase activity of

wild-type H19 compared with scramble control, and luciferase activity of mutant

H19 showed no obvious difference with scramble control in rPASMCs (*p < 0.05 as

compared with the control group).
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DISCUSSION
Melatonin, chemically known as N-acetyl-5-methoxy tryptamine, is a
hormone produced by the pineal gland in animals and regulates the
natural sleep cycle.22,23,26 It has been shown that the administration
of melatonin could treat PAH by suppressing the proliferation
of PASMCs or by ameliorating the level of oxidation, although
the molecular mechanism underlying melatonin treatment remains
elusive.21,27 In this study, a rat model of PAH was established by in-
jecting the rats with MCT. The successful establishment of the animal
model was verified by measuring the value of SPAP and the weights of
RV, LV + IVS, and RV/(LV + IVS).

It has been shown that, due to the presence of melatonin, hydrogen
peroxide (H2O2) cannot suppress the expression of H19 mRNA in
48 Molecular Therapy: Nucleic Acids Vol. 13 December 2018
cardiac progenitor cells (CPCs). In addition, H19 was shown to be
involved in melatonin’s protection against aging in CPCs. Neverthe-
less, this study is the first to show that melatonin regulates the expres-
sion of lncRNAs. As a primary precursor of miRNA-675, H19 pro-
duces two mature forms, miR-675-3p (referred to as miR-675*) and
miR-675-5p (referred to as miR-675), in a classic manner dependent
on Drosha and Dicer splicing.28 miR-675-3p was found to promote
the proliferation of colon cancer cells,29 whereas H19 acts as a growth
inhibitor in embryonic development.30

In this study, it was found that the expression ofH19,miR-675-3p, and
IGF1R in theMCTgroupwas the highest, whereas their expressionwas
the lowest in the control group. In addition, the expression of miR-200
andPDCD4 in theMCTgroupwas the lowest,whereas their expression
was the highest in the control group. Furthermore, the luciferase re-
porter assays showed that the overexpression of miR-200a repressed
the luciferase activity in cells transfected with full-length H19, whereas
the site-directedmutagenesis of themiR-200a-binding site successfully
abrogated the inhibitory effect of miR-200a. Overall, these results sug-
gested that H19 acts as a target of miR-200a.

As a member of the insulin or IGF family, IGF-1, a single-chain poly-
peptide with a high sequence homology to pro-insulin, plays a pivotal
role in the regulation of metabolism, differentiation, postnatal devel-
opment, and overall growth of an organism. IGF-1 is expressed in
most cells, and it regulates the migration, survival, differentiation,
growth, proliferation, apoptosis, and adhesion of the cells. For
example, IGF-1 promotes the growth of SMCs and suppresses their
apoptosis in vitro.31 In pulmonary artery, IGF-1 inhibits the apoptosis
of SMCs by increasing the expression of MAPK, iNOS, and p38.31 In
addition, IGF-1 can activate elastin in VSMCs, and the increased
expression of IGF-1 has been linked to the remodeling of neonatal
pulmonary hypertension (PH) in sheep models.32–34

PDCD4 is a key mediator of apoptosis. Stimuli or genetic mutations,
which downregulate the expression of PDCD4, are linked to the pro-
gression of cancer and the proliferation of VSMCs following carotid
injury.35–38 PDCD4 also regulates the apoptosis of endothelial cell
(EC), vascular remodeling, and the development of intimal hyperpla-
sia.39,40 In this study, it is hypothesized that, as a main mediator of
apoptosis, the expression and activity of PDCD4 is improved by
H2O2, thus enhancing the susceptibility of hPASMCs to apoptosis
and repressing their proliferation upon hypoxia. In addition, as a key
mediator of proliferation in hPASMCs exposed to hypoxia, miR-
200a also downregulates the expression of PDCD4 by binding to the
30 UTR of PDCD4.41–43 In fact, miR-21 has been shown to suppress
the translation of PDCD4 during systemic vascular injury, cancer cell
proliferation, hPASMCproliferation, and endothelial apoptosis.37,44–47

Apoptosis has been demonstrated to considerably reverse hypoxic
pulmonary arterial remodeling during re-oxygenation, although the
key cells involved in such processes have not been fully defined.48 It
is well known that the reduced apoptosis and enhanced proliferation
of PASMCs in small pulmonary arteries could result in pulmonary



Figure 6. miR-675-3p and miR-200a Directly Targeted IGF1R and PDCD4, Respectively

(A) The sequence comparison between mature miR-675-3p and wild-type as well as mutant IGF1R 30 UTR. (B) Luciferase activity of wild-type IGF1R 30 UTR, but not that of
mutant IGF1R 30 UTR, in hPASMCs transfected with miR-675-3pmimic wasmuch lower than scramble control (*p < 0.05 as comparedwith the control group). (C) Luciferase

activity of wild-type IGF1R 30 UTR, but not that of mutant IGF1R 30 UTR, in rPASMCs transfected with miR-675 mimic was much lower than scramble control (*p < 0.05

as compared with the control group). (D) The sequence comparison between mature miR-200a and wild-type as well as mutant PDCD4 30 UTR. (E) Luciferase activity of

wild-type PDCD4 30 UTR, but not that of mutant PDCD4 30 UTR, in hPASMCs transfected with miR-675 mimic was downregulated compared with scramble control

(*p < 0.05 as compared with the control group). (F) Transfecting with miR-200a mimic reduced luciferase activity of wild-type PDCD4 30 UTR, but not that of mutant PDCD4

30 UTR, in rPASMCs (*p < 0.05 as compared with the control group).
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arterial remodeling upon hypoxia, although the thickened medial
layer could restore to its normal dimension during re-oxygena-
tion.49–51 In addition, it has been demonstrated in previous studies
that induced apoptosis of PASMCs could reverse pulmonary vascular
remodeling.52–54 Nevertheless, it remains unknown whether the
increased apoptosis of PASMCs is involved in the reversal of pulmo-
nary arterial remodeling during re-oxygenation.

There are limitations to this study. First, the functional analysis was
mainly performed in an animal model of PAH by administrating
MCT, which only represents one type of PAH model, and the thera-
peutic effect of melatonin and its effect on H19 and downstream
signaling pathways should also be confirmed in other animal model
of PAHs, such as hypoxic PAH. Second, the therapeutic effect ofmela-
tonin should also be verified in human subjects, which is one of neces-
sary steps before the medicine could be used clinically to treat PAH.

This present study is a pilot study to explore the possibility for mela-
tonin to be used to treat PAH, and both lncRNA (H19) and miRNAs
(miR-675 and miR-200a) could be therapeutic targets in the manage-
ment of PAH.

In summary, the findings of this present study demonstrated that H19
mediated the therapeutic effect of melatonin in the treatment of PAH
via regulating two signaling pathways (H19-miR-675-3p-IGF1R and
H19-miR-200a-PDCD4), and we showed that the administration of
melatonin upregulated the expression of H19 and miR-675-3p and
downregulated the expression of miR-200a, resulting in an increased
Molecular Therapy: Nucleic Acids Vol. 13 December 2018 49
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Figure 7. Effect of Melatonin on Cell Proliferation

and H19, miR-675-3p, miR-200a, IGF1R, and PDCD4

Levels in hPASMCs

(A) Melatonin inhibited cell viability of hPASMCs in a dose-

dependent manner (*p < 0.05 as compared with the

control group). (B) Melatonin inhibited cell viability of

hPASMCs in a dose-dependent fashion. (C) Treating with

melatonin dose-dependently upregulated H19 expression

(*p < 0.05 as compared with the control group).

(D) Treating with melatonin dose-dependently enhanced

miR-675-3p expression (*p < 0.05 as compared with the

control group). (E) miR-200a level was dose-dependently

reduced following treatment with melatonin (*p < 0.05 as

compared with the control group). (F) IGF1R mRNA level

was dose-dependently suppressed after the administra-

tion of melatonin (*p < 0.05 as compared with the control

group). (G) PDCD4 mRNA level was dose-dependently

upregulated subsequent to treatment with melatonin

(*p < 0.05 as compared with the control group). (H) IGF1R

protein level was dose-dependently suppressed while

PDCD4 protein expression was dose-dependently

enhanced following treatment with melatonin.
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expression of PDCD4 and a decreased expression of IGFR1. Such
changes in the expression of PDCD4 and IGF1R lead to the promoted
apoptosis and the suppressed proliferation of PASMCs, to alleviate
vascular remodeling and PAH.

MATERIALS AND METHODS
Establishment of a PAH Animal Model via MCT Administration

Animal experiments were carried out following protocols approved
by the Institutional Animal Care and Use Committee of Anhui
Medical University. The experiments were performed as previously
described.55 40 healthy male rats, which were 10 weeks old and
50 Molecular Therapy: Nucleic Acids Vol. 13 December 2018
200–250 g in weight, were obtained from Anhui
Medical University. 60 mg kg�1 MCT was in-
jected into the rats to establish a PAH model.
Melatonin (Sigma-Aldrich, St. Louis, MO,
USA) was dissolved in indoleamine-containing
absolute ethanol and further diluted with normal
saline (2% ethanol in normal saline). Subse-
quently, melatonin was intraperitoneally in-
jected into PAH rats at a frequency of 1 injec-
tion/day with a dose of 10 mg/kg body weight.

RNA Isolation and Real-Time PCR

The experiments were performed as previously
described.56,57 TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) was used to extract total
RNA from PASMCs or tissue samples. An
All-in-One miRNA qRT-PCR Detection Kit
(GeneCopoeia, Rockville, MD, USA) was used
to determine the relative expression of H19,
miR-200a, and miR-675-3p that has been
normalized to the expression of small RNA
U6. In addition, a PrimerScript RT reagent kit (Takara, Dalian,
China) was used to synthesize cDNA from extracted RNA, followed
by SYBR green qRT-PCR reactions (LightCycler480, Roche, Basel,
Switzerland) to determine the mRNA expression of IGF1R and
PDCD4 that has been normalized to the expression of GAPDH.
The 2�DDCT method was used to calculate the relative expression of
H19, miR-200a, miR-675-3p, IGFIR, and PDCD4mRNA. The primer
sets used for real-time PCR were as follows: H19 forward 50-GCCG
AGTTCGCTAGGCAAGCA-30 and reverse 50-CTCAACTGGTGTC
GTGGA-3; miR-200a forward 50-GCCGAGTGGTGCGGAGAGG
GC-30 and reverse 50-CTCAACTGGTGTCGTGGA-30; miR-675-3p



Figure 8. Effect of Melatonin on Cell Proliferation

and H19, miR-675, miR-200a, IGF1R, and PDCD4

Levels in rPASMCs

(A) Melatonin inhibited cell viability of rPASMCs in a dose-

dependent manner (*p < 0.05 as compared with the

control group). (B) Melatonin inhibited cell viability of

rPASMCs in a dose-dependent fashion. (C) Treating with

melatonin dose-dependently upregulated H19 expres-

sion (*p < 0.05 as compared with the control group).

(D) Treating with melatonin dose-dependently enhanced

miR-675-3p expression (*p < 0.05 as compared with the

control group). (E) miR-200a level was dose-dependently

reduced following treatment with melatonin (*p < 0.05 as

compared with the control group). (F) IGF1R mRNA level

was dose-dependently suppressed after the administra-

tion of melatonin (*p < 0.05 as compared with the control

group). (G) PDCD4 mRNA level was dose-dependently

upregulated subsequent to treatment with melatonin

(*p < 0.05 as compared with the control group). (H) IGF1R

protein level was dose-dependently suppressed while

PDCD4 protein expression was dose-dependently

enhanced following treatment with melatonin.
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forward 50-GCCGAGCATCTTACCGGACGT-30 and reverse 50-CT
CAACTGGTGTCGTGGA-30; PDCD4 forward 50-GCAAAAAGGC
GACTAAGGAAAAA-30 and reverse 50-TAAGGGCGTCACTCC
CACT-30; and IGF1R forward 50-TCGACATCCGCAACGACT
ATC-30 and reverse 50-TCGACATCCGCAACGACTATC-30. All re-
actions were carried out in triplicates.

Cell Culture and Transfection

The experiments were performed as previously described.58,59

hPASMCs and rPASMCs were cultured in an RPMI-1640 medium
containing 10% fetal bovine serum (FBS), glutamine, streptomycin
Molecular Ther
(100 mg/mL), and penicillin G (100 U/mL). The
cells were incubated at 37�C in a humidified incu-
bator containing 5% CO2/95% air. The PASMCs
were treated with melatonin.When the cells were
70%–80% confluent, hPASMCs and rPASMCs
were transfected with 100 nM mimics of H19,
miR-200a, and miR-675-3p. All experiments
were repeated three times.

Cell Proliferation Assay

The experiments were performed as previously
described.60,61 Briefly, PASMCs were seeded
into 24-well plates and treated accordingly
before an MTT cell proliferation assay kit
(Sigma-Aldrich, St. Louis, MO, USA) was used
to assay cell viability. Each experiment was per-
formed in triplicates.

Luciferase Assay

The experiments were performed as previously
described.62 Luciferase assay was performed to
determine the interaction among H19, miRNAs, and the target genes.
In brief, the full-length H19 was synthesized on an Expand
High Fidelity PCR system (Roche Molecular Diagnostics, Basel,
Switzerland) and inserted into a pMIR-REPORT vector (Applied
Biosystems, Waltham, MA, USA) immediately upstream of the lucif-
erase reporter gene. This vector was termed wild-type H19 vector.
Subsequently, a QuikChange Lightening Site-Directed Mutagenesis
Kit (Stratagene, La Jolla, CA, USA) was utilized to mutate the H19,
and amutant-type H19 vector was generated by inserting themutated
H19 into the same location of the pMIR-REPORT vector. hPASMCs
and rPASMCs were seeded into 48-well plates at a density of 5 � 104
apy: Nucleic Acids Vol. 13 December 2018 51
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Figure 9. Two Signaling Pathways Are Shown

Dual signaling pathways (H19-miR-675-3p-IGF1R and H19-miR-200a-PDCD4)

were involved in the mechanisms underlying the therapeutic effect of melatonin in

the treatment of PAH by promoting the apoptosis of PASMCs.
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cells/well before they were co-transfected with 5 ng luciferase reporter
construct (firefly luciferase) and miR-200a mimics, using Lipofect-
amine 2000 (Invitrogen, Carlsbad, CA, USA). At 48 hr after the trans-
fection, 200 mL passive lysis buffer (Promega, Madison,WI, USA) was
used to harvest the cells. A Dual-Glo luciferase assay system (Prom-
ega, Madison, WI, USA) was utilized to detect the activities of firefly
and renilla luciferase in the cells. Each experiment was repeated three
times.

Similarly, the UTR fragments of PDCD4 and IGFIR were obtained
-using PCR amplification on the Expand High Fidelity PCR system.
Subsequently, PCR products were purified with agarose gel electro-
phoresis and inserted into the pMIR-REPORT vector immediately
downstream of the luciferase reporter gene. The binding sites for
miR-200a and miR-675-3p on the PDCD4 and IGFIR 30 UTR were
mutated, respectively. hPASMCs and rPASMCs were seeded into
48-well plates at a density of 5 � 104 cells/well, and they were trans-
fected with 5 ng luciferase reporter construct (firefly luciferase) plus
miR-200a or miR-675-3p mimics using Lipofectamine 2000. At
48 hr after the transfection, 200 mL passive lysis buffer (Promega,
Madison, WI, USA) was used to harvest the cells. A Dual-Glo lucif-
erase assay system (Promega, Madison, WI, USA) was utilized to
detect the activities of firefly and renilla luciferase in the cells. Each
experiment was repeated three times.

Western Blot Analysis

The experiments were performed as previously described.63 At 48 hr
after transfection, hPASMCs and rPASMCs were lysed in a radioim-
munoprecipitation assay (RIPA) buffer containing a protease inhibi-
tor cocktail (Sigma-Aldrich, St. Louis, MO, USA). Subsequently, the
52 Molecular Therapy: Nucleic Acids Vol. 13 December 2018
lysate was centrifuged for 15 min at 14,000 rpm. The total protein
in the lysate was separated using 10% SDS-PAGE and electro-trans-
ferred onto a polyvinylidene fluoride (PVDF) membrane (Millipore,
Billerica, MA, USA). In the next step, the membrane was washed
three times in Tris-buffered saline (TBS) containing 0.5% Tween-
20, and blocked at room temperature for 2 hr in TBST containing
5% non-fat milk. Subsequently, the membrane was incubated at
4�C for 12 hr with anti-b-actin monoclonal antibodies (1:8,000 dilu-
tion, Santa Cruz Biotechnology, Santa Cruz, CA, USA) or polyclonal
goat primary antibodies against PDCD4 and IGF1R (1:5,000 dilution,
Santa Cruz Biotechnology, Santa Cruz, CA, USA). After incubation,
the membrane was washed three times in TBST before incubating
with HRP (horseradish peroxidase)-linked anti-goat secondary anti-
bodies (1:10,000 dilution, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) at room temperature for 2 hr. An ECL PlusWestern Blotting
Detection System (Amersham, Buckinghamsire, UK) was utilized to
expose the film and visualize the chemiluminescence. ImageJ software
(NIH, Bethesda, MD, USA) was utilized to analyze the protein bands.
Three independently experiments were carried out.

Analysis of Apoptosis

PASMCs were transfected with miR-675-3p or miR-200a mimics and
seeded into 6-well plates at a density of 2 � 103 cells per well. An
Annexin-V-Fluos and Propidium Iodide (PI) Apoptosis Detection
Kit (Sigma-Aldrich, St. Louis, MO, USA) was used to evaluate the
apoptosis of cells on a fluorescence-activated cell sorter (BD Biosci-
ences, San Jose, CA, USA). All experiments were repeated at least
three times.

IHC Assay

The experiments were performed as previously described.64,65 The
tissue samples were fixed in 4% paraformaldehyde, dehydrated,
embedded in paraffin, and sliced into 4-mm sections. Subsequently,
the sections were blocked with 3% H2O2 to inactivate the activity of
endogenous peroxidase, followed by incubation at room temperature
for 2 hr with primary goat antibodies against PDCD4 (1:200 dilution,
Santa Cruz Biotechnology, Santa Cruz, CA, USA) and IGF1R (1:200
dilution, Santa Cruz Biotechnology, Santa Cruz, CA, USA). After
the incubation, the sections were washed three times in TBST and
incubated at room temperature for 1 hr with HRP-linked anti-goat
secondary antibodies (1:1,000 dilution, Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Finally, the sections were stained with a
DAB (3, 3-diaminobenzidine) substrate kit (Vector Laboratories,
Burlingame, CA, USA) and counterstained with hematoxylin. All
tests were repeated three times.

Statistical Analysis

All data are presented as mean ± SD. The differences among different
groups were evaluated by using one-way ANOVA (when compared
among three or more groups), Student Newman Keuls method
(when compared between two groups), and Mann-Whitney test
(a non-parametric method). All statistical analyses were conducted
using SPSS version 14.0 for windows (SPSS, Chicago, IL, USA).
A p value of < 0.05 was considered statistically significant.
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