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Differential expression of microRNA in the lungs
of rats with pulmonary arterial hypertension
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Abstract. Pulmonary arterial hypertension (PAH) is a
chronic disorder of the small pulmonary arteries, and the
efficacy of the therapies and the prognosis remain poor. The
pathobiology of PAH is complex, and needs to be elucidated
by multiple approaches. The present study used a monocro-
taline-induced PAH rat model to perform a comprehensive
microRNA (miRNA) microarray screening in the lungs and
identified 16 downregulated miRNAs in the lungs from PAH
rats. High-enrichment gene ontology (GO) analysis identified
several sets of genes, and established the miRNA-mRNA
network by outlining the interactions of miRNA and
GO-associated genes. Three downregulated miRNAs [miRNA
125-3p (miR-125-3p), miR-148-3p and miR-193] displayed
the most marked regulatory function, and miR-148-3p and
miR-193 were observed to have the highest number of target
mRNAs. Signaling pathway analysis demonstrated 26 signal
transduction pathways, with MAPK, TGF-f3 and cell cycle
signaling as the most prominent. In addition, 342 genes were
identified as the potential targets of these 16 miRNAs. Thus,
a set of miRNAs in the lungs from rats with PAH and novel
associations between biological events and PAH pathogenesis
were identified, providing potential therapeutic targets for this
disorder.

Introduction

Pulmonary arterial hypertension (PAH) is a chronic disorder
of the small pulmonary arteries and vasculature, character-
ized by increasing vascular narrowing, leading to progressive
pulmonary vascular resistance, with potentially fatal conse-
quences, such as right heart failure (1,2). As a multifactorial
disorder, PAH can be idiopathic or associated with underlying
conditions, including scleroderma, rheumatoid arthritis
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and infection (3). The pathobiology of PAH is complex, and
involves diverse pathological events, including vasoconstric-
tion, thrombosis, inflammation, structural remodeling of
pulmonary vessels, in addition to disordered production of
vasoactive mediators (1,2,4,5). Despite an improved under-
standing of the therapeutic development of PAH, the efficacy of
the therapies and prognosis remain unsatisfactory. Therefore, it
is essential to screen sensitive and specific therapeutic targets
and biomarkers to provide improved clinical tools for early
diagnosis and therapeutic evaluation of PAH.

Owning to its analytical abilities and efficient and accurate
simultaneous expression of a large volume of genes, microarray
technology has been widely implemented in the investigation
of complicated disorders, including cancer, cardiovascular
diseases and diabetes (6,7). As the pathogenesis of PAH is
complex, it is suggested that various genes and environmental
factors are involved. The expression of key genes and regulatory
networks challenge the traditional methods, while microarray
technology provides a potential tool to further explore the
pathogenesis of PAH (8,9). Additionally, high-throughput
screening aids in the identification of potential biomarkers
for diagnosis, prognosis and as therapeutic targets. Several
studies have taken advantage of gene microarray to analyze
the peripheral blood cells and smooth muscle cells from PAH
patients (9,10), and identified multiple key genes involved in
PAH, such as anti-bradykinin B2 receptor, demonstrating the
powerful potential of high-throughput technology to aid in the
understanding of the pathophysiology of PAH.

miRNAs are small non-coding RNAs that have emerged as
key post-transcriptional modulators of gene expression, acting
by targeting mRNAs for translational repression or destabi-
lization (11). Hundreds of mammalian miRNAs have been
identified, and they are important in various biological events
and pathological processes (12,13). For PAH, reduced plasma
miR-150 has been demonstrated to be associated with poor
survival (14). Although the source and working mechanism of
miR-150 remain to be fully elucidated, it appears that it has a
pivotal role in the pathogenesis of PAH. An additional study
has reported the emerging role of miRNAs during this process;
however, miRNAs in PAH remain to be fully investigated (15).

The present study intended to comprehensively analyze the
miRNA profile of lung tissues in monocrotaline-induced PAH
rat models. The present study identified 16 downregulated
miRNAs in smooth muscle cells from PAH rats. Targeted gene
prediction and gene ontology (GO) analysis identified certain
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unexpected signaling pathways, which potentially serve as
therapeutic targets for PAH.

Materials and methods

Monocrotaline-induced PAH animal model. A total of 35 adult
male Wistar rats (7 rats as controls, 28 rats as PAH models)
were purchased from the Shanghai Laboratory Animal Center
(Chinese Academy of Sciences, Shanghai, China), weighing
350-400 g. Animals were fed standard chow and administered
a subcutaneous injection of monocrotaline (MCT) 60 mg/kg
(MCT group; Sigma-Aldrich; Merck Millipore, Darmstadt,
Germany) or 0.9% saline as the control group (sham; n=7).
The weight and health status were monitored regularly, and
the rats were euthanized using 3% chloral hydrate (47335-U;
Sigma-Aldrich; Merck Millipore) to induce anesthesia at
days 7, 14, 21 and 28 following MCT administration. The
lungs were removed and lavaged before further treatment.
All animal experiments were approved by The Institutional
Animal Care and Use Committee of Shanghai Jiaotong
University (Shanghai, China) and were in accordance with the
Guide for the Care and Use of Laboratory Animals (16).

RNA preparation and quality control. Rat lungs were homog-
enized and total RNA (enriched for small RNA) was extracted
according to manufacturer's instructions using the mirVana
miRNA isolation kit (Ambion; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA), and RNA concentration was quantified
using NanoDrop ND-2100 (Thermo Fisher Scientific, Inc.).
The RNA integrity was assessed using Agilent 2100 (Agilent
Technologies, Inc., Santa Clara, CA, USA) according to the
manufacturer's instructions. To ensure a robust analysis, total
RNA was assessed by electrophoresis and the RNA integrity
number (RIN). Only samples with acceptable X VIIIS and 28S
peaks and RIN values greater than eight were included for
miRNA profile analysis.

miRNA microarray expression profile. Total RNAs from PAH
rats and controls were used for miRNA microarray profiling.
miRNA expression was determined by Affymetrix miRNA
3.0 array (Affymetrix, Inc., Santa Clara, CA, USA) containing
probes for a total of 1,242 rat miRNAs. The sample labeling,
microarray hybridization and washing were performed
according to the manufacturer's instructions. Briefly, total
RNA were tailed with Poly A and then labeled with Biotin,
followed by hybridization onto the microarray. After washing
and staining (GeneChip Fluidics Station 450; Affymetrix, Inc.),
the arrays were processed using the Affymetrix Scanner 3000
(Affymetrix, Inc.). The scanned images were analyzed using
Expression Console software (version, 3.1; Affymetrix, Inc.).

Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR). Based on the microarray results, candidate
miRNAs were selected for further validation with RT-qPCR.
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) was
used to prepare the total RNAs from lung tissue for miRNA
quantitation, and the RNA was reverse transcribed using the
TagMan miRNA reverse transcription kit (Applied Biosystems;
Thermo Fisher Scientific, Inc.) and random hexamer primer.
The 10 ng cDNA was used as template for miRNA-specific
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stemloop primers (Applied Biosystems; Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions.
miRNA expression assays were conducted using TagMan
primers and probes (Applied Biosystems; Thermo Fisher
Scientific, Inc.) for endogenous control small RNAs RNU48
(ID 001006) and target miRNAs. Each sample was run in trip-
licate for analysis. The primers (miRNA-specific stem-loop
primers) and miRNA-specific PCR primer/probe mix were
based on the miRNA sequences obtained from the miRBase
database. Relative quantifications were performed using the
Applied Biosystems 7900HT Fast Real-time PCR system.
Data were collected using SDS software (version 2.3; Applied
Biosystems; Thermo Fisher Scientific, Inc.). Subsequent to
being normalized to RNU48, the expression levels of miRNAs
were calculated using the 2244 method (17). One-way analysis
of variance tests were performed for global comparisons and
Tukey's post hoc tests for pair-wise comparisons using SPSS
software (version 19.0; IBM SPSS, Armonk, NY, USA).

GO analysis. GO analysis was used to perform enrichment
analysis of gene sets based on the GO classification database.
For this analysis, Fisher's exact test and the ¥* test were used to
classify the GO category, and the false discovery rate (FDR)
was calculated to correct the P-value, as smaller FDR repre-
sents smaller errors in the P-values. P-values for the GOs of
all the differentially expressed genes were computed, and the
significance of the function was measured based on enrich-
ment analysis.

miRNA target prediction and pathway analysis. The target
genes of the differentially expressed miRNAs were predicted
with TargetScan software, (version 6.2; http:/www.targetscan.
org/vert_40/) and miRanda (August 2010; (http:/www.
microrna.org/microrna/home.do). The search was based on the
3'-UTR regions of target mRNAs with a minimum miRNA
seed length of seven. Only the genes identified simultaneously
by the two programs were regarded as potential target genes.

To identify the significant pathway of the differentially
expressed genes, Kyoto Encyclopedia of Genes and Genomes
(KEGG) was used for the pathway enrichment analysis.
Similarly, the Fisher's exact test and * test were used to deter-
mine the P-values and FDR. Based on differential expression
values, the association between the miRNAs and genes was
computed, and the miRNA gene network was constructed
according to the interactions of miRNA and genes in the
Sanger miRNA database.

miRNA-GO-network. The miRNA-GO-network is built
according to the association between significant GOs and
genes and the associations among miRNAs and genes. In the
gene network, circles represent genes and squares represent
miRNAs, and their associations are represented by edges. The
center of the network is represented by degree, which means
the contribution made by one miRNA to the surrounding
genes, or the contribution made by one gene to the surrounding
miRNAs. The key miRNAs and genes in the network always
have the largest degrees.

Statistical analysis. Student's t-test or one way analysis of vari-
ance tests were used, unless otherwise specified, to determine
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Figure 1. Differential expression of miRNAs between PAH mice and controls. (A) Hierarchical clustering of the differential expression of miRNAs between
PAH and control mice. For each miRNA, green represents underexpressed and red overexpressed values compared with the average value (median), in black.
Dendrograms (tree graphs) between miRNAs are depicted, where the closest branches of the tree represent miRNAs with the most similar expression pattern.
(B) A total 17 miRNAs exhibited significantly difference fold changes (log 2) in expression of PAH mice when compared with controls (“P<0.01). Differential
levels are normalized to all assessed miRNAs and relative to control mice. Bars represent the standard error of the mean. miR, microRNA; PAH, pulmonary

arterial hypertension.

the significance between PAH and healthy controls using SPSS
software (version 19.0; IBM SPSS). P<0.05 was considered to
indicate a statistically significant difference.

Results
miRNA expression profile in lung of PAH rats. Using an

Affymetrix miRNA 3.0 array, the study investigated the
global expression profile of mature miRNA in lungs from

PAH rats. Total RNAs from PAH rats and controls were used
for miRNA microarray profiling. The Affymetrix miRNA 3.0
array contains probes for a total of 1,242 rat miRNAs, and
was used to capture the expression signaling of 440 miRNAs.
Compared with the control group, 42 miRNA displayed
markedly reduced expression (Fig. 1A) in lungs from PAH
rats. After normalization, a total of 17 miRNAs exhibited
significant expression changes in lungs from PAH rats (P<0.01;
Fig. 1B). Among them, miR-3557-3p is constantly expressed
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Figure 2. The GO analysis of the differentially expressed miRNAs in lungs from PAH and control rats. The solid bars are the GOs targeted by downregulated
miRNA. The vertical axis is the GO category and the horizontal axis is the enrichment of GO. GO, gene ontology; miRNAs, microRNAs; PAH, pulmonary
arterial hypertension; ARF, ADP-ribosylation factor.
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Figure 4. Signaling pathway analysis regulated by miRNA-targeted genes. The vertical axis is the pathway category, and the horizontal axis is the enrich-
ment of pathways. miRNAs, microRNAs; MAPK, mitogen-activated protein kinase; TGF-f, transforming growth factor 8, Jak, Janus kinase; STAT, signal
transducer and activator of transcription; GnRH, gonadotropin-releasing hormone.

Microarray-based GO analysis. P<0.05 was considered the
threshold of significance for GOs regulated by miRNAs. In
the present study, the highly enriched GOs corresponding
to downregulated miRNAs included positive regulation
of transcription from RNA polymerase I promoter, ubiq-
uitin-dependent protein catabolism, mRNA processing, protein
amino acid phosphorylation, oxidation reduction and intracel-
lular protein transport (Fig. 2). Subsequently, miRNA-mRNA
network analysis was performed integrating these miRNAs
and GOs by outlining the interactions of miRNA and
GO-associated genes (Fig. 3). Three downregulated miRNAs
(miR-125-3p, miR-148-3p and miR-193) displayed the most
marked regulatory function, and miR-148-3p and miR-193
were demonstrated to target the highest number of mRNAs.
Among which, miR-125-3p regulates protein phosphatase 1
catalytic subunit b (PPP1CB), which may bind tumor protein
p53 binding protein 2 (TP53BP2) to form a complex to regu-
late cellular apoptosis (18). miR-148-3p is predicted to regulate
transforming growth factor 32 (TGF-p2), which serves multiple
functions in diverse biological events, therefore, may be of
importance in PAH.

Signaling pathways regulated by differentially expressed
miRNA. In order to further elucidate the regulatory function
of miRNAs in signal transduction, functional analysis of
miRNAs was implemented by KEGG and the results demon-
strated that 26 signal transduction pathways were upregulated
in PAH (Fig. 4). The prominent upregulated signaling pathways
including mitogen-activated protein kinase (MAPK), TGF-§3
and the cell cycle have been demonstrated to participate in the
pathogenesis of pulmonary arterial hypertension, suggesting
essential roles for these pathways in PAH.

miRNA target analysis. In total, 342 genes were identified with
TargetScan and miRanda to be the potential targets of these
15 miRNAs. According to GO analysis and signaling pathway
analysis, these genes potentially participate in numerous
biological effects, including cell cycle, cell proliferation,
differentiation and apoptosis. Of note, axon guidance poten-
tially served an unexpected role in PAH pathogenesis (Fig. 2).
Similarly, the pathway analysis also indicated a significant
enrichment in axon guidance (Fig. 4), which may possibly
lead to the elucidation of a novel mechanism and therapeutic
approaches.

Discussion

Multiple factors, genetic and environmental, participate in the
pathogenesis of PAH, which involves a multitude of cellular
and molecular elements (19). Proliferation of smooth muscle
cells in the small pulmonary arteries is commonly observed in
all forms of PAH. Other events, including abnormal prolifera-
tion of endothelial cells, inflammation, thrombosis and platelet
dysfunction are also common (1,4,20). Given the universal role
of miRNA in biological regulation, it is expected that certain
miRNAs, including miR-32, 20, 245 and 122 have been
reported to be involved in PAH (21). The present study identi-
fied certain novel miRNAs by employing a comprehensive
miRNA array screening, including miR-125-3p, miR-148-3p
and miR-193.

miRNAs exert their functions by regulating target proteins.
For example, in PAH the miR-210 expression is decreased,
and the downregulation of miR-204 increases expression of
SHP?2, initiating a signaling cascade involving Src kinase and
signal transducer and activator of transcription 3 activation,
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thus promoting pulmonary vessel wall thickening and smooth
muscle proliferation (22). As for the newly discovered genes,
although no studies have reported an association with PAH,
the target prediction provides insight into how these miRNAs
are involved in the condition. miR-125-3p is expressed in
normal lung tissue, and involved in cellular apoptosis in lung
cancer cells. One of the predicted targets of miR-125-3p is
PPP1CB, which may bind TP53BP2 to form a complex to regu-
late cellular apoptosis (18), and is also involved in pulmonary
arterial hypertension (9). However, the notable association
between miR-125-3p and PAH pathogenesis requires further
research.

TGF-f has been reported to contribute to PAH
development, as endothelial TGF-f/activin receptor-like
kinase 1/endoglin signaling leads to pulmonary blood vessel
angiogenesis, macrophage infiltration, and cytokine expression
in the lungs (23,24). The present study identified miR-148-3p in
PAH, and identified TGF-{ as a potential target of miR-148-3p.
The association between TGF-f and miR-148-3p necessitates
further investigation, as a positive answer to this may poten-
tially lead to the development of novel therapeutic approaches.
Another promising topic is whether axon guidance is involved
in PAH pathogenesis, an area which remains to be investigated
fully. In addition, it is suggested that the underlying mechanism
may be an association between neuroscience and PAH (3).

The present study identified a set of miRNAs in the lungs
from PAH animals and identified unexpected associations
between biological events and PAH pathogenesis, which
may aid in the development of provide strategic therapeutic
approaches. However, limitations were present in the study; for
example, no cell-specific identification of these miRNAs was
conducted, and how these miRNA function in PAH remains
unclear. This should be the subject of further investigations.
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