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AbstrAct

Over the past decade, the importance of non‑coding RNA such as microRNA has been established in numerous processes that 
drive human pathogenesis. These crucial molecular regulators modulate networks of target gene transcripts that, in turn, orchestrate 
cellular phenotypes such as cell survival, differentiation, proliferation, and metabolism among others and thus affect cardiopulmonary 
vascular disease conditions. Many of these same pathophenotypes figure prominently in the complex pathogenesis of pulmonary 
hypertension, an enigmatic vascular disorder characterized by a histological panvasculopathy and driven by disparate upstream 
triggers such as hypoxia, inflammation, and bone morphogenetic protein signaling. Yet, the importance of just a few microRNAs 
in pulmonary hypertension has been recognized, and we are only beginning to understand the integrative functions of these 
molecules in this disease. By combining systems biology with traditional experimental approaches, more direct insight into the 
pleiotropy of microRNA should not only further reveal the spectrum of molecular pathways that cause pulmonary hypertension, 
but also offer novel and much needed diagnostic and therapeutic strategies.
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The manifestations of human disease were once thought to 
be driven solely by dysregulation of protein-coding genes and 
their molecular interactions with one another. In recent years, 
epigenetic alterations of the genome (e.g., DNA methylation) 
and the transcriptome (e.g., repression by non-coding 
RNA) have been recognized as powerful and alternative 
gene regulatory mechanisms that exponentially increase 
the complexity of how individualized pathophenotypes 
manifest. Specifically, since the first descriptions of their 
bona fide regulatory functions,[1,2] small non-coding RNA 
species termed microRNA (miRNA) have emerged as such 
essential regulators in a broad range of cellular adaptive 
processes, with an exceptionally rapid pace of discovery in 
this field (Fig. 1A).

MiRNA are expected to carry central regulatory roles in 
the progression of pulmonary vascular diseases such as 
pulmonary hypertension (PH). However, appreciation of their 
importance in PH is just emerging. Broadly, PH is a serious 
and at times fatal pulmonary vascular condition that afflicts a 

growing number of patients worldwide.[3,4] PH is characterized 
by an enigmatic and complex panvasculopathy, marked by the 
dysregulation of multiple cell types and molecular pathways. 
In the most severe forms of PH, lumen destruction is often 
present at bifurcation points distal to small pulmonary arteries 
(50-250 µm external diameter) caused by the presence 
of pathognomonic complex vascular lesions, or so-called 
plexogenic lesions.[5] This vascular pathology is triggered 
by seemingly disparate genetic and environmental stimuli, 
such as hypoxia, inflammation, and transforming growth 
factor/bone morphogenetic protein (TGF/BMP) signaling, 
among many others. The underpinnings of cross-talk between 
these pathways in the pulmonary vasculature are only 
beginning to be understood.[6,7] Nonetheless, such processes 
ultimately drive pulmonary arterial remodeling and pruning, 
increased pulmonary arterial pressures, right ventricular 
dysfunction, and sometimes death.
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Owing to their pleiotropic vascular effects,[8] miRNA may 
function as factors that integratively link these pathogenic 
signaling pathways to PH. Accordingly, over the past 
5 years, an increasing cadre of miRNA have been found 
to be dynamically regulated by disease triggers of PH 
(Tables 1 and 2). In turn, many of these miRNA carry 
especially important adaptive roles in vascular function, 
relevant for vasomotor tone, thrombosis, metabolism, 
cellular proliferation, and cellular survival.[9] Thus, although 
only a handful of miRNA have been definitively proven to 
modulate directly the development and/or progression of 

PH, we would expect a much greater number of miRNA to 
regulate various overlapping phenotypic features of this 
complex disease. Furthermore, because of the growing 
appreciation of the cooperative activities of multiple 
miRNA in complex human disease, the discovery of novel 
functions of miRNA in PH may be especially amenable to 
systems-wide bioinformatic approaches in combination 
with traditional experimentation. This review will provide 
an overview of miRNA biology relevant for pulmonary 
vascular function, and discuss those scientific approaches 
designed to demonstrate the importance of miRNA in 

Figure 1: Overview of microRNA biology. (A) The number of publications related to miRNA biology has increased dramatically over the past 10 years, 
emphasizing the emerging importance of these small molecules in human health and disease. (B) MicroRNA biogenesis and mechanism of action. MiRNAs 
undergo several nuclear and cytosolic processing steps before maturation to a biologically active 19‑24 nucleotide molecule containing the seed region. Through 
binding to the complementary sites in the 3′ untranslated region (UTR) of their target genes, miRNA promote gene down‑regulation via either translational 
repression or mRNA degradation. Despite their critical importance in diverse cellular processes, the functions of miRNA in PH remain mostly unclear. Adapted 
from[10,82] with permission. (C) Computational algorithms predict gene targets of miRNA. Based primarily on conserved Watson‑Crick base pairing and other 
site‑specific criteria, several computational algorithms (i.e. TargetScan and DIANA) are used to predict miRNA target genes.

(C)
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Table 1: Compiled list of hypoxamirs with functions in 
PH that have been experimentally established or highly 
suspected[24,75]

PH‑related 
hypoxamir

Target gene(s) PH‑related function

miR‑17 P21 TGF‑signaling, 
proliferation, cell survival

miR‑21 RhoB, PTEN, PDCD4, 
TIMP3, RECK, NFIB, 
APAF1, SERPINB5, TPM1, 
SPRY2, STAT3, TGFBR2, 
SMAD7, BMPR2, CDC25A

Cell growth, apoptosis, 
angiogenesis, 
proliferation, cell cycle

miR‑204 SHP2 NFAT signaling, 
proliferation, apoptosis

let‑7 family CDC25A, CDK6, RAS, MYC, 
HMGA2, TRIM71, HM13

Cell cycle, proliferation

miR‑27a/b CYP1B1, RUNX1 Proliferation, 
drug metabolism, 
differentiation

miR‑30c CTGF Matrix remodeling
miR‑130 TRPC3, EDN1, PDK1, 

PDGFRA, PPARG, PTEN
ARHGEF12, ROCK2, 
BMPR1B, BMPR2, SMAD4
SMAD5, TGFBR1, TGFBR2, 
ANGPT2, TRPC1, TRPC6, 
ROCK1, ROCK2, BMPR1A, 
BMPR2, SMAD4, SMAD5,
TGFBR2

Survival, cell growth

miR‑145 KLF4, MYOCD, 
ELK1, numerous 
actin‑associated factors

Cell death, 
differentiation, vascular 
smooth muscle plasticity, 
cytoskeletal remodeling

miR‑210 ISCU, EFNA3, ELK3, ROS signaling, 
angiogenesis, cellular 
metabolism

miR‑224 ANGPT2, HMGCR, 
ARHGEF12, SMAD4, 
SMAD5

TGF signaling, 
proliferation, apoptosis

miR‑451 YWHAZ Erythropoiesis

Table 2: Compiled list of miRNA related to TGF/BMP 
signaling, inflammatory stimuli, and hypoxia many of 
which lack substantial experimental support regarding 
their actions in PH[75]

TGF/BMP‑related 
miRNAs

Inflammation-
related miRNAs

Hypoxamirs

let‑7 family
miR‑10a
miR‑15
miR‑16
miR‑17
miR‑20a
miR‑21
miR‑23a and b 
miR‑24
miR‑26a 
miR‑27 
miR‑29
miR‑30a
miR‑31
miR‑34a
miR‑92
miR‑93
miR‑106b
miR‑125b
miR‑130b
miR‑132 
miR‑133
miR‑135
miR‑140
miR‑146a
miR‑155
miR‑181a and ‑b
miR‑183
miR‑192/215
miR‑199a
miR‑200 family
miR‑204
miR‑205
miR‑206
miR‑208
miR‑210
miR‑211
miR‑212
miR‑216a
miR‑217
miR‑221/222
miR‑224
miR‑302
miR‑373
miR‑377
miR‑382
miR‑427
miR‑430
miR‑491‑5p
miR‑590

let‑7 family
miR‑9
miR‑7
miR‑10a
miR‑16‑1
miR‑17
miR‑21
miR‑27b
miR‑30b
miR‑31
miR‑34a
miR‑98
miR‑101
miR‑105
miR‑106a
miR‑122
miR‑124
miR‑125b
miR‑126
miR‑130a
miR‑132
miR‑133a
miR‑135a
miR‑140
miR‑142
miR‑143
miR‑145
miR‑146a and ‑b
miR‑147
miR‑148
miR‑150
miR‑155
miR‑181b
miR‑192
miR‑195
miR‑196
miR‑199a
miR‑203
miR‑204
miR‑208a
miR‑214
miR‑219
miR‑221/222
miR‑223
miR‑296
miR‑29b
miR‑301
miR‑302d
miR‑326
miR‑363
miR‑370
miR‑448
miR‑663
miR‑579
miR‑711
miR‑744
miR‑1224

miR‑7
miR‑15a and ‑b
miR‑16
miR‑19a
miR‑20a and ‑b
miR‑22
miR‑23a and ‑b
miR‑24
miR‑26a and ‑b
miR‑27a
miR‑29b
miR‑31
miR‑92
miR‑93
miR‑98
miR‑101
miR‑103
miR‑106a
miR‑107
miR‑122a
miR‑125b and ‑a‑3p
miR‑126
miR‑135a
miR‑141
miR‑148a and ‑b
miR‑151
miR‑155
miR‑181a, ‑b and ‑c
miR‑186
miR‑188
miR‑191
miR‑192
miR‑195
miR‑197
miR‑199a‑5p
miR‑199b‑5p
miR‑200a and ‑b
miR‑205
miR‑210
miR‑213
miR‑214
miR‑301a
miR‑320
miR‑335
miR‑373
miR‑374
miR‑422b
miR‑424
miR‑429
miR‑449a and ‑b
miR‑491
miR‑495
miR‑497
miR‑498
miR‑519c
miR‑563
miR‑565
miR‑572
miR‑628
miR‑637

(Contd...)

pulmonary vascular dysregulation. Moreover, we will 
speculate on the importance of other miRNA in PH, and we 
will comment on the robust direction of future research of 
miRNA biology in this disease.

MIRNA bIogENESIS ANd 
EStAblIShEd fuNctIoNS IN 
cARdIoVASculAR bIology

At present, over 1400 distinct miRNA species have been 
predicted to be encoded by the human genome.[10] In total, 
between 50% and 60% of all mammalian messenger 
RNA (mRNA) transcripts are estimated to be subject to 
miRNA regulation[11,12] highlighting their role as ubiquitous 
biological regulators of gene expression. Processed, mature 
forms of miRNA molecules exist as double-stranded 
non-coding RNA species between 19 and 24 nucleotides in 
length. Within each miRNA exists a “seed sequence” which 
is an important determinant for complementary strand 
target sequence binding, typically positioned at the 3′ 
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Table 2: Cont/-
TGF/BMP‑related 
miRNAs

Inflammation-
related miRNAs

Hypoxamirs

miR‑374
miR‑422b
miR‑424
miR‑429
miR‑449a and b
miR‑451
miR‑491
miR‑495
miR‑497
miR‑498
miR‑519c
miR‑563
miR‑565
miR‑572
miR‑628
miR‑637

untranslated region (3′ UTR) of the target mRNA transcript. 
This miRNA-mRNA interaction results in the downregulation 
of the target gene transcript, via either translational 
repression or transcript degradation (Fig. 1B). As a result of 
the importance of conserved Watson-Crick binding for such 
target recognition, several well-validated computational 
algorithms have been developed (i.e., Targetscan 5 
[Conserved][13] and DIANA,[14] among many others) to 
predict mRNA targets of specific miRNA (Fig. 1C). Although 
they suffer from a degree of false-positive prediction, these 
algorithms have been invaluable in rapidly identifying 
the biological roles of miRNA based on their predicted  
target pool.

Consequently, multiple miRNA have been implicated 
in cardiomyocyte biology such as those involved in 
myocardial fibrosis, infarction, and hypertrophy (Fig. 2A) 
as well as in vascular biology, such as those involved in 
atherogenesis, vasomotor tone and hypertension, and 
neointimal formation (Fig. 2B), among many others.[9,15] 
Notably, these studies have mostly focused on the study of 
the systemic rather than pulmonary vasculature. However, 
they nonetheless suggest the requirement of miRNA in 
preserving overall vascular function and integrity, thus 
supporting their presumed importance in the pulmonary 
vessel, as well. More specifically, it is already established 
that complex molecular dysregulation of multiple signaling 
pathways underlies the pathogenesis of PH, including 
TGF/BMP,[16] RhoA/Rho-kinase,[17] serotonin,[18] Notch,[19] 
nitric oxide/cyclic guanosine monophosphate (cGMP),[20] 
endothelin,[21] and Ang1/Tie2[22] pathways, among others. 
Importantly, a number of miRNA target genes have been 
predicted to be highly enriched within these PH-associated 
pathways, suggesting extensive miRNA-regulated 
control that awaits experimental validation. In fact, by 
cross-referencing a known module of PH-relevant genes in 
these pathways with the miRNA targets predicted by the 

TargetScan 5 (Conserved) algorithm, approximately 85% 
of all conserved miRNA are predicted to target at least one 
PH-relevant gene.[23] Such regulatory relationships certainly 
suggest the pervasive importance of miRNA in PH, yet they 
also reflect their extremely complicated and sometimes 
overlapping, synergistic, or redundant actions.

PAthwAy-bASEd dIScoVERy of 
miRNA-dEPENdENt ActIoNS IN 
uPStREAM tRIggERS of Ph

To speculate on their anticipated functions in PH, it is 
logical to predict the importance of specific miRNA if 
they carry already established functions related to the 
numerous upstream triggers of this disease. As discussed 
previously, etiologies of PH are varied and many have been 
challenging to study on the molecular level due to their 
biological complexities. Some of these include chronic 
thromboembolism, human immunodeficiency virus (HIV) 
or Schistosomiasis infections, and intracardiac shunting 
and increased pulmonary vascular flow, to name a few. 
Therefore, our insight into how miRNA influence these 
conditions remains limited. In contrast, triggers such as 
hypoxia, TGF/BMP signaling, and inflammation have been 
studied in more detail, and a number of miRNA have been 
found to play important and varied regulatory roles in those 
biological contexts.

hypoxamirs in Ph
Inadequate oxygen availability or hypoxia drives a complex 
set of cellular adaptations that influence cellular survival 
and function in the pulmonary vasculature, and is a common 
insult triggering PH. Many of these cellular adaptations are 
transcriptionally controlled by the master transcription 
factors, hypoxia-inducible factor 1-alpha (HIF-1α) and 
hypoxia-inducible factor 2-alpha (HIF-2α). In response 
to hypoxia, HIF levels increase and directly induce the 
transcription of >100 genes, influencing functions ranging 
from metabolism, survival, proliferation, migration, 
and angiogenesis, among others. Notably, HIF has been 
implicated as a central pathogenic factor across multiple 
clinical categories of PH (as reviewed in Reference 3). 
Numerous microRNA, now totaling over 100, have also 
been found to be modulated by hypoxia in a variety of 
biological and experimental contexts and consequently 
have been termed “hypoxamirs” (Tables 1 and 2).[24] A few 
hypoxamirs, such as miR-210, carry bona fide HIF-response 
elements in their promoters that, when bound by HIF, can 
robustly activate miRNA transcription and expression 
during hypoxia.[25] A great majority of hypoxamirs, 
however, are not directly driven by promoter binding 
to HIF but, rather, through indirect, hypoxia-associated 
stimuli,[24] such as inflammation (i.e., miR-146a/b[26] and 
miR-181b[27]). As expected for such a large number of 
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Figure 2: MiRNA regulate cardiovascular functions. (A) Control of cardiomyocyte function by microRNA. The molecular pathologic events that occur in 
cardiomyocytes during ischemia and hypertrophic disease are closely controlled by multiple miRNA which regulate cell survival, apoptosis, angiogenesis, fibrosis, and 
remodeling. Adapted from,[9] with permission. (B) Control of vascular function by microRNA. The widespread molecular pathologic events that occur in the diseased 
vasculature are closely controlled by multiple miRNA, which regulate vascular integrity and remodeling, some of which are highlighted here and reviewed by.[15,83]
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unique and differentially regulated miRNA, hypoxamirs 
have been found to regulate a diverse set of targets and 
pathways known to be active in hypoxic adaptation, 
including proliferation, cell cycle response, apoptosis, 

metabolism, DNA repair, cellular hypertrophy, angiogenesis, 
hematopoiesis, fibrosis, and inflammatory response, 
among many others. Additionally, some hypoxamirs (e.g., 
miR-424[28]) carry important feedback actions in regulating 
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HIF expression itself and, thus, affect global HIF-dependent 
activation of transcription.

Consequently, based on their known functions, hypoxamirs 
can be placed into molecular pathways that predict how 
they may regulate PH inception or progression. However, 
the more painstaking challenge remains of how to validate 
experimentally these actions in vivo. For example, such a 
roadmap could be construed to predict the direct actions 
of the prototypical HIF-dependent miRNA, miR-210, in 
PH, as it has been studied in multiple hypoxic or ischemic 
diseases in vivo, including ischemic heart disease,[29] wound 
healing,[30] and multiple forms of cancer.[31] As proven both 
in cell culture and in vivo, miR-210 plays critical roles in 
modulating cellular proliferation, survival, oxidative stress, 
and angiogenic potential.[24] Importantly, a number of these 
phenotypes in cell culture are directly linked to the ability 
of miR-210 to downregulate one of its primary target 
genes, the iron sulfur complex assembly 1/2 (ISCU1/2), 
in order to repress mitochondrial metabolism in favor of 
glycolysis (the so-called Pasteur effect).[32] Such a metabolic 
shift away from oxygen utilization for energy production 
is a critical adaptive step for cellular survival in acute 
hypoxia. However, prolonged repression of mitochondrial 
metabolism appears to have pathogenic consequences in 
chronic peripheral vascular disease, and such a pathogenic 
metabolic shift has been implicated in the induction of 
a hyper-proliferative and anti-apoptotic vascular state 
in PH.[33] Thus, it follows that upregulation of miR-210 
in the hypoxic pulmonary vasculature may represent a 
sentinel pathogenic event that triggers down-regulation 
of ISCU1/2, repression of mitochondrial metabolism, 
and resultant pathogenic vascular dysregulation. Yet, 
whether this hypoxia/miR-210/ISCU/mitochondria 
axis or other predicted hypoxamir-dependent functions 
are even active in PH is unknown and awaits validation. 
With the advent of improving technology by which to 
manipulate miRNA pharmacologically in vivo as well as 
the increasing availability of genetic knockout mice to 
validate more definitively these hypotheses, we expect that 
the full breadth of the roles of hypoxamirs in controlling 
PH pathogenesis will become even more apparent in the 
upcoming years.

Inflammatory and bMP-related miRNA in Ph
Beyond hypoxia, inflammatory insults and deficiencies of 
BMP signaling represent other well-established triggers of 
PH that are also tightly associated with miRNA functions. 
Furthermore, substantial overlap of shared miRNA exists 
among these functional categories and with hypoxia 
(Tables 1 and 2). While the direct actions of many of these 
miRNA await verification, there is growing appreciation 
that TGF-β and BMP superfamily signaling, in particular, 
are intricately related to miRNA biology at multiple 
mechanistic levels. Such a mechanistic connection is an 

especially appealing focus for research in PH, given the 
known genetic predisposition of patients for PH who are 
haploinsufficient for the BMP receptor type II (BMPR2). 
In that setting, unlike other cytokines which tend to 
regulate miRNA at the transcriptional level, BMPR2-specific 
signaling upregulates miR-21 expression through uniquely 
modulating post-transcriptional processing of the 
premature miRNA form to the mature, active form.[34,35] 
In turn, miR-21 directly represses BMPR2 expression in 
an autoregulatory feedback loop.[23] However, because of 
the substantial number of shared and overlapping miRNA 
that target BMPR2 and related BMP-signaling molecules, it 
is likely that various combinations of miRNA with miR-21 
control the overall direction of TGF/BMP signaling in vivo.

Consequently, in addition to miR-21, other miRNA have 
been identified as intrinsically linked to regulation of the 
BMP pathway, notably the miR-17-92 cluster. As one of the 
most well-studied clusters of miRNA, the miR-17-92 cluster 
controls cell development, apoptosis, and proliferation in 
numerous biological contexts,[36] and directly regulates 
angiogenic potential in vascular endothelial cells in vivo.[37] 
For two such members of this cluster, miR-17 and miR-20a, 
the BMPR2 transcript is a predicted target. Correspondingly, 
the interleukin-6/STAT3 pathway upregulates this cluster, 
leading to downregulation of BMPR2 expression in cultured 
pulmonary vascular cell types.[38] Based on those clues, it 
was recently reported that an inhibitor of miR-17 attenuated 
the severity of PH in chronically hypoxic mice and in rats 
treated with monocrotaline. Similarly, an inhibitor of 
miR-20a reduced PH in hypoxic mice, potentially through 
a mechanism involving the rescue of BMPR2 expression. 
However, BMPR2 is likely not the only relevant target for 
these miRNA in this disease context, as miR-17 inhibition 
also suppressed expression of another target gene, the 
cyclin-dependent kinase inhibitor 1A (P21), thus promoting 
a hyperproliferative phenotype in cultured pulmonary 
artery smooth muscle cells (PASMCs). Taken together, 
these studies indicate an active role of the miR-17-92 
cluster in the control of PH. Yet, the shared functionality of 
these and other miRNA converging upon the BMP pathway 
highlights the need for better tools to predict and validate 
the coordinated roles of miRNA in PH, rather than studying 
the actions of an individual miRNA in isolation.

”-oMIcS”-bASEd dIScoVERy 
thRough hIgh-thRoughPut 
miRNA ExPRESSIoN ScREENINg IN Ph

A pathway-based discovery approach is by its very nature 
biased by the analysis of previously studied miRNA 
functions in other contexts. In contrast, many investigators 
have pursued high-throughput miRNA expression 
screening as a more objective and complete method of 
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identifying miRNA that are dysregulated in PH in vivo. 
In the first and most comprehensive study of its type to 
date, Caruso and colleagues performed a high-throughput 
miRNA array analysis of whole lung tissue derived from 
chronically hypoxic rats and monocrotaline-treated rats 
at serial time points during the pathogenesis of PH.[39] Of 
350 miRNA tested, five were similarly dysregulated across 
both models, suggesting the centrality of these miRNA in 
disease pathogenesis. Specifically, these included let-7f, 
miR-22, and miR-30c, which were downregulated as 
well as miR-322 and miR-451, which were upregulated. 
Conversely, perhaps reflecting separate pathways of 
disease progression unique to only certain models of 
disease, some notable discrepancies in miRNA expression 
profiles were observed comparing hypoxia-dependent and 
monocrotaline-dependent contexts. For example, miR-21 
and let-7a expressions were significantly reduced only in 
monocrotaline-treated rats. Nonetheless, based on their 
robust level of dysregulation in one or both animal models, 
miR-322, miR-451, miR-21, miR-22, miR-30c, let-7f, and 
let-7a were selected for validation and further analysis. 
In cultured pulmonary vascular cells, stimulation with 
PH-associated mediators such as hypoxia, BMP4, or TGF-β, 
resulted in dysregulation of these miRNA in a similar pattern 
to those observed in vivo. Through RNA extraction and 
reverse transcription-polymerase chain reaction (RT-PCR) 
of the paraffin-embedded lungs of patients suffering from 
idiopathic pulmonary arterial hypertension (IPAH), miR-21 
was shown to be downregulated while miR-451 was 
upregulated in the diseased lungs. Subsequently, Yang and 
colleagues have reported the results of a separate miRNA 
expression screen from lungs of mice chronically treated 
with hypoxia, which also revealed alterations in miR-21 and 
miR-451. Moreover, miR-210 and miR-144 were found to be 
upregulated by > 2-fold compared with the normoxic mouse 
lung in addition to others with expression levels changing 
by < 2-fold.[40] In total, these findings represent the first 
and most comprehensive screens of miRNA reported in this 
disease; however, none of these data sets were primarily 
based on human disease tissue.

Notably, since these results represent the net changes 
in a heterogeneous mixture of pulmonary cell types 
(e.g., whole lung), these profiles do not necessarily reflect 
the exact miRNA profiles in the specific diseased pulmonary 
vasculature in question. This may partially explain the fact 
that some of these same miRNA, such as miR-21, have since 
been found to manifest opposite expression changes in 
the diseased pulmonary vasculature in both rodents and 
humans.[23,35,40] This is especially emphasized in a recent 
study by Bockmeyer and colleagues comparing miRNA 
expression via in situ staining of plexiform lesions in human 
PH lung.[41] From the study of 12 PH patient samples as 
compared with eight healthy controls, an upregulation 
of miR-21 along with miR-126 was noted in plexiform 

lesions as compared with a downregulation of miR-204 and 
miR-143/145. The mechanistic significance of miR-21 and 
miR-204 have been further elucidated (as described below), 
but the importance of these other dysregulated miRNA in 
PH remains unclear.

miR-204 controls Ph
A similar high-throughput miRNA screening method was 
utilized by Courboulin and colleagues in studying cultured 
ex vivo PASMCs obtained from patients suffering from IPAH 
as compared with healthy individuals.[42] Of those found to 
be dynamically altered in IPAH-derived PASMCs, specific 
expression profiles were confirmed in lung biopsies derived 
from IPAH patients. In total, six miRNA were found to be 
consistently upregulated in disease, including miR-138, 
miR-367, miR-276, miR-302b, miR-145, and miR-450a, 
while miR-204 was the only miRNA exhibiting substantial 
downregulation. Depressed miR-204 expression has been 
previously observed in cancer cells and is associated with 
potassium homeostasis and membrane depolarization,[43,44] 
leading to a hyper-proliferative state. Correspondingly, in 
cultured nondiseased human PASMCs, miR-204 inhibition 
promoted a hyper-proliferative and anti-apoptotic cellular 
phenotype, consistent with primary IPAH-derived PASMCs 
in culture. Based on miRNA target algorithm predictions, 
miR-204 was found to target directly and repress the Src 
activating gene SHP2. Following inhibition of miR-204 
in cultured PASMCs, the authors found that SHP2 is 
upregulated, thus driving Src activity, reflected by increased 
STAT3 phosphorylation and NFATc2 activity. Activity of 
this pathway was successfully suppressed in PAH-derived 
PASMCs in the presence of a miR-204 mimic oligonucleotide. 
In vivo, decreased miR-204 expression levels were 
reported in the lungs of chronically hypoxic mice and 
monocrotaline-treated rats. As final proof, hemodynamic 
and histological indices of monocrotaline-induced PH were 
pharmacologically reversed by intratracheal delivery of a 
synthetic miR-204 mimic, accompanied by downregulation 
of SHP2 and suppressed Src activity in the lungs of these 
miR-204-treated rats. Thus, through omics-based discovery 
and substantial mechanistic validation, this study was the 
first to reveal a miR-204/Src-STAT3/NFAT axis that controls 
the development of PAH and was the first to suggest a single 
miRNA as a viable therapeutic target in PH (Fig. 3).

SyStEMS-bASEd dIScoVERy 
thRough NEtwoRk bIology IN Ph

Although “‑omics-based” approaches to miRNA discovery 
are useful, several caveats exist (Table 3). First, currently 
available technology for high-throughput miRNA screening 
is improving but still limited by sensitivity, thus preventing 
detection of poorly expressed miRNA that may nonetheless 
carry important biological functions. Second, because of 
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Table 3: Comparison of current miRNA discovery 
methods in PH
Discovery 
method

Advantage Disadvantage

‑Omics‑based Experimental 
validation 
of miRNA 
expression
High‑throughput 
capability and 
comprehensive

Decreased sensitivity for 
poorly expressed miRNA
Ignores miRNA with static 
expression
Dependent upon acquisition 
of disease tissue
Expensive

Pathway‑based Analysis of 
miRNA in a 
disease‑ relevant 
pathway

Biased toward previously 
studied miRNA
Studies the actions of 
miRNA in isolation

Network‑based Systems‑based
unbiased 
with regard 
to previously 
studied miRNA
Time efficient
Comprehensive

Computational predictions 
require
experimental validation
False positive and false 
negative predictive rates 
are unknown
Requires expertise in 
computational and 
experimental biology

the difficulty in direct sampling of PH-diseased tissue in 
small pulmonary arterioles, high-throughput screening 
from human samples either has entailed profiling of the 

whole lung or has necessitated substantial manipulation 
of lung tissue in order to obtain a purified population of 
diseased vascular cells. In the former case, analysis in whole 
lung biopsies obtained from PH patients is not adequately 
reflective of the pulmonary vascular environment, given 
the presence of heterogeneous cell populations. In the 
latter case, prolonged manipulation and/or culturing 
ex vivo risks the alteration of miRNA and mRNA expression 
patterns. Thus, in both scenarios, the resulting miRNA 
expression patterns may not accurately reflect the levels 
of specific miRNA in the relevant diseased tissue niches 
in vivo. Third, because miRNA-to-target stoichiometry is 
an important factor dictating the efficiency of target gene 
repression, high-throughput expression screens entirely 
miss changes in miRNA function (i.e., based on alterations 
of their target gene pool) in the absence of alterations in 
miRNA expression directly. Finally, a persistent problem 
of PH-relevant research guided by expression screening 
of any fashion stems from the paucity of available human 
tissue reflective of the inception and progression of disease. 
Instead, human lung samples are typically collected only 
during transplant or autopsy at severe/end-stage PH. 
Compounding this technical challenge, no small animal 
model of PH adequately recapitulates all aspects of human 

Figure 3: Predicted and established actions of miRNA in PH. MiRNA are listed that carry validated mechanisms of action in controlling PH in rodents and 
humans, as categorized by protective or pathogenic roles. As identified by network‑based, “‑omics”‑based, or pathway‑based approaches, additional miRNA 
are anticipated to hold critical regulatory roles in this disease.
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disease,[45] limiting the utility of expression screening 
during disease progression. Clearly, investigation of the 
molecular pathways active during the early stages would 
give novel insight into the largely unknown pathogenic 
events that coordinate the initial stages of human PH. Yet, 
given these drawbacks of miRNA expression screening 
in PH, alternative methods are needed to identify more 
comprehensively specific miRNA relevant to pathogenesis.

In that vein, the nascent paradigm of “network medicine” 
can offer insight into the pathogenic behavior of complex 
molecular interconnections that traditional methods fail 
to recognize, but whose utility in human disease is just 
emerging.[46,47] The study of miRNA and their overlapping 
networks of direct target genes may provide an ideal context 
to apply such network theory. Previously, we designed a 
bioinformatics approach to identify miRNA that robustly 
control the development and/or progression of PH, based 
on the evolving concept of shared functionality of multiple 
targets for a given miRNA (Fig. 4A). Target prediction 
algorithms such as TargetScan 5 (Conserved)[12,13] suggest 
that the repertoire of targets recognized by a single miRNA 
may rely upon a highly coordinated set of actions to 
orchestrate robust effects on a given biological phenotype. 
Likewise, in the cardiovascular system, examples of miRNA 
with functionally definable sets of direct targets are 
prevalent, such as the miR-29 family, which targets multiple 
collagen genes and matrix metalloproteinases in order to 
inhibit cardiac fibrosis.[48] Such capabilities suggest the need 
to consider the multiplicity, cooperativity, and redundancy of 
miRNA targets and how they work as an integrated network. 
Consequently, attempts have already commenced to identify 
comprehensively such cohesive networks of miRNA target 
genes in order to predict pervasive biological functions of 

particular miRNA.[49,50] Overall, there may be an advantage 
of such miRNA enrichment within a biological network in 
order to ensure the high fidelity of “buffering” of the cellular 
response to biologic or pathologic perturbations. Other 
more subtle reasons for such complexity may also emerge 
as we study these networks more fully.

Based on this concept of shared functionality among miRNA 
and their targets, we utilized a network-based approach to 
identify systematically and rank those miRNA most likely 
to regulate PH by their predicted recognition of multiple 
targets in the same functional network of PH-associated 
genes. Specifically, a list of 131 genes was curated from 
the scientific literature of molecular factors that have been 
proven to influence PH. Using a set of consolidated databases 
of molecular interactions,[51-59] a network map, which 
we termed the “PH-network,” was created, representing 
the functional interconnectivity among the PH-relevant 
target genes. Importantly, both the total number of direct 
interconnections and the largest connected component 
(LCC) of the PH-network were substantially larger than 
those generated from random gene associations, thus 
indicating its propensity to act in a coordinated fashion 
and presenting a reasonable platform with which to rank 
PH-relevant miRNA preferentially regulating related gene 
targets. Using the highly sensitive and specific miRNA 
target prediction algorithm, TargetScan 5 (Conserved),[12] a 
hypergeometric analysis was then performed to rank miRNA 
according to the proportion of their predicted targets found 
within the PH-network. In doing so, 29 miRNA groups were 
found to have a less than 5% probability that the overlap 
of their predicted target list with the PH-network occurred 
by chance (Fig. 3) and, thus, are most likely to coordinate 
pathogenic effects within the PH-network.

Figure 4: Network‑based approaches to identify coordinate miRNA function in PH. (A) Shared functionality of multiple targets of a given miRNA. MiRNA 
are capable of sensitively controlling pathway function via the simultaneous regulation of multiple genes within its signaling cascade. (B) A network biology 
model to help elucidate the indirect involvement of microRNA in pulmonary hypertension. A bipartite map of the predicted associations by which multiple 
miRNA (blue triangles, inner circle) may regulate a network of gene targets (circles, outer circle colors represent distinct functional pathways) associated with 
pulmonary hypertension. Size of node is proportional to the number of miRNA groups (among those in the inner circle) predicted to target that particular gene.

(A) (B)
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Multiple pieces of evidence support the accuracy of 
these predictions. First, the PH-relevant targets of these 
29 miRNA groups encompass pathways that are associated, 
by varying degrees, with known upstream triggers of PH,[3] 
including hypoxia, inflammation, and TGF/BMP signaling. 
Many of these miRNA had even been previously implicated 
in these signaling pathways. Furthermore, despite the 
nascent nature of this field, a number of miRNA that had 
been identified as direct mediators of PH independent 
of a network approach are also included in this list. 
These include miR-204[42] and the miR-17-92 family.[60] 
Additionally encompassed in this list are miR-145[61] and 
miR-21,[34,62,63] both of which were associated previously 
with cellular phenotypes relevant to PH pathology. 
Furthermore, of the 10 top-ranked miRNA, we found that 
five are expressed in the lung (miR-21, miR-20a, miR-27a, 
miR-130a, and miR-375) and are dynamically regulated in at 
least one rodent model of PH. Moreover, given the network 
predictions of both unique and shared miRNA targets in 
the PH network, these findings support the synergistic 
actions of miRNA to influence PH coordinately (Fig. 4B). 
Taken together, these data emphasize the utility of such 
bioinformatics analyses in expanding the predictive power 
regarding miRNA biology. The accuracy of this approach 
has deep roots in the connectedness of the PH network on 
which they were based. 

miR-21 controls Ph
To further validate prospectively and independently one 
of these predictions, we chose to study mechanistically 
miR-21 due to its high ranking on the list (#2 ranking 
based on P-value) and the availability of reagents to test 
the hypothesis. Notably, miR-21 is an established molecular 
regulator in the pathogenesis of many human diseases,[64] 
including cancer and cardiovascular diseases, such as 
cardiac fibrosis and heart failure,[65] aortic aneurysm 
development,[66] and peripheral vascular remodeling.[62] 
It is upregulated in various cellular contexts by upstream 
triggers of PH, including hypoxia,[25,67] TGF-β and BMP 
signaling,[34] and proinflammatory cytokines such as 
interleukin-6 (IL-6).[68,69] With relevance to PH and the 
network-based analysis, miR-21 was predicted to regulate 
PH-network targets central to BMP and Rho/Rho kinase 
signaling, as well as functional pathways associated with 
hypoxia, inflammation, and genetic haploinsufficiency of 
BMPR2. Accordingly, we found that hypoxia and BMPR2 
signaling independently induced miR-21 in cultured 
pulmonary arterial endothelial cells. Furthermore, miR-21 
directly repressed RhoB expression and Rho kinase activity, 
leading to molecular reprogramming linked to decreased 
angiogenesis and vasodilation. BMPRII was also predicted 
as a key PH-relevant target, and miR-21 subtly repressed 
BMPRII expression, as well. However, unlike RhoB, BMPRII 
was predicted as a target of several PH-relevant miRNA, 
making miR-21’s precise control of the BMP pathway 

more complex. Importantly, miR-21 was upregulated 
specifically in the diseased pulmonary vasculature from 
several rodent models of PH and in humans with PH. Upon 
induction of disease in miR-21-null mice, RhoB expression 
and Rho-kinase activity were increased, accompanied by 
exaggerated histological and hemodynamic manifestations 
of PH. Notably, since that report, the importance of RhoB 
as a pathogenic factor in PH was independently confirmed 
by Wojciak-Stothard and colleagues.[70] Thus, based on 
network-based bioinformatics, miR-21 was found to be 
regulated by hypoxia, inflammation, and BMP-dependent 
signaling, leading to direct repression of Rho kinase 
activation, and perhaps other pathways, as a protective 
brake against the development of PH in vivo.

In many respects, the integration of various PH-relevant 
stimuli by miR-21 correlates with the pleiotropic activities 
of this miRNA.[64] Importantly, however, miR-21-dependent 
protection against PH is somewhat surprising, given its 
actions as an anti-apoptotic, pro-proliferative “oncomiR,” 
directly targeting a number of tumor suppressor targets 
such as PDCD4 to facilitate cellular transformation in 
cancer.[64] Yet, in vivo, PDCD4 in the pulmonary vasculature 
is not substantially altered in miR-21-null mice with PH,[23] 
consistent with independent data of cardiac-specific PDCD4 
in a separate miR-21-null mouse.[71] Thus, control of each 
direct target by miR-21 clearly differs depending on the 
biological context, thus giving credence to the idea that 
miR-21 can hold dramatically different functions, depending 
on the specific cell type or milieu. Notably, a protective 
effect of miR-21 against PH in the pulmonary vasculature 
is further supported by independent mechanistic studies 
demonstrating that miR-21 can drive a nonproliferative and 
nonmigratory “contractile” phenotype in PASMCs[34,72] and 
PAECs.[35] Correspondingly, mutations in the BMP signaling 
pathway in both humans[35] and mice[23] can decrease 
miR-21 expression and subsequently predispose to PH. 
Thus, these data support a possible mechanism explaining 
how genetic deficiencies in BMP signaling predispose to 
PAH: via decreased miR-21 expression in response to injury 
and loss of protection against disease progression (Fig. 3).

Although the actions of miR-21 in controlling PH are 
substantial, reports of its patterns of expression and 
functions have not been entirely consistent. For example, 
Caruso and colleagues have reported a downregulation, 
rather than upregulation, of miR-21 in lung homogenate 
in rodent and human PH.[39] Differences in the clinical 
context of disease, especially in regard to BMPR2 genotype 
as mentioned above, may partially explain these results. 
Furthermore, some studies have indicated that miR-21 
can drive a pro-proliferative state in hypoxic PASMCs 
in culture.[63] A pro-proliferative function has also been 
proposed in relation to the use of antisense inhibitors of 
miR-21 in vivo to decrease pulmonary vascular remodeling 
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in hypoxic rodents.[40] The in vivo use of miRNA inhibitors 
may partially explain these discrepancies, as the particular 
chemical makeup of these oligonucleotides may have 
dramatic differences in efficiency and perhaps specificity 
of action.[73] In vivo inhibitors for miR-21, in particular, 
have recently come under substantial scrutiny, in light of 
discrepancies in the study of cardiac fibrosis using different 
inhibitor technologies as opposed to the “gold-standard” of 
genetic knockout lines.[74] Alternatively, given the pleiotropic 
nature of this molecule, it would not be entirely surprising 
that slight alterations in disease context may ultimately 
allow for drastically different miR-21-dependent actions. 
Thus, although the reasons for these discrepancies are not 
fully explained, it is clear that miR-21 carries a central, albeit 
complex, function in controlling the progression of PH.

coNcluSIoNS ANd futuRE 
dIREctIoNS

Based on their ubiquitous and critical actions in other 
biological systems and diseases, miRNA are predicted to 
regulate numerous essential molecular pathways important 
in the genesis, progression, and perhaps attenuation or 
prevention of PH. Yet, the actions of only a few miRNA have 
been experimentally validated for this disease (Fig. 3). 
While a substantial opportunity for scientific discovery 
certainly exists over the next years, challenges still remain 
to identify rigorously the networks of miRNA and their 
targets that carry the most robust actions in the control 
of PH in vivo.

Importantly, although already invaluable to comprehensively 
assessing the systems-wide effects of miRNA in other human 
diseases (i.e., cancer), pathway-based or high-throughput 
“‑omics” technology in PH is currently limited by the 
inaccessibility of diseased vasculature compounded by the 
lack of a robust and genetically tractable animal model of 
PH that recapitulates human disease (Table 3). As a result, 
further applications of network biology may prove an 
efficient scientific approach in identifying novel miRNA and 
target genes/pathways. For example, the so-called “linkage” 
method in network biology enables the identification of 
unique factors important in human disease via their direct 
connection to known disease genes.[46] Thus, a simple 
extension of current PH-gene network[75] to include all 
first degree (i.e., direct) interacting genes may uncover 
novel disease genes as well as unique miRNA which target 
them that are centrally involved in disease pathogenesis. 
Consequently, further in silico pursuit of network biology 
that can guide traditional experimental methods should 
facilitate more rapid characterization of critical points of 
coordinate miRNA regulation in PH, many of which would 
be missed by reductionistic methods alone.

In addition to characterizing the direct functions of 
candidate miRNA in PH, another challenge includes the 
determination of the exact cellular location of these 
actions in vivo. Given the important but distinct roles 
of endothelial, smooth muscle, fibroblast, inflammatory 
cells, platelets, and even progenitor cells in the diseased 
pulmonary vasculature, the unique miRNA profile and 
consequent target engagement may differ in each cellular 
niche and likely factor heavily in pathogenesis. The growing 
population of tissue-specific (Cre-lox) genetic knockout lines 
for specific miRNA[76] represent the most rigorous reagents 
to study these vascular niches.[74] However, these studies 
are time consuming and expensive, and, thus, have yet to 
be pursued extensively in the vasculature. Furthermore, 
despite the growing use in vivo of either oligonucleotide 
inhibitors or mimics of miRNA, current delivery methods 
cannot dictate tissue or cellular specificity.

The function of “circulating” miRNA in PH also awaits 
definitive characterization. Recent studies suggest that 
extracellular forms of miRNA are released into the 
circulating bloodstream and could be transported into 
closely neighboring recipient cells in culture[77-80] and 
perhaps in vivo.[81] Changes in miR-21 have been reported 
in blood samples from human PH.[39] However, it remains 
unknown whether dynamic changes in plasma-based 
miRNA may be used as PH-specific biomarkers. Perhaps, 
more importantly, it is unclear whether these extracellular 
forms may act as paracrine messengers communicating 
among diseased vascular cell types or even endocrine 
messengers shuttling among the pulmonary vasculature 
and distant anatomic sites.

Finally, if the importance of miRNA in the pathobiology 
of PH is realized, therapeutic targeting of miRNA in the 
pulmonary vasculature should also rapidly evolve. Presently, 
the most promising results have stemmed from the use of 
chemically modified oligonucleotide antisense inhibitors 
(e.g., antagomirs or anti-miRs). Yet, current drawbacks 
of such inhibitors include the inability to target-specific 
vascular tissue and the need to utilize high concentrations for 
vascular delivery with substantial risk for off-target effects. 
The rapid pace of development in miRNA therapeutics 
should overcome these deficits. However, it remains to be 
seen if such tissue and concentration specificity can allow 
not only for fine control of a single miRNA but also for such 
control over a network of miRNA that converges upon the 
same pulmonary vascular phenotype.

In summary, over the next years, we anticipate a substantial 
increase in our understanding of the molecular actions of 
various miRNA in PH. Given their pleiotropic actions in 
modulating multiple gene targets, we suspect that many 
of these may even serve as central molecular “lynchpins” 
connecting diverse upstream disease triggers to a common 
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pathologic pulmonary vascular result. By better integrating 
network and systems biology with evolving technologies 
in cell culture and in vivo experimentation with miRNA, 
this discovery process can be further accelerated in order 
to identify more comprehensively all relevant miRNA 
important in this highly morbid condition.
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