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Introduction
Pulmonary hypertension (PH) is an enigmatic vascular disease 

with poorly de�ned molecular origins. It is driven by various dis-

parate triggers (hypoxia and in�ammation, among others); it is 

marked by a pathologic imbalance of complex molecular pathways 

in turn promoting a number of cellular pathophenotypes (such as 

proliferation and vasoconstriction); and it a�ects multiple vascular 

cell types, including pulmonary arterial endothelial cells (PAECs) 

and smooth muscle cells (PASMCs). Identi�cation of a regulatory 

factor(s) that coordinately integrates these vast molecular pro-

grams would not only o�er fundamental insight into the molecu-

lar genesis of PH but also would greatly improve the strategies for 

therapeutic targeting of the upstream disease origins. However, the 

complexity of PH has made di�cult the identi�cation of such fac-

tors by standard reductionist strategies of experimentation.

Given their inherent pleiotropic actions to repress multiple 

gene targets simultaneously, microRNAs (miRNAs) may be ideal 

candidates to provide comprehensive and integrated control of PH 

pathogenesis. Higher-order regulation of subordinate miRNAs by 

upstream “master miRNAs” has begun to be described in cardiac 

tissue (1) and cancer (2) and may underlie the robustness of certain 

miRNA-based actions in health and disease. Computational ap-

proaches have been proposed to decipher systems-level regulatory 

motifs involving miRNAs (3, 4), but these theories have been chal-

lenging to study experimentally (as reviewed by ref. 5). Thus, the 

prospective validation of these theories in human disease in vivo has 

yet to be explored. In fact, to date, the miRNAs previously linked to 

PH have been associated primarily with discrete cell-speci�c mecha-

nisms and phenotypes (6). For example, in diseased PASMCs, STAT3 

downregulates the smooth muscle-speci�c miR-204 and increases 

cellular proliferation via activating SRC kinase (7). Alternatively, in 

diseased PAECs, downregulation of apelin (APLN) reduces miR-

424/503, thus increasing proliferation via increased FGF2 (8). Con-

ventional molecular experimentation alone has been inadequate to 

discern more comprehensive, higher-order regulation of these path-

ways and whether these and other miRNA-based mechanisms are 

coordinately controlled to a�ect PH manifestation more robustly.

Previously, we designed a network-based bioinformatics ap-

proach (9) to predict in silico miRNAs controlling PH pathogenesis 

— via ranking of miRNAs by putative ability to recognize multiple 
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in each cluster (encircled clusters as shown in Figure 1A). MiR-

NAs were then ranked based on the number of distinct clusters in 

which they had at least 1 target. By combination of the hypergeo-

metric analysis and the cluster-based analysis into a single score, a 

“miRNA spanning score” was developed to reveal the capability of 

a given miRNA to modulate a diverse array of processes within the 

expanded PH network (Supplemental Table 2). The miR-130/301 

family was given the highest miRNA spanning score, both for hav-

ing a large PH-relevant target pool (28 predicted targets depicted 

in Figure 1C, listed in Supplemental Table 3) and for having targets 

in every major network cluster (8 clusters). Of the 8 miR-130/301 

family members listed in TargetScan, we chose 4 members to 

study (miR-130a/b and miR-301a/b), based on their conserved 

expression in rodent and human pulmonary vascular cell types. 

Members of this miRNA family have been studied to a modest de-

gree, mainly as isolated factors in cancer progression (13, 14) and  

non–PH-related diseases (15–18). Notably, these miRNAs share the 

same seed sequence (nucleotides 2–8) and consequently putative 

targets (Figure 1B), but they are encoded at separate chromosomal 

loci, indicating that distinct transcriptional events modulate their 

expression. Though it was not factored into our mathematical as-

sessment of these miRNAs, it is worth noting that the 28 predicted 

targets of the miR-130/301 family represented a total of 13 func-

tional pathways embedded throughout the network, based on an-

notation of gene function derived from the Kyoto Encyclopedia of 

Genes and Genomes (KEGG), Reactome, and NCBI BioSystems 

databases as well as reports in the scienti�c literature (Figure 1A 

and Supplemental Table 1).

Analysis of network architecture predicts important interconnec-

tions of miR-130/301 with downstream miRNA-gene target pathways 

in PH. To predict important target genes, subordinate miRNAs, 

and related downstream pathways of miR-130/301 that may be 

the most in�uential in the progression of PH, we performed 3 ad-

ditional analyses to interrogate, as broadly as possible, the distinct 

mechanisms by which this miRNA family could exert its global 

control of PH (Figure 1D). First, to discern which of the miR-

130/301 targets likely carry the broadest in�uence of the PH net-

work, we ranked each miR-130/301 target based on architectural 

features representing the span of its network in�uence and the 

robustness of its association with the miR-130/301 family (Supple-

mental Table 3). We refer to these features together as the “target 

spanning score,” incorporating (a) the number of clusters in which 

the target had at least 1 �rst-degree interactor, (b) a hypergeomet-

ric P value for the overlap of the target’s �rst-degree neighborhood 

and the miR-130/301 predicted target pool, and (c) the target’s 

shortest-path betweenness centrality score, which measures the 

number of pairwise shortest paths between network nodes that 

require this target gene as a bridge. The top-ranked targets would 

therefore be expected to be highly in�uential in the context of PH 

(a high betweenness centrality score and a large number of inter-

acting clusters) and highly sensitive to the regulatory e�ects of 

the miR-130/301 family (carrying a �rst-degree neighborhood of 

genes targeted multiple times by this miRNA family). The TGF-

BMP pathway members SMAD4 and SMAD5 as well as PPARγ 

were included among the top 5 genes. Importantly, their rank-

ings together were consistent with prior reports linking upstream 

BMP signaling to PPARγ and PASMC proliferation (19) and other 

targets in the same functional network of downstream PH-relevant 

e�ector genes (the “PH network,” as derived by literature curation 

and mapped using consolidated databases of molecular interac-

tions). In this study, we developed a more sophisticated compu-

tational method to search for overlap of functional pathways em-

bedded in the architecture of the molecular network of PH. As a 

result, we aimed to identify miRNAs that are systems-level regula-

tors of PH, de�ned by an ability to integrate subordinate disease 

miRNAs and pathways with unde�ned connections to one another 

or to a common upstream regulator. In doing so, we identi�ed the 

miR-130/301 family, the top-ranked miRNA family derived from 

our network-based predictions, as such a molecular integrator in 

PH — repressing its direct target PPARγ in order to control the 

STAT3-miR-204 pathway in PASMCs, the apelin-miR-424/503-

FGF2 pathway in PAECs, and ultimately, cellular proliferation and 

downstream hemodynamic manifestations of PH in vivo. These 

�ndings have important implications in advancing our under-

standing of the network hierarchy of PH, guiding miRNA-based 

therapeutic strategies in this disease, and o�ering critical support 

for the application of network theory to de�ne such higher-order 

regulation in complex diseases such as PH.

Results
In silico prediction of the miR-130/301 family as a master regulator 

of PH. To leverage the advancing principles of network theory for 

determining systems-level molecular regulators of PH pathogen-

esis, we constructed in silico a network of genes and interactions 

based on curated seed genes with known importance in PH (as we 

previously described in ref. 9) and their �rst-degree interactors 

(see Methods for details). Interactions were de�ned from a mas-

ter list of functional molecular associations (i.e., the “consolidated 

interactome”) catalogued from a set of databases containing all 

known human gene and molecular interactions (10). We refer to 

the complete network as the “expanded PH network,” contain-

ing 249 nodes and 2,274 edges with the largest connected com-

ponent encompassing all 249 nodes (Figure 1A and Supplemental 

Table 1; supplemental material available online with this article; 

doi:10.1172/JCI74773DS1).

To examine the possibility that a single miRNA may exert 

higher-order control over the expanded PH network as a whole, 

miRNAs were ranked based on the number and the spread of 

their predicted targets within this PH network. We chose the 

well-validated TargetScan 6.2 algorithm for miRNA target predic-

tion, given its high degree of sensitivity and speci�city relative to 

other algorithms of its kind (11). Because miRNAs often regulate 

multiple targets within the same functional pathway, especially 

in PH (9), we reasoned that a miRNA was likely to have a robust 

association with the PH network if the size of its PH-relevant 

target pool was larger than would be expected by chance. Thus, 

we ranked conserved miRNAs according to a hypergeometric 

analysis of their number of PH-relevant targets, accounting for 

expanded PH network size and the total number of targets for 

each miRNA. We also reasoned that a miRNA with a holistic ef-

fect on PH progression would have a target pool that spanned a 

wide segment of the network. To capture that activity, we used a 

spectral partitioning-based algorithm (12) to divide the expanded 

PH network into clusters based on density of edges among genes 
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Second, we reasoned that, regardless of its status as a direct 

target of the miR-130/301 family, a highly in�uential gene in the 

expanded PH network with a wide sphere of network in�uence 

should share functional overlap with the miR-130/301 family, 

which regulates the network on a similarly broad scale. Thus, 

to cast an even wider net for capturing all genes highly active in 

reports linking PPARγ directly to PH development (20–22). How-

ever, the full spectrum of the regulation and downstream actions 

of PPARγ in PH remains undescribed (23). Thus, we chose to fo-

cus further on the downstream biology of PPARγ in relation to the 

miR-130/301 family, which seemed most relevant for an in-depth 

network-based interrogation.

Figure 1. In silico network-based analysis identifies the miR-130/301 family as a master regulator of subordinate miRNA pathways and PH. (A) The 

expanded PH network is color-coded according to functional pathway. Encircled areas represent architectural clusters based on a spectral partition-based 

clustering algorithm. The miR-130/301 family was ranked the highest by a miRNA spanning score, reflecting the most robust systems-level control over 

the expanded PH network as a whole. Direct targets of the miR-130/301 family (28 enlarged nodes) span all 8 gene clusters and 13 functional pathways.  

(B) The miR-130/301 family members share the same seed sequence (in red). (C) Direct targets of the miR-130/301 family, color-coded by functional 

pathway. (D) Predictions of downstream pathways connected to the miR-130/301 family and carrying the broadest influence on the expanded PH network, 

according to 4 scoring algorithms: (a) MiRNA spanning score: MiRNAs were ranked based on their network influence (see also Supplemental Table 2). (b) 

Target spanning score: Targets of miR-130/301 were ranked based on their network influence and the robustness of their relationship to the miR-130/301 

family (see also Supplemental Table 3). (c) Gene spanning score: All network nodes were ranked based on their network influence (see also Supplemental 

Table 4). (d) Shared miRNA influence score: MiRNAs were ranked based on the overlap of their PH-relevant target pool with the miR-130/301 family (see 

also Supplemental Table 5).
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cording to a hypergeometric analysis of the over-

lap of their PH-relevant target pools with the PH-

relevant target pool of the miR-130/301 family 

(“shared miRNA in�uence score”; Supplemental 

Table 5). The top-ranked set of miRNAs included 

miR-424, a miRNA also ranked highly (top 10) by 

miRNA spanning score (Supplemental Table 2). 

Thus, although miR-424 had not previously been 

associated with the miR-130/301 family, these 

rankings indirectly connected these miRNAs by 

their broad spheres of in�uence in PH. Speci�cal-

ly, along with miR-503, miR-424 is known to be 

dysregulated in PH by alterations in the peptide 

ligand APLN, thus inciting upregulation of FGF2 

in PAECs (8). Furthermore, while itself never 

previously connected to the miR-130/301 fam-

ily, APLN has been associated with both miR-424 

and miR-503 (8) as well as PPARγ in PAECs (24). 

Consequently, the generation of the expanded 

PH network coupled with computational analy-

ses of network architecture not only predicted the 

broad in�uence of the miR-130/301 family in PH 

pathogenesis but also provided a detailed map 

of integrated miRNA-gene target pathways by 

which this miRNA family may exert its in�uence.

The miR-130/301 family is upregulated by 

multiple triggers of PH, including hypoxia via a de-

pendence on HIF-2α and POU5F1/OCT4. To be-

gin to validate this molecular model, we wanted 

to determine whether the miR-130/301 family is 

coordinately regulated by known triggers of PH. 

First, we investigated whether genes previously 

linked to hereditary pulmonary arterial hyper-

tension (PAH) (as reviewed by ref. 25) may regu-

late this miRNA family. In both human PAECs 

and PASMCs (Supplemental Figure 1, C and D), 

we found that siRNA-mediated knockdown of 

BMPR2 or CAV1 increased miR-130/301 expres-

sion, while inhibition of ALK1, ENG, KCNK3, and SMAD9 had 

negligible e�ects on this miRNA family. Next, we found that mul-

tiple acquired PH triggers, including hypoxia (Figure 2A) and the 

in�ammatory cytokines IL-1β (Supplemental Figure 1A) and IL-6 

(Supplemental Figure 1B), upregulate miR-130/301 expression as a 

whole but with some speci�c di�erences in family member pro�le 

in each context. Consistent with our results (Supplemental Figure 

1 and Supplemental Table 2), some miR-130/301 family members 

have been reported to be transcribed by an NF-κB–dependent 

mechanism during in�ammatory cytokine stimulation (13). Alter-

natively, we found that knockdown of a master transcription fac-

tor of hypoxia, HIF-2α, but not HIF-1α, prevented the increase of 

these miRNAs in hypoxia (Figure 2B). In corroboration, forced ex-

pression of HIF-1α was insu�cient to upregulate any miR-130/301 

family members (Figure 2C). No identi�able binding sites were 

predicted for HIF-2α in the promoter region of any miR-130/301 

family members (Supplemental Table 6). However, a putative 

binding sequence was predicted in all family member promoter 

sites for the transcription factor POU5F1/OCT4, a factor known 

the expanded PH network as a whole, we ranked all nodes in the 

expanded PH network according to their in�uence (“gene span-

ning score”; Supplemental Table 4). Again, genes were scored on 

3 architectural features re�ecting their in�uence on the network 

as a whole: (a) their shortest-path betweenness centrality score, 

(b) the number of architectural clusters in which they had at least 

1 �rst-degree interactor, and (c) the degree of interactions by 

each gene in the network. The top-ranked gene was SRC, a non-

receptor tyrosine kinase known to be associated with both STAT3 

(the 18th ranked gene in this list) and miR-204 (the 4th ranked  

miRNA by miRNA spanning score; Supplemental Table 2) in or-

der to control PASMC proliferation in PH (7). Thus, while none 

of these factors has been linked to the miR-130/301 family, the 

substantial overlap of functional in�uence in the expanded PH 

network between STAT3/miR-204/SRC and the miR-130/301 

family predicted their functional association.

Finally, to capture additional miRNAs that may be associated 

with the miR-130/301–dependent regulation of PH, we ranked all 

conserved miRNAs represented in the TargetScan algorithm ac-

Figure 2. Upregulation of the miR-130/301 family by hypoxia is mediated by HIF-2α and 

POU5F1/OCT4. (A) As demonstrated by RT-qPCR, hypoxia (0.2% O
2
 for 24 hours) upregulated 

the miR-130/301 family in both human PAECs and PASMCs as compared with normoxia (21% 

O
2
 for 24 hours). (B) In PAECs transfected with siRNA control (si-NC) or siRNA specific for  

HIF-1α (si-HIF-1α), hypoxia upregulated all miR-130/301 family members compared with 

normoxia. In contrast, in normoxia, miR-130/301 family members were downregulated during 

HIF-2α knockdown (si-HIF-2α) compared with control. Moreover, during HIF-2α knockdown, 

family members were not induced by hypoxia. (C) In normoxic PAECs, lentiviral transduc-

tion with a constitutively expressed HIF-1α transgene carrying a proline-to-alanine muta-

tion (pHIF1) did not alter miRNA expression compared with transduction with empty vector 

(pEmpty) alone. In contrast, hypoxia upregulated all miR-130/301 family members compared 

with normoxia in the presence of pEmpty alone. (D) During HIF-2α (si-HIF-2α) or POU5F1/

OCT4 (si-OCT4) knockdown in PAECs, miR-130/301 family members were not induced by 

hypoxia, in contrast to cells transfected with siRNA control (si-NC). In each panel, for each 

miRNA, mean expression in normoxic control groups (21% O
2
 in A; si-NC 21% O

2
 in B and D; 

pEmpty 21% O
2
 in C) was assigned a fold change of 1, to which relevant samples were com-

pared. Data are presented as mean ± SD (*P < 0.05; **P < 0.01).
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to be modulated by HIF-2α but not HIF-1α (26) and known to be 

upregulated in PAH (27). Consequently, we found that POU5F1/

OCT4 was upregulated in hypoxia and was dependent on HIF-2α in 

PAECs and PASMCs (Supplemental Figure 2, A–D). Furthermore, 

siRNA knockdown of POU5F1/OCT4 inhibited miR-130/301 in-

duction by hypoxia in PAECs (Figure 2D) and PASMCs (Supple-

mental Figure 2E), thus establishing the critical importance of the 

HIF-2α-POU5F1/OCT4 regulatory axis in miR-130/301 expres-

Figure 3. The miR-130/301 family is induced in multiple models of PH. (A) By RT-qPCR, miR-130/301 was increased in lungs of mice su�ering from PH in-

duced by SU5416 administration with chronic hypoxia (10% O
2
 for 3 weeks; n = 12) versus normoxia (21% O

2
; n = 12). (B) MiR-130/301 progressively increased 

in lungs of rats with monocrotaline-induced PH (n = 8 rats/treatment group). (C) MiR-130/301 was increased in lungs of juvenile sheep with shunt-induced 

PAH (Shunt; n = 8) as compared with sham controls (n = 8). For each experiment, mean expression in controls was assigned a fold change of 1, to which 

relevant samples were compared. In situ hybridization of serially sectioned mouse lung (D) and quantification of pulmonary vessels less than 100 μm in 

diameter (5 vessels per mouse) (E) revealed that miR-130a was upregulated in small pulmonary vessels (<100 μm) exposed to hypoxia with or without 

SU5416 (10% O
2
) as compared with normoxia (21% O

2
). (F) Intensity of miR-130a stain in situ positively correlated with pulmonary vessel thickness. (G) 

Representative flow cytometric analysis of CD31 expression in mouse lung endothelial cells before (left panel) and after CD31-specific MACS purification 

(right panel). (H) By RT-qPCR, miR-130/301 was increased in CD31-positive pulmonary vascular endothelial cells of mice exposed to SU5416 with hypoxia 

(10% O
2
; n = 6) versus normoxia (21% O

2
; n = 6). Significant di�erences are indicated (*P < 0.05; **P < 0.01). In physiologic experiments (A–C and H), data 

are expressed as mean ± SEM, while in the in situ quantitations (E and F), data are expressed as mean ± SD. Tissue scale bar: 50 μm.
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sion. Moreover, taken together, these data demonstrated the broad 

convergence of both genetically associated and acquired PH trig-

gers on coordinated regulation of this key miRNA family.

The miR-130/301 family is upregulated in PH in vivo in animals 

and humans. Again correlating with our network-based predic-

tions of the broad actions of miR-130/301 in PH, we found con-

sistent upregulation of this miRNA family in whole lung tissue of 

8 disparate, yet well-established, animal models of experimental 

PH (Figure 3, A–C, and Supplemental Figure 3, A–D). These in-

cluded hypoxia-driven models (mice treated with chronic hypoxia 

alone, mice treated with chronic hypoxia and the VEGF receptor 

antagonist SU5416 [ref. 28], and VHL-null mice [ref. 9]); in�am-

matory-driven models (transgenic IL6 mice [ref. 29], monocro-

taline-treated rats, and Schistosoma mansoni–infected mice [ref. 

30]); a genetic model of BMPR2 de�ciency (transgenic mice 

overexpressing a dominant-negative mutant BMPR2 [BMPR2X; 

ref. 31]); and a shunt model of congenital heart disease (juvenile 

sheep with a surgically placed pulmonary arterial-aortic shunt at 

late gestation [ref. 32]). In situ staining also revealed increased 

miR-130a, the most abundantly expressed of the miRNA family 

Figure 4. Expression of the miR-130/301 family is upregulated in diverse forms of human PAH. In situ hybridization of human lung (A) and quantifi-

cation of pulmonary vessels less than 200 μm in diameter (10 vessels per patient) (B) revealed increased miR-130a in diseased pulmonary vessels of 6 

patients su�ering from PAH stemming from a variety of causes as well as in vessels from 13 patients with scleroderma-induced PAH as compared with 

4 healthy controls (no PH). By digital zoom (dotted red frame), staining of the intimal and medial layers of the vessel wall was evident (red arrowheads 

denote intimal layer). See also Supplemental Table 7 for patient demographics. (C) Increasingly higher plasma levels of miR-130/301 family members 

were observed in patients with increasing hemodynamic severity of PH. Here, 5 non-PH controls (mPAP < 25 mmHg) were compared with PH patients 

stratified by hemodynamic severity — 7 patients with mPAP 25–45 mmHg and 7 patients with mPAP greater than 45 mmHg. See also Supplemental Table 

8. Statistically significant di�erences are indicated (**P < 0.01). In the physiologic experiment (C), data are expressed as mean ± SEM, while in the in situ 

quantitations (B), data are expressed as mean ± SD. Tissue scale bar: 50 μm.
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members (data not shown), throughout the vascular wall of the 

small (<100 μm diameter) pulmonary arterioles of mice su�ering 

from PH, induced either alone or by chronic hypoxia plus SU5416 

as compared with normoxic mice (Figure 3, D and E). Notably, pul-

monary vascular staining intensity for miR-130a linearly correlat-

ed with muscular arteriolar wall thickness (α-SMA stain) in these 

PH mice, suggesting that at least this miRNA was upregulated in 

remodeled vascular smooth muscle cells (Figure 3F). To better as-

sess the miR-130/301 expression in vascular endothelial cells in 

PH, magnetic-activated cell sorting (MACS) was used to separate 

CD31-positive pulmonary vascular endothelial cells (>95% purity; 

Figure 3G) from digested 

whole lung tissue of mice. 

In doing so, we found 

that such CD31-positive 

endothelial cells derived 

from PH mice (exposed 

to chronic hypoxia + 

SU5416) displayed sig-

ni�cantly higher levels of 

miR-130/301 as compared 

with non-PH control mice 

(normoxia + SU5416) (Fig-

ure 3H). Correlating with 

these �ndings in diseased 

mice, miR-130a expres-

sion was also upregulated 

in both intimal and medial 

layers of small diseased 

pulmonary vessels in hu-

man lung a�icted with 

severe forms of PH (pul-

monary arterial hyperten-

sion, or PAH) as compared 

with nondiseased human 

tissue (Figure 4, A and B; 

PAH patient demograph-

ics in Supplemental Table 

7). Thus, considering the 

results from both quanti-

tative RT-PCR (RT-qPCR) 

and in situ staining, miR-

130/301 expression was 

upregulated in diseased 

pulmonary arterioles, af-

fecting both intimal (endo-

thelial) and medial (SMC) 

layers during PH in vivo.

Members of the miR-

130/301 family were also 

signi�cantly elevated in 

plasma sampled adjacent 

to the main pulmonary ar-

tery from PH individuals 

(mean pulmonary arte-

rial pressure [mPAP] ≥ 25 

mmHg) as compared with 

non-PH individuals (mPAP < 25 mmHg, Figure 4C; patient de-

mographic information in Supplemental Table 8). Further strati-

�cation of PH individuals based on pulmonary arterial pressures 

(e.g., moderate elevation of mPAP between 25 and 45 mmHg as 

compared with elevation of mPAP > 45 mmHg) revealed an in-

creasing level of miRNA family member expression with hemo-

dynamic severity. Thus, in animal models and human examples 

of PH in vivo, expression of the miR-130/301 family is consis-

tently elevated in pulmonary tissue and small diseased pulmo-

nary vessels — a pattern that positively correlates with histologic 

and hemodynamic severity of disease.

Figure 5. The miR-130/301 family controls PAEC proliferation via the apelin-miR-424/503-FGF2 regulatory axis as 

well as context-dependent apoptotic signaling. In normoxia (21% O
2
) or hypoxia (0.2% O

2
, 24 hours), either forced ex-

pression of miR-130a mimic versus control (NC) or inhibition of miR-130a (anti-miR-130a) versus inhibition of the entire 

miR-130/301 family (tiny-LNA-130) versus control (NC) was performed in cultured PAECs (A–D). Immunoblotting (A), gel 

densitometry (B), and RT-qPCR (C and D) revealed that forced miR-130a expression decreased PPARγ, a direct target of 

miR-130/301 (Supplemental Figure 4); decreased apelin (A and B), miR-424 (C), and miR-503 (D); and increased FGF2 

(A and B). Inhibition of the entire miR-130/301 family reversed these downstream alterations to a greater extent than 

miR-130a inhibition alone (A–D), demonstrating the importance of the coordinated actions of this miRNA family. (E) As 

assessed by BrdU incorporation, PAEC proliferation was augmented by miR-130a mimics but decreased during miR-424 

or miR-503 expression. Consistent with the direct dependence of miR-130a on miR-424 and miR-503 in PAECs, miR-

130a–induced proliferation was reversed when miR-424, miR-503, or both together were expressed. (F) In serum-starved 

but not serum-replete PAECs, forced expression of miR-130a increased apoptotic caspase 3/7 activity, while miR-130/301 

inhibition partially protected cells from caspase 3/7 induction. (G) In PAECs, the miR-130/301 family controls cellular 

proliferation as well as context-dependent apoptotic signaling. In C and D, for each miRNA, mean expression in control 

groups (miR-NC or anti-miR-NC) was assigned a fold change of 1, to which relevant samples were compared. Data are 

expressed as mean ± SD (*P < 0.05; **P < 0.01).
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transcript as a direct binding target for 

miR-130a (Supplemental Figure 4). Forced 

expression of miR-130a in PAECs down-

regulated PPARγ (Figure 5, A and B). Short 

locked nucleic acid oligonucleotides (“tiny 

LNAs”) with antisense complementarity 

only to the seed sequence of this miRNA 

family (tiny-LNA-130; Supplemental Fig-

ure 5A and ref. 34) were validated in PAECs 

and PASMCs as e�ective inhibitors of the 

entire miR-130/301 family (Supplemental 

Figure 5, B and C). Tiny-LNA-130 increased 

PPARγ expression (Figure 5, A and B), no-

tably to a greater extent than an inhibitor 

of miR-130a alone. As demonstrated by 

increased cell number, BrdU incorpora-

tion, and increased expression of the pro-

liferation marker PCNA, forced expression 

of miR-130a increased cell proliferation in 

both PAECs and PASMCs (Supplemental 

Figure 6), which was phenocopied by siRNA 

knockdown of PPARγ (Supplemental Fig-

ure 7). Conversely, inhibition of the entire 

miR-130/301 family was substantially more 

e�ective in preventing proliferation than in-

hibition of miR-130a alone (Supplemental 

Figure 6). Importantly, forced expression of 

PPARγ in both cell types reversed the pro-

liferative phenotype induced by miR-130a 

alone (Supplemental Figure 8). Thus, we 

con�rmed that PPARγ carries an essential 

role in mediating the proliferative e�ects of 

the miR-130/301 family on pulmonary vas-

cular cell types.

The miR-130/301-PPARγ regulatory axis 

controls context-speci�c PAEC proliferation 

and apoptotic signaling by regulating apelin, 

miR-424/503, and FGF2. To further vali-

date our in silico model of the miR-130/301 

family, we aimed to determine whether a 

functional connection truly exists between 

the miR-130/301 family and the PH-speci�c 

pathway connecting apelin, miR-424/503, 

and FGF2. Because APLN expression is 

endothelial-speci�c (Supplemental Fig-

ure 14), we reasoned that this regulatory 

axis may be readily apparent in PAECs. In 

PAECs, forced expression of miR-130a (or 

siRNA knockdown of PPARγ; Supplemen-

tal Figure 10) downregulated apelin, miR-

424, and miR-503 (Figure 5, A–D, and Supplemental Figure 12A), 

and upregulated FGF2 (Figure 5, A and B, and Supplemental Fig-

ure 12B). Converse regulation of this molecular pathway was ob-

served by inhibition of the miR-130/301 family (Figure 5, A–D, and 

Supplemental Figure 12) — e�ects that were again more robust 

than inhibition of miR-130a alone and e�ects that were apparent 

during both normoxia and hypoxia. Demonstrating the essential 

The miR-130/301 family regulates pulmonary vascular cell pro-

liferation via repression of its target PPARγ. We next focused our at-

tention on PPARγ, a direct target of the miR-130/301 family that 

was predicted by our network-based approach to mediate the 

broad actions of this miRNA family speci�cally in the PH network. 

Consistent with prior reports in di�erent cellular contexts (33), we 

con�rmed a sequence in the 3′ untranslated region of the PPARγ 

Figure 6. The miR-130/301 family represses PPARγ in order to control proliferation in PASMCs 

via the STAT3-miR-204 regulatory axis. In normoxia (21% O
2
) or hypoxia (0.2% O

2
, 24 hours), either 

forced expression of miR-130a mimic versus control (NC) or inhibition of miR-130a (anti-miR-130a) 

versus inhibition of the entire miR-130/301 family (tiny-LNA-130) versus control (NC) was performed 

in cultured PASMCs (A–D). Immunoblotting (A), gel densitometry (B), and RT-qPCR (C) demon-

strated that forced miR-130a expression decreased PPARγ, accompanied by an increase in STAT3 and 

activated phosphorylated STAT3 (P-STAT3; A and B), as well as decreased miR-204 (C). Importantly, 

as in PAECs, inhibition of the entire miR-130/301 family in PASMCs reversed such downstream gene/

subordinate miRNA alterations to a greater extent than inhibition of miR-130a alone (A–D), thus 

demonstrating the importance of the coordinated actions of this miRNA family. (D) As assessed by 

BrdU incorporation in exponentially growing PASMCs, proliferation was augmented during forced 

expression of miR-130a mimics but decreased during expression of miR-204. MiR-130a–induced 

proliferation was reversed when miR-204 was simultaneously expressed, thus confirming the direct 

dependence of miR-130a on miR-204 in this cell type. (E) In PASMCs, we have validated that the miR-

130/301-PPARγ regulatory axis controls proliferation by increasing STAT3 expression and activity and 

repressing subordinate miR-204 expression. In C, for each miRNA, mean expression in control groups 

(miR-NC or anti-miR-NC) was assigned a fold change of 1, to which relevant samples were compared. 

In all panels, data are expressed as mean ± SD (*P < 0.05; **P < 0.01).
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target genes related to the cell cycle, such as CCND1, CDKN1A, 

CDKN2A, and CDKN2B (19, 35–37), were also modulated by ma-

nipulation of the miR-130/301 family or PPARγ (Supplemental 

Figure 11, A–D). However, proving the critical role of miR-424/503 

in this regulatory network, forced expression of miR-424 or miR-

role of PPARγ in these responses, miR-130a–dependent gene al-

terations were rescued by restoration of PPARγ function by either 

forced PPARγ expression (Supplemental Figure 13, A–D) or phar-

macologic PPARγ activation (rosiglitazone) (Supplemental Figure 

13, E–H). Notably, we found that a number of PPARγ-dependent 

Figure 7. Forced expression of miR-130a induces PH in a PPARγ-dependent manner in vivo. (A) Serial intrapharyngeal delivery of miR-130a mimic 

oligonucleotide (miR-130a) increased miR-130a in whole lung in mice as compared with control (miR-NC), either with or without daily oral dosing of rosi-

glitazone (Rosi). See Supplemental Figure 18 for protocol design. (B) MiR-130a increased right ventricular systolic pressure (RVSP) compared with control 

(miR-NC), an e�ect reversed by rosiglitazone. See Supplemental Figure 21A for quantification of right ventricle/(left ventricle + septum) (RV/LV+S) mass 

ratio. (C) By RT-qPCR of whole lung, miR-130a decreased miR-204, miR-322 (the mouse homolog of human miR-424), and miR-503 expression, but this 

e�ect was reversed by rosiglitazone. (D) IHC staining of pulmonary vessels less than 100 μm in diameter was performed to quantify PPARγ, PCNA, phos-

phorylated STAT3 (P-STAT3), and α-SMA. Ten vessels were quantified for each mouse (bar graphs). Consistent with data from cultured cells (Figures 5 And 

6), miR-130a decreased PPARγ expression (top row); increased PCNA-positive (second row) and P-STAT3–positive (third row) cells (quantified over 10 ves-

sels); and increased medial thickness (bottom row) consistent with exaggerated vascular remodeling. See Supplemental Figure 21B for arteriolar density, 

Supplemental Figure 21C for arteriolar muscularization, and Supplemental Figure 21, D and E, for gene expression by immunoblotting. In A and C, for each 

miRNA, mean expression in control groups (miR-NC) was assigned a fold change of 1, to which relevant samples were compared. In experiments involving 

animal tissue (A–C), data are expressed as mean ± SEM, while IHC quantification (D) is expressed as mean ± SD (*P < 0.05; **P < 0.01). Scale bar: 50 μm.
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Beyond the network-based predictions regarding endothe-

lial proliferation, we found that forced expression of miR-130a 

increased apoptotic caspase signaling in serum-starved cultured 

PAECs, while inhibition of miR-130/301 protected against these 

e�ects (Figure 5F). These observations are consistent with prior 

observations of reduced APLN causing endothelial apoptosis (38) 

as an inciting pathogenic event to allow for selection of apoptosis-

503 individually — and to a better extent when both miRNAs were 

expressed together — reversed the proliferative response to miR-

130a (Figure 5E). Thus, in PAECs, the miR-130/301-PPARγ regula-

tory axis controls cellular proliferation by repressing apelin and its 

subordinate miRNAs (miR-424/503; Figure 5G), thus validating 

one arm of the PH-speci�c hierarchy of miRNA regulation pre-

dicted by network analysis.

Figure 8. The miR-130/301 family is necessary to induce PH in a hypoxic mouse model of disease. A protocol was performed to determine whether a 

“shortmer” inhibitor of miR-130/301 (short-130) reverses PH (hypoxia + SU5416) in mice. See Supplemental Figure 23. (A) While miR-130/301 progressively 

increased with exposure time to hypoxia + SU5416, short-130 maintained baseline miRNA expression (normoxia + SU5416). (B) RVSP progressively increased 

as mice were exposed to 2 weeks (Ctrl 2 weeks) and 4 weeks of hypoxia + SU5416 (PBS). Increased RVSP was abrogated by short-130 but not short-NC. See 

Supplemental Figure 26A for quantification of (RV/LV+S) mass ratio. (C) During hypoxia + SU5416, short-130 rescued miR-204, miR-322 (mouse homolog 

of human miR-424), and miR-503 expression in whole lung. (D) IHC staining of pulmonary vessels less than 100 μm diameter was performed to quantify 

PPARγ, PCNA, phosphorylated STAT3 (P-STAT3), and α-SMA. Ten vessels were quantified for each mouse (bar graphs). Inhibition of the miR-130/301 family 

after PH development preserved PPARγ expression (top row); decreased PCNA-positive (second row) and P-STAT3–positive (third row) cells (quantified over 

10 vessels); and decreased medial thickness (bottom row) consistent with blunted vascular remodeling. See Supplemental Figure 26B for arteriolar density, 

Supplemental Figure 26C for arteriolar muscularization, and Supplemental Figure 26, D and E, for immunoblotting. In A and C, for each miRNA, normoxic 

levels were assigned a fold change of 1, to which relevant samples were compared. Data involving animal tissue (A–C) are expressed as mean ± SEM, while 

IHC quantification (D) is expressed as mean ± SD (*P < 0.05; **P < 0.01). Scale bar: 50 μm.
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erative response of PASMCs to miR-130a 

(Figure 6D). Thus, validating the second 

arm of network predictions in PASMCs, the 

miR-130/301-PPARγ regulatory axis con-

trols proliferation primarily by repressing 

STAT3 expression and activity and subordi-

nate miR-204 expression (Figure 6E).

The miR-130/301 family controls PPARγ 

and subordinate miRNA pathways to pro-

mote PH in vivo. Based on the integrated 

functions of the miR-130/301 family as de-

lineated above, we wanted to determine 

whether chronic miR-130/301 induction is 

necessary and su�cient to promote PH. To 

maintain consistency in these experiments, 

a mouse model of PH was employed via treatment with SU5416 and 

chronic hypoxia (28). First, in the presence of SU5416, chronic pul-

monary expression of miR-130a in WT mice was studied in place of 

chronic hypoxia. MiRNA delivery was achieved by 4 serial weekly 

intrapharyngeal injections of liposomally encapsulated miR-130a 

oligonucleotide mimics, as adapted from prior protocols (ref. 7 and 

Supplemental Figure 18). Such delivery resulted in upregulation 

of miR-130a (but not other family members) in whole lung tissue 

(Figure 7A and Supplemental Figure 19A) and in small pulmonary 

vessels (Supplemental Figure 19B). This delivery also repressed ex-

pression of pulmonary vascular PPARγ (as quanti�ed by immuno-

histochemistry [IHC] methods as previously described in ref. 9 and 

Figure 7D and by immunoblot in Supplemental Figure 21, D and 

E). Notably, such local delivery con�ned expression changes pre-

dominantly to the lung (Supplemental Figure 19C), without altera-

tion in left ventricular function as assessed by echocardiography 

(Supplemental Figure 20). In turn, miR-130a expression upregu-

lated pulmonary vascular STAT3 phosphorylation (IHC, Figure 7D; 

and immunoblot, Supplemental Figure 21, D and E) and repressed 

miR-204, miR-322 (the homolog of miR-424 in mice), and miR-503 

expression (Figure 7C), thus leading to vascular proliferation as re-

�ected by PCNA labeling (Figure 7D). As a result, chronic miR-130a 

expression increased pulmonary vascular remodeling as demon-

strated by increased medial thickness in small (<100 μm diameter) 

pulmonary arterioles (α-SMA stain; Figure 7D), an increased per-

centage of muscularized arterioles (Supplemental Figure 21C), and 

a decreased number of small pulmonary arterioles (Supplemental 

Figure 21B). In turn, pulmonary vascular expression of miR-130a 

signi�cantly increased right ventricular remodeling (increased right 

ventricle/(left ventricle + septum) [RV/LV+S] mass ratio; Supple-

mental Figure 21A) and right ventricular systolic pressure (RVSP), 

a hemodynamic surrogate for pulmonary arterial pressure (Figure 

7B). Importantly, similar PH manifestations were observed in mice 

treated with miR-130a without SU5416 (Supplemental Figure 22). 

resistant PAECs in PAH (39). Notably, however, this miRNA fam-

ily did not exert similar control over apoptotic activity in serum-

starved PASMCs (Supplemental Figure 9), nor were these actions 

evident in the presence of serum (Supplemental Figure 9). Thus, 

this dual nature of miR-130/301 promoting context-speci�c apop-

totic signaling and proliferation in PAECs indicates both the com-

plexity of, and the substantially broad control over, multiple dispa-

rate pathways that converge to promote PH (Figure 5G).

The miR-130/301-PPARγ axis controls PASMC proliferation 

via regulation of miR-204 and STAT3. We then interrogated the 

functional relationship between the miR-130/301 family and the 

STAT3-miR-204-Src kinase pathway, as predicted by our network-

based modeling. Given prior reports that PPARγ represses STAT3 

transcription (40) and the localized actions of miR-204 in PASMCs 

(7), we further hypothesized that, in PASMCs, miR-130/301–depen-

dent repression of PPARγ upregulates STAT3 expression and/or 

activity and thus downregulates miR-204. Correspondingly, in 

PASMCs, forced expression of miR-130a (or siRNA knockdown of 

PPARγ; Supplemental Figure 15) decreased PPARγ, accompanied 

by increased STAT3 expression and decreased miR-204 (Figure 6, 

A–C, and Supplemental Figure 12C). As in PAECs, these expres-

sion changes were reversed by either forced expression of PPARγ 

(Supplemental Figure 16, A–C) or rosiglitazone (Supplemental 

Figure 16, D–F), and converse regulation of this molecular path-

way was observed during normoxia and hypoxia by inhibition of 

the miR-130/301 family but not miR-130a alone (Figure 6, A–C). 

Notably, we analyzed other downstream targets of STAT3 such as 

NFATC2 and PIM1 (Supplemental Figure 17), known to be impor-

tant in proliferation (7, 41) as well as other PH-relevant phenotypes 

(42). Manipulation of either miR-130/301 or PPARγ modulated 

these target genes, suggesting a broad impact of the miR-130/301-

PPARγ-STAT3 axis in control of PASMC-speci�c phenotypes be-

yond proliferation alone. Nonetheless, as with miR-424/503 in 

PAECs, forced miR-204 expression prevented the speci�c prolif-

Figure 9. Model of the actions of the miR-130/301 

family in PH. Network-based bioinformatics 

coupled with experimental validation identifies 

the broad hierarchical control over proliferation 

exerted by the miR-130/301 family via integration 

of numerous subordinate miRNA pathways in 

multiple pulmonary vascular cell types.
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represents the �rst description to our knowledge of a functional 

hierarchy of seemingly disparate miRNAs relevant to PH. Further-

more, we found that such broad control extends not only to mul-

tiple signaling pathways but also across disparate cell types. Thus, 

these data (Figure 9) emphasize that a single set of upstream mas-

ter miRNAs integrates the control of pulmonary vascular cross-

talk and PH-relevant phenotypes via interconnected mechanisms 

that had previously been missed by conventional discovery strat-

egies. Accordingly, such �ndings have important implications for 

our fundamental understanding of the upstream origins of PH, for 

improvements in diagnostic and therapeutic applications in this 

disease, and for the increased use of in silico network theory to 

decipher additional systems-level regulatory mechanisms of miR-

NAs in complex disease networks.

These �ndings provide critical validation for the evolving ap-

plication of network theory to the discovery of the combinato-

rial origins of PH and other diseases. To date, systems biology 

approaches have been developed to elucidate the higher-order 

regulation of human disease gene networks mainly in single-

cell contexts amenable to high-throughput pro�ling, such as in 

cancer (43). However, such pro�ling has not been possible in dis-

eases such as PH, where diseased tissue is challenging to obtain 

and pathogenesis spans multiple heterogeneous cell types (as we 

review in ref. 44). Consequently, substantial concern has been 

raised regarding the ability to discern the key factors — miRNAs 

or otherwise — controlling PH phenotypes among the exponen-

tially increasing interconnections being mapped among PH-rel-

evant genes, e�ectors, and cell types. On the other hand, we and 

others have proposed computational analyses of the overarching 

architecture of existing integrated molecular disease networks to 

bypass some of these obstacles (as reviewed by ref. 10). However, 

in vivo validation of these theories had been limited until now. 

Here, primarily based on statistical analyses of available network 

architecture, our use of network theory and experimental biol-

ogy indeed predicts and con�rms an expansive miRNA-based 

disease network in PH and supports the notion that available 

molecular maps in PH are adequate for such modeling. Map-

ping of the complete disease interactome would be ideal, but 

anatomic inaccessibility of pulmonary vascular cell types in vivo 

and �nancial infeasibility for extensive measurements limit such 

data in PH (45). The level of overdetermination and redundancy 

in complex biologic networks (10) may be a key factor in allowing 

us to perceive such higher-order regulation even if some genes 

or pathways are missing from the current interactome maps. 

Consequently, future endeavors to map similar miRNA-target 

networks in PH and other diseases hold great promise for rapidly 

identifying other master regulators otherwise hidden in the ar-

chitecture of existing disease networks.

The actions of the miR-130/301 family members as a collec-

tive rather than reliance on 1 individual miRNA may underlie their 

combinatorial robustness of action in PH. The cohesive upregu-

lation of the miR-130/301 family as a unit despite separate chro-

mosomal locations re�ects the evolutionary selection pressure to 

coordinate their actions. The importance of their simultaneous 

actions is further emphasized by the intricate yet distinct meth-

ods by which these miRNAs are induced under various PH trig-

gers. These include an NF-κB dependence during in�ammatory 

Notably, miR-130a–dependent gene expression changes as well as 

most histologic and hemodynamic alterations (Figure 7 and Supple-

mental Figure 21) were reversed by rosiglitazone, thus demonstrat-

ing the necessary role of PPARγ for these pathogenic events in vivo. 

Thus, miR-130a expression depends, at least in part, on repression 

of PPARγ to control a predicted hierarchy of subordinate miRNA 

pathways in vivo in order to promote pulmonary vascular disease.

To determine whether miR-130/301 is necessary for manifes-

tation of PH under hypoxic stimuli, inhibition of this miRNA fam-

ily in the pulmonary vasculature was achieved by pharmacologic 

means. After 2 weeks of SU5416 and chronic hypoxia, PH was con-

�rmed in mice by RVSP elevation (Figure 8B) as well as right ven-

tricular remodeling (Supplemental Figure 26A) and pulmonary ar-

teriolar remodeling (Figure 8D and Supplemental Figure 26, B and 

C). This treatment was followed by 2 additional weeks of hypoxia 

plus SU5416 in the setting of 3 serial intrapharyngeal injections of 

either a chemically modi�ed, short anti-miRNA (“shortmer”) com-

plementary to the seed sequence or a scrambled control (Supple-

mental Figure 23). Shortmer delivery was con�rmed speci�cally 

in pulmonary tissue as assessed by repression of the miR-130/301 

family members to baseline, nondiseased conditions in whole lung 

by RT-qPCR (Figure 8A), in lung vasculature by IHC staining of 

the shortmer backbone (Supplemental Figure 24B), and in lung 

vasculature by visualization of a �uorescent Cy5-labeled shortmer 

(Supplemental Figure 24A). Consistent with our mode of intrapha-

ryngeal delivery, such shortmer expression was not seen in other 

organs beyond the lung (Supplemental Figure 24A), including the 

left ventricle where function was una�ected with such administra-

tion (Supplemental Figure 25). In direct correlation with our mech-

anistic �ndings de�ned in cultured PAECs and PASMCs (Figures 5 

And 6), during disease provocation, inhibition of the miR-130/301 

family (with Short-130) derepressed pulmonary vascular PPARγ 

expression in order to decrease STAT3 phosphorylation (by IHC 

[Figure 8D] and immunoblot [Supplemental Figure 26, D and E]), 

increase expression of its subordinate miRNAs miR-204, miR-424, 

and miR-503 (Figure 8C), and decrease vascular proliferation as 

re�ected by PCNA expression (Figure 8D). Importantly, such mo-

lecular events markedly reduced pulmonary vascular remodeling 

(re�ected by medial thickness [Figure 8D] and percentage of mus-

cularized arterioles [Supplemental Figure 26C] after IHC stain for 

α-SMA), loss of small pulmonary arterioles (Supplemental Figure 

26B), right ventricular remodeling (Supplemental Figure 26A), and 

RVSP (Figure 8B), with a trend toward levels even lower than at the 

starting point of disease (2-week time point). Thus, considering 

both gain-of-function and loss-of-function experimentation, we 

conclude that chronic induction of endogenous miR-130/301 fam-

ily members is necessary and su�cient to promote PH in vivo, and 

such robust actions depend on hierarchical control of PPARγ and 

subordinate miRNAs, as predicted by our network-based analyses.

Discussion
In this study, driven by an advanced analysis of the molecular net-

work architecture speci�c for PH, we identi�ed unique systems-

level regulation of this disease by miR-130/301, orchestrating 

subordinate miRNA and target gene networks to control cellular 

proliferation and PH manifestation in vivo. Importantly, the sup-

pression of miR-204 and miR-424/503 by the miR-130/301 family 
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spanning score as comparably broad regulators of the expanded 

PH network (Supplemental Table 2). Taken together, convergent 

regulation of all of these factors by the miR-130/301 family may 

o�er additional layers of cooperativity and ultimately may allow 

for both more precise and more robust control over disease mani-

festation than most previously characterized PH disease genes.

A molecular appreciation of the systems-level actions of the 

miR-130/301 family could also aid the development of more ef-

fective clinical management strategies for PH. From a diagnostic 

angle, expanding on prior studies (50), we found that expression 

of the miR-130/301 family in pulmonary arterial plasma increased 

with worsening hemodynamic severity of PH (Figure 4C). Cou-

pled with the related functions of these miRNAs in PH, such results 

provide a foundation for a larger study aimed at characterizing this 

miRNA family as a pro�le of PH biomarkers that could o�er more 

speci�city as compared with a single miRNA alone. From a thera-

peutic angle, the unique application of shortmer technology (34) 

to pulmonary vascular disease in vivo could impact substantially 

the rational treatment of PH by inhibiting multiple, but related, 

miRNAs for greater amelioration of disease. Moreover, a ratio-

nal combination of pharmacologic PPARγ activation along with 

repression of this miRNA family could have even synergistic ef-

fects on protection and reversal of this disease. Consequently, we 

envision that further experimental validation of miRNA network 

architecture may have a dramatic impact on systems pharmacol-

ogy approaches in PH that otherwise have not yet been pursued 

in great depth.

In summary, through advanced analysis and validation of 

disease network architecture, we have de�ned a higher order of 

miRNA network regulation in PH by the miR-130/301 family, thus 

addressing a notable de�ciency in reductionist experimentation 

and carrying broad implications for miRNA-based diagnostics 

and therapeutics. Consequently, future applications of miRNA 

network theory should rapidly de�ne additional upstream origins 

of PH and perhaps other disease conditions that link complex 

miRNA signaling pathways to �nal disease manifestations.

Methods
Network design. A complete set of methods to construct the initial 

curated and expanded PH networks and to perform spectral partition-

based clustering of those networks is available online (Supplemental 

Methods). The Supplemental Methods also contain detailed methods 

for analysis of network architecture, including calculations for the 

miRNA spanning score, target spanning score, gene spanning score, 

and shared miRNA in�uence score.

Oligonucleotides and transfection. Pre-miRNA oligonucleotides 

(pre-miR-130a, pre-miR-204, pre-miR-424, and pre-miR-503 and 

negative control pre-miR-NC1 and pre-miR-NC2, Life Technologies), 

anti-miRNA oligonucleotides (anti-miR-130a and anti-miR-NC, Ther-

moScienti�c), tiny LNA oligonucleotides (tiny-130, 5′-ATTGCACT-3′, 
and tiny-NC, 5′-TCATACTA-3′, Exiqon), and siRNAs (PPARγ and 

scrambled control, Santa Cruz Biotechnology; HIF-1α, HIF-2α, and 

scrambled control, Life Technologies) were commercially purchased. 

PAECs and PASMCs were plated and transfected 24 hours later at 

70%–80% con�uence using pre-miRNA (5 nM), anti-miRNA (20 nM), 

tiny-LNA (20 nM), or siRNA (25 nM) with Lipofectamine 2000 reagent 

(Life Technologies), according to the manufacturer’s instructions.

cytokine stimulation (13), a dependence on BMPR2 (Supplemental 

Figure 1C and Supplemental Figure 3C) and CAV1 (Supplemental 

Figure 1), and a unique HIF-2α-POU5F1/OCT4 dependence dur-

ing hypoxia (Figure 2). The intriguing dependence of miR-130/301 

expression on BMPR2 and CAV1 sets the stage for deeper mecha-

nistic interrogation, perhaps regarding whether endogenous mu-

tations in both of these genes are functionally linked to PAH via 

this miRNA family. Furthermore, given the previously described 

association of PH with a gain-of-function mutation of HIF-2α 
seen in people with Chuvash polycythemia (46), it is tempting to 

speculate the importance of the miR-130/301 family in the patho-

biology of this genetic predisposition as well. Pathogenic altera-

tions of other unidenti�ed regulatory factors may upregulate this 

miRNA family in the context of other PH triggers. Intriguing pos-

sibilities may include dehydroepiandrosterone (DHEA) (47) or the 

DNA damage e�ector poly-(ADP-ribose) polymerase-1 (PARP-1) 

(48), both of which in�uence the STAT3-miR-204 axis in PH. Ulti-

mately, such convergent biology (Figure 1) could re�ect synergism 

among disparate stimuli to upregulate miR-130/301 more robust-

ly during PH progression — actions that may be best delineated 

through further network-based bioinformatics analyses. To co-

ordinate miRNA function, principles of redundancy and synergy 

may also �gure prominently but have been poorly de�ned in vivo, 

especially in PH. For the miR-130/301 family, which shares the 

same “seed sequence,” our primary data emphasize the biologic 

importance of target binding redundancy to allow for the main-

tenance of miRNA action without relying on 1 factor alone. Such 

results also highlight the importance of strategic inhibition of 

multiple related miRNAs for maximum therapeutic e�ect. Finally, 

future work can be envisioned to interrogate the synergy of action 

of multiple miR-130/301 family members that bind the same tar-

get with varying e�ciencies (typically determined by “non-seed 

sequences”) and may depend on coordinated e�ects on miRNA 

binding and mRNA structure to maximize target gene repression.

Importantly, while this report focuses mainly on prolifera-

tive actions of miR-130/301, our experiments validated only a 

small minority of the network predictions. Thus, the true breadth 

of in�uence by the miR-130/301 family in PH may be even more 

extensive. Speci�cally, our �ndings expand on the importance of 

PPARγ in PH (19–21, 24, 49), revealing a more complete spectrum 

of its miRNA-dependent functions in the pulmonary vasculature. 

The known pleiotropy of PPARγ in�uencing vasoconstriction, me-

tabolism, and ECM deposition in the peripheral vasculature and 

as suggested by our work examining additional PPARγ targets 

responsive to miR-130/301 (Supplemental Figure 11) further sug-

gests that this miRNA family controls even more PH-speci�c phe-

notypes than elucidated here. Moreover, our data should prompt 

future work to determine a more detailed molecular explanation 

of how the miR-130/301-PPARγ axis controls both context-specif-

ic apoptotic signaling (Supplemental Figure 9) and proliferation 

(Figure 5) in PAECs in order to converge on promoting PH. Beyond 

PPARγ, additional miR-130/301 targets may regulate a variety of 

PH-relevant pathways including TGF-BMP signaling, Rho kinase 

activation, vascular smooth muscle contraction, and mitochondri-
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miR-130/301 family, both subordinate miRNAs miR-424 and miR-

204 themselves were predicted in the top 10 miRNAs by miRNA 
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