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Abbreviations: 36 

LncRNA: long non-coding RNA 37 

BMPR2: bone morphogenic protein receptor 2 38 

PH: pulmonary hypertension 39 

PAH: pulmonary arterial hypertension 40 

PAECs: pulmonary arterial endothelial cells 41 

PASMCs: pulmonary arterial smooth muscle cells 42 

RV: right ventricular 43 

RGMB-AS1: repulsive guidance molecule B antisense RNA 1 44 

LINC02593: long intergenic non-coding RNA 2593 45 

 46 

 47 

Abstract 48 

 This study shows that the long non-coding RNA RGMB-AS1 is upregulated in the blood and 49 

pulmonary vascular cells of PAH patient and that it regulates BMPR2 signaling. Inhibiting 50 

RGMB-AS1 increases BMPR2 signaling and improves pulmonary vascular cell function. 51 

 52 

 53 

Key words: Long non-coding RNA, BMPR2 signaling, pulmonary hypertension, pulmonary 54 

vascular remodeling 55 

 56 

 57 

 58 

 59 

 60 

 61 

 62 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 27, 2022. ; https://doi.org/10.1101/2022.08.27.505495doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.27.505495
http://creativecommons.org/licenses/by-nc/4.0/


 3

 63 

To the editor: 64 

Pulmonary arterial hypertension (PAH) is a complex disease of the pulmonary circulation that 65 

currently has no cure. In many forms of PAH, impaired Bone Morphogenic Protein Receptor 2 66 

(BMPR2) signaling has been considered as one of the key pathomechanisms - either through loss 67 

of function mutations in familial PAH or downregulation of BMPR2 expression. Yet how 68 

BMPR2 expression and signaling is regulated remains largely unclear, especially in non-genetic 69 

forms. Previously, we and others have shown that targeting BMPR2 signaling and improving the 70 

BMPR2/TGF-β disbalance might be an effective therapeutic option for PAH [1-3]. Increasing 71 

BMPR2 signaling and expression using the repurposed drugs FK506 [4, 5] and Enzastaurin [6] 72 

has proven to be a successful approach in improving experimental PAH. As these drugs do not 73 

address the underlying cause for reduced BMPR2 expression and signaling, we set out to identify 74 

BMPR2 signaling modifiers that could be targeted as an alternative way to improve signaling in 75 

PAH.  76 

 77 

Long non-coding RNAs (lncRNAs), endogenous RNAs that are longer than 200 nucleotides in 78 

size and have no protein-coding capacity, have been shown to play a significant role in 79 

pulmonary vascular remodeling, RV remodeling and PAH [7]. Yet the role of lncRNAs in 80 

modulating BMPR2 expression and signaling and their contribution to the development and 81 

progression of PAH is unknown. Our goal was to explore the role of lncRNAs in modulating 82 

BMPR2 signaling in PAH. Through a series of clinical, experimental, and bioinformatic 83 

analyses, we identified lncRNA repulsive guidance molecule B antisense RNA 1 (RGMB-AS1) 84 

as a critical emerging player in PAH. 85 

 86 

To identify novel lncRNAs associated with BMPR2 signaling, we performed RNAseq of 87 

pulmonary arterial endothelial cells (PAECs) treated with either the BMPR2 ligand, BMP9, or 88 

BMPR2 siRNA [8]. The positive hits were defined as those lncRNAs that responded in an 89 

opposite direction when activated with BMP9 or treated with BMPR2 siRNA. The top BMP-90 

responsive lncRNAs were individually knocked down with siRNA and their effect was assessed 91 

on the expression of ID1, a major downstream target of BMPR2 signaling. This approach 92 

identified RGMB-AS1 as a potential BMPR2 signaling inhibitor (Figures 1A-C), although the 93 
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RGMB-AS1 knockdown efficiency using siRNA was only about 55% (data not shown). As 94 

further confirmation, we knocked down RGMB-AS1 with either siRNA or more effectively with 95 

locked nucleic acid (LNA) gapmer in the presence and absence of ligand stimulation and 96 

assessed ID1 expression in PAECs and pulmonary arterial smooth muscle cells (PASMCs). We 97 

found that RGMB-AS1 knockdown further increased BMP9- and BMP4-induced ID1 expression 98 

in PAECs and PASMCs, respectively (Figures 1D-F). To determine whether RGMB-AS1 99 

regulates BMPR2 signaling through its neighboring protein coding gene RGMB, we measured 100 

RGMB expression by qRT-PCR in PAECs and PASMCs following knockdown of RGMB-AS1 101 

with siRNA or LNA. We found that RGMB-AS1 knockdown increased RGMB expression in 102 

PAECs and PASMCs (Figure 1G), suggesting that RGMB-AS1 may regulate BMP signaling 103 

partly through RGMB, a BMP co-receptor that facilitates ligand binding. As hypoxia is a crucial 104 

contributor to some forms of human pulmonary hypertension (PH) and experimental PH and is 105 

associated with decreased BMPR2 signaling, we measured the expression of RGMB-AS1, 106 

BMPR2, ID1, and VEGFA (a hypoxia-responsive gene) in hypoxic PAECs by RT-qPCR. We 107 

observed that hypoxia induced expression of RGMB-AS1 and decreased BMPR2 and ID1 108 

expression (Figure 1H). To determine whether RGMB-AS1 expression was increased in PAECs 109 

from PAH patients, we re-analyzed a publicly available RNAseq data set comprising 9 healthy 110 

and 9 PAH PAECs (GSE126262, [9]). Yet we did not find significant changes in RGMB-AS1 111 

expression between the control and PAH PAECs (Figure 1I). In contrast, RGMB-AS1 was 112 

increased 7-8-fold in PASMCs isolated from PAH patients (n=3) compared to healthy controls 113 

(n=3) analyzed by RNAseq (Figure 1J, [10]). Furthermore, RNAseq analysis of whole blood of 114 

patients with idiopathic, heritable, and drug-induced PAH (n=359) compared to age- and sex-115 

matched healthy controls (n=72) showed a significant increase in RGMB-AS1 expression 116 

(Figure 1K, [11]). RGMB-AS1 knockdown with siRNA or LNA increased PAEC proliferation 117 

and decreased PASMC proliferation, as assessed by MTT assay (Figures 1L-N), and induced 118 

PASMCs apoptosis as assessed by caspase 3/7 activity assay (Figure 1O). 119 

 120 

Collectively, our findings suggested that RGMB-AS1 might be an important BMPR2 signaling 121 

modulator in vascular cells in PAH.  However, it remains unknown how RGMB-AS1 regulates 122 

BMPR2 signaling in PH. A recent lung cancer study showed that RGMB-AS1 expression is 123 

negatively associated with the expression of its neighboring protein-coding gene RGMB [12]. 124 
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Notably, RGMB is a BMP co-receptor that promotes BMP signaling in neuronal regeneration 125 

and kidney disease [13-15]. NCBI nucleotide blast search of RGMB-AS1 sequences revealed a 126 

322nt-homologus sequence to the whole exon 2 of RGMB but in a complementary orientation 127 

(Data not shown). Our finding of a significant albeit small increase in RGMB mRNA when 128 

RGMB-AS1 was silenced in PAECs suggests that the opposite might be true as well; that 129 

increased levels of RGMB-AS1 would decrease RGMB levels, thereby reducing BMPR2 130 

signaling (Figure 1O). RGMB-AS1 could also regulate BMPR2 signaling through other distant 131 

protein-coding genes, microRNAs, transcription factors, and non-canonical smad-independent 132 

pathways, such as MAPK, c-Jun, p38, AKT.  133 

 134 

Since BMPR2 receptors are highly expressed in PAECs, we used those cells in our initial 135 

experiments to identify and validate lncRNAs involved in BMPR2 signaling. We also found a 136 

significant upregulation of RGMB-AS1 and its correlation with downregulation of BMPR2 137 

signaling in hypoxic PAECs, in line with our findings of RGMB-AS1 as a BMPR2 signaling 138 

inhibitor. Yet, by re-analysing publicly available RNAseq data sets, we observed a significant 139 

upregulation of RGMB-AS1 in PASMCs but not in PAECs of PAH patients. Based on our  140 

RNAseq expression re-analysis studies, it seems that expression levels of RGMB-AS1 are 141 

relatively higher in PASMCs than PAECs. Because of the very low baseline expression levels of 142 

RGMB-AS1 in PAECs, there is a lot more variation in expression of the lncRNA in PAECs, 143 

which warrants further studies to confirm these findings in a larger cohort of PAH patients.   144 

 145 

Hyperproliferation of PASMCs and abnormal proliferation and tube formation of PAECs are 146 

thought to contribute to the development and progression of PH [7]. Our in vitro functional assay 147 

of RGMB-AS1 knockdown data showed inhibition of PASMC proliferation, suggesting that 148 

RGMB-AS1 knockdown might be benefical in PAH by inhibiting pathological PASMC 149 

hyperproliferation. These findings are consistent with our clinical RNA expression and BMPR2 150 

signaling data, where we observed that RGMB-AS1 is upregulated in PAH and the observation 151 

that RGMB-AS1 silencing increases BMPR2 signaling. Taken together, RGMB-AS1 modulation 152 

could influence pulmonary vascular remodeling.  153 

 154 
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While the major strength of our study is the use of an unbiased RNAseq high throughput 155 

approach, a siRNA mini-library combined with experimental validation studies to discover 156 

BMPR2 signaling associated lncRNAs that might be of clinical relevance as they are expressed 157 

in a large cohort of PAH patients, our study has some limitations. The RGMB-AS1 RNAseq 158 

expression data of PAH patients were not further experimentally validated in a second large 159 

cohort of PAH patients. In addition, we only provided RGMB-AS1 inhibition findings; it is 160 

critical to confirm whether overexpression of the lncRNA decrease BMPR2 signaling and alters 161 

cellular phenotypes, such as proliferation, apoptosis, and migration.  162 

 163 

In summary, our results demonstrate the first piece of evidence that RGMB-AS1 is upregulated 164 

in the blood and pulmonary vascular cells of PAH patients. Furthermore, inhibiting RGMB-AS1 165 

effects BMPR2 signaling and vascular cell function, which might be of therapeutic value to 166 

improve vascular remodeling in PAH.   167 

 168 
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Figure 1 249 
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Figure 1 legend 251 

A-B) Experimental Strategy to identify lncRNAs associated with BMPR2 signaling. A) BMPR2 252 

signaling were activated in healthy PAECs stimulated with BMP9 20 ng/ml for 2hrs and 253 

inhibited with BMPR2 siRNA transfection for 48hrs, harvested RNA and performed RNAseq. 254 

LncRNAs were screened based on the criteria that they express in an opposite direction of BMP 255 

signaling activation and inhibition condition. B) Top 3 BMPR2 activator, and inhibitor-256 

associated lncRNAs are represented as log2 fold change from controls in the table. C-E) RGMB-257 

AS1 knockdown increases BMP9-induced BMP signaling in PAECs. Top selected 6 lncRNAs 258 

were knocked down with siRNA and assessed ID1 expression by qPCR to see whether these 259 

lncRNAs are the upstream of the BMPR2 signaling in PAECs (C). PAECs were seeded onto 6-260 

well plate and next day, 100nM siRNA was transfected with 2ul of RNAimax in optimum media. 261 

After 24hours, the transfected cells were starved with starvation media for 16 hours and treated 262 

with BMP9 (20ng/ml) (a ligand for BMPR2 signaling in PAECs cells) for additional 2 hours and 263 

then harvested and isolated RNA and proteins. RGMB-AS1 were also knocked down with LNA 264 

gapmers in PAECs and PASMCs. Expression of the key BMP pathway molecule, ID1 was 265 

assessed by RT-qPCR and western blotting (D-F). Densiometric analysis was performed with 266 

ImageJ. G) RGMB mRNA were measured by qRT-PCR following knockdown of RGMB-AS1 267 

with siRNA or LNA in PAECs and PASMCs. H) RGMB-AS1 is induced by hypoxia in PAECs 268 

at 72hrs of hypoxia exposure while BMPR2 and ID1 expression is downregulated, as measured 269 

by qRT-PCR. RGMB-AS1 expression of PAECs (n=9/group) (I), PASMCs (n=3/group) (J) and 270 

whole-blood of PAH patients (n=72 healthy and n=359 PAH) (K), assessed by RNAseq. L-N) 271 

RGMB-AS1 knockdown with siRNA or LNA gapmers increases proliferation of PAECs and 272 

decreases PASMCs proliferation. PAECs and PASMCs were transfected 10nM siRNA or LNA 273 

against RGMB-AS1 with 2 ul of RNAiMax for 48 hours and assess cell proliferation by MTT 274 

assay. O) RGMB-AS1 knockdown with LNA gapmers induced apoptosis as measured by 275 

commercially available caspase 3/7 activity assay kit. P) Proposed schematic mechanism of 276 

RGMB-AS1 and BMPR2 signaling in PAH. Data are represented as mean+/-standard error 277 

mean, student t test for comparing between two groups. One-way ANOVA, LSD fisher post test 278 

test, for comparing multiple groups. *p<0.05, **p<0.01, ***p<0.001, ****p<0.001. siNT; non-279 

target siRNA, siRGMB-AS1; RGMB-AS1 siRNA. LNA; locked nucleic acid. 280 

 281 
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