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Abstract

Hypoxic reprogramming of vasculature relies on genetic, epigenetic, and metabolic circuitry, but 

the control points are unknown. In pulmonary arterial hypertension (PAH), a disease driven by 

hypoxia inducible factor (HIF)–dependent vascular dysfunction, HIF-2α promoted expression 

of neighboring genes, long noncoding RNA (lncRNA) histone lysine N-methyltransferase 2E-

antisense 1 (KMT2E-AS1) and histone lysine N-methyltransferase 2E (KMT2E). KMT2E-AS1 
stabilized KMT2E protein to increase epigenetic histone 3 lysine 4 trimethylation (H3K4me3), 

driving HIF-2α–dependent metabolic and pathogenic endothelial activity. This lncRNA axis also 

increased HIF-2α expression across epigenetic, transcriptional, and posttranscriptional contexts, 

thus promoting a positive feedback loop to further augment HIF-2α activity. We identified a 

genetic association between rs73184087, a single-nucleotide variant (SNV) within a KMT2E 
intron, and disease risk in PAH discovery and replication patient cohorts and in a global meta-

analysis. This SNV displayed allele (G)–specific association with HIF-2α, engaged in long-range 

chromatin interactions, and induced the lncRNA-K MT2E tandem in hypoxic (G/G) cells. In 

vivo, KMT2E-AS1 deficiency protected against PAH in mice, as did pharmacologic inhibition 

of histone methylation in rats. Conversely, forced lncRNA expression promoted more severe 
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PH. Thus, the KMT2E-AS1/KMT2E pair orchestrates across convergent multi-ome landscapes to 

mediate HIF-2α pathobiology and represents a key clinical target in pulmonary hypertension.

INTRODUCTION

Cellular reprogramming by hypoxia relies on incompletely defined genetic, epigenetic, and 

metabolic circuitry. Such fundamental concepts are important for pulmonary hypertension 

(PH) and pulmonary arterial hypertension (PAH)—diseases of lung blood vessels linked 

to hypoxia and its master transcription factors, including hypoxia inducible factor α (HIF-

α) (1). HIF-2α in pulmonary arterial endothelial cells (PAECs) is particularly important 

in promoting this disease (2). However, the broad heterogeneity of disease and hypoxia 

dependent molecular circuitry has bred confusion regarding the development of crucial 

endothelial pathophenotypes (3).

An integrated understanding of genetic, epigenetic, and metabolic landscapes in the hypoxic 

endothelium and pulmonary vasculature is lacking. HIF-dependent pathways regulate 

metabolic and mitochondrial programs that are dysregulated in hypoxic and diseased 

pulmonary vasculature in PH (4). Genome-w ide molecular profiling in PH (5) has revealed 

that epigenetic marks of the genome and associated histones are altered in hypoxia across 

various PH subtypes (6). Furthermore, G9a histone methyltransferase inhibitors targeting 

primarily histone H3 lysine 9 marks (H3K9) have been reported to improve experimental 

PAH (7). However, the roles of other hypoxia-driven histone methylation marks in PAH 

have been poorly described. Histone H3 lysine 4 trimethylation (H3K4me3) is enriched 

near promoters of activated genes and drives transcription (8). Although H3K4me3 is 

increased in hypoxia (9) and controlled by HIF-1α and HIF-2α (10), any pathogenic 

roles of H3K4me3 in orchestrating metabolic reprogramming in hypoxia are still unknown. 

Moreover, because hypoxia and HIF-2α constitute crucial triggers of the World Symposium 

on Pulmonary Hypertension (WSPH) group 1 PH (PAH) and group 3 PH (PH due 

to hypoxic lung disease), hypoxic regulation of H3K4me3 may exert control over key 

pathogenic pathways in these PH subtypes. Last, genomic insights are advancing regarding 

various associations between genetic variants with PAH risk, survival, and disease severity 

(11). However, because of the limited global number of patients with PAH, there are barriers 

to generating a comprehensive catalog of genetic variants causatively linked to disease 

initiation or progression.

Long noncoding RNAs (lncRNAs) can exert regulatory activity across genomic, epigenetic, 

and metabolic domains (12). lncRNAs are single stranded RNAs that affect cellular function 

by complexing with chromosomal DNA, RNAs, or proteins and may prevent microRNA 

binding to target mRNAs. lncRNAs are dysregulated in PH, and certain lncRNAs are 

controlled by PH triggers, such as hypoxia (13). Characterization of lncRNAs in pulmonary 

vascular cells has been limited (14), and functional data regarding their roles in PH are just 

emerging (15, 16). Yet, the majority of lncRNAs do not carry full sequence conservation in 

mammals, making it challenging to translate in vivo lncRNA biology between rodents and 

humans.

Tai et al. Page 2

Sci Transl Med. Author manuscript; available in PMC 2024 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We hypothesized that specific lncRNAs serve as broad effectors of HIF dependent 

pathobiology, orchestrating epigenetic, metabolic, and genomic processes in health and 

disease. Here, combining insights into genetic epidemiology with molecular mechanism, 

we identified a lncRNA-protein pair, governed in part by an endogenous human single-

nucleotide variant (SNV), which carries crucial epigenetic and metabolic functions in 

endothelial cells and controls PH in vivo.

RESULTS

Mouse lncRNA 5031425E22Rik and the human ortholog KMT2E-AS1 were up regulated in 
rodent and human types of PH

Using published RNA sequencing data (17), we identified differentially expressed lncRNAs 

in lungs of PAH mice induced by the small-molecule SU5416 and chronic hypoxia versus 

controls (fig. S1A). After filtering for length, conservation, and nonprotein coding status, we 

identified nine candidates, one of which was an up regulated lncRNA 5031425E22Rik (or 

E22) that mapped to a human ortholog histone lysine N-methyltransferase 2E gene-antisense 

1 (KMT2E-AS1). Across mammals, this lncRNA gene sits on the antisense strand and 

adjacent (head-to-head) to the histone lysine N-methyltransferase 2E gene (KMT2E), a 

member of a regulatory family controlling H3K4me3 and chromatin remodeling (Fig. 1A) 

(18). This lncRNA does not carry obvious sequence homology with KMT2E. Nonetheless, 

given its conserved chromosomal location and partially conserved sequence with human 

KMT2E-AS1, we analyzed this lncRNA further. Inference from RNA sequencing reads 

indicated that this lncRNA is most abundantly expressed as a ~2-kb isoform. E22 and 

KMT2E-AS1 transcripts were up-regulated in pulmonary vascular tissue, particularly CD31-

positive endothelial cells, in mouse and human cases of PH, accompanied by increased 

KMT2E (Fig. 1, B to E; fig. S1, B to E; and table S1). By immunofluorescence microscopy 

and fluorescence in situ hybridization (FISH), increased KMT2E-AS1 and KMT2E were 

also observed in CD31-positive endothelial cells of remodeled pulmonary arterioles of 

WSPH group 1 PAH and group 3 PH (Fig. 1, F and G, and table S1), in hypoxic mice (fig. 

S1F), and in PAH rat models (fig. S1, G and H). H3K4me3 was increased in both groups 1 

and 3 PH (Fig. 1H), consistent with rodents with PH (fig. S1I).

In cultured PAECs, hypoxic exposure drove similar up-regulation of KMT2E-AS1 and 

KMT2E (Fig. 1, I and J). Pulmonary arterial adventitial fibroblasts also displayed induction 

of this lncRNA-KMT2E pair, but other pulmonary vascular cell types, such as pulmonary 

artery smooth muscle cells (PASMCs), did not (Fig. 1, I and J). This specific induction, 

particularly in PAECs, led to subcellular localization of KMT2E-AS1 mainly to the nucleus 

(Fig. 1K). In mouse PAECs and fibroblasts, hypoxia up-regulated E22 with predominant 

localization in the nucleus (fig. S1, J to L). Other known inflammatory cytokine triggers 

of PH, including interleukin-1β (IL-1β) and IL-6, did not alter KMT2E-AS1 (fig. S1M) in 

PAECs, suggesting the central mechanism of hypoxia in controlling this lncRNA axis.

Hypoxic induction of KMT2E-AS1 and KMT2E was HIF-2α dependent

Previous chromatin immunoprecipitation sequencing (ChIP-Seq) identified interactions 

between HIF-2α and the KMT2E promoter (19). Correspondingly, by small interfering RNA 
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(siRNA) knockdown of HIF 1α and HIF-2α, we found that HIF-2α knockdown prevented 

the increase of KMT2E-AS1 and KMT2E transcripts in hypoxic PAECs (Fig. 2, A and 

B). Conversely, lentiviral overexpression of a constitutively active HIF-2α gene (20) in 

normoxia promoted the increased expression of this lncRNA-KMT2E pair (Fig. 2, C and D). 

Thus, HIF-2α is both necessary and sufficient for the hypoxic up regulation of KMT2E-AS1 
and the neighboring KMT2E in endothelial cells.

KMT2E-AS1 interacted with KMT2E to enhance protein stability that increases histone 
methylation, including H3K4me3

Considering the conserved chromosomal neighboring location of KMT2E-AS1 and KMT2E, 

the functions of lncRNAs to complex with proteins to affect chromatin remodeling (12), 

and the known function of KMT2E in H3K4me3 (18), we hypothesized that KMT2E-AS1 
carries epigenetic activity stemming from physical interactions with the KMT2E protein. 

We screened for and identified an effective siRNA targeting KMT2E-AS1. Accordingly, we 

found that siRNA knockdown of KMT2E-AS1 in hypoxia (Fig. 2E) down regulated KMT2E 

protein expression by immunoblot (Fig. 2F). Conversely, forced expression of KMT2E-AS1 
in normoxia increased KMT2E protein (Fig. 2, G and H). Our results showed transcriptional 

control of this tandem pair by HIF-2α (Fig. 2, A to D). Yet, in hypoxia, short-term (4 

hours) exposure to the transcriptional inhibitor actinomycin D reduced KMT2E transcript 

(Fig. 2I) but not protein expression (Fig. 2J), suggesting that KMT2E protein is stabilized 

in hypoxia. The in silico PRIdictor algorithm (21) predicted that KMT2E-AS1 transcript 

bound to the KMT2E protein (prediction score of 0.534, >0.5 threshold). To validate 

RNA-protein interaction, RNA-protein immunoprecipitation assay, using antibodies against 

KMT2E followed by reverse transcription quantitative polymerase chain reaction (RT-q 

PCR) of KMT2E-AS1, revealed that this lncRNA directly and specifically complexed with 

KMT2E under hypoxic conditions (Fig. 2K). Actinomycin D did not disrupt this physical 

interaction (P > 0.05), reflecting the stability of such RNA-protein complexes despite acute 

reductions in RNA transcript production. Pretreating with the proteasomal inhibitor MG132 

reversed the effect of KMT2E-AS1 knockdown on KMT2E (Fig. 2L), indicating that the 

stabilized complex was responsible for protein expression.

To investigate the downstream consequences of KMT2E stabilization, we performed 

immunoblots specific for H3K4me3 in hypoxic PAECs. KMT2E-AS1 knockdown decreased 

H3K4me3 (Fig. 2M). Moreover, forced expression of KMT2E-AS1 increased the interaction 

of H3K4me3 with KMT2E by proximity ligation assay (Fig. 2N), whereas lentiviral delivery 

of a deletion mutant of this lncRNA missing a ~600-bp conserved sequence (fig. S8F) failed 

to increase this interaction. Correspondingly, forced expression of full length KMT2E-AS1, 

but not the deletion mutant lentivirus, increased downstream H3K4me3 as assessed by 

immunoblot (Fig. 2O). Thus, KMT2E-AS1 is a hypoxia-driven lncRNA that complexes with 

and stabilizes KMT2E protein to increase H3K4me3 histone tri-methylation.

We then determined whether other major histone lysine methylation marks that can be 

dependent on hypoxia (22), H3K9 and H3K27, were also controlled by this lncRNA-

KMT2E tandem. In cultured PAECs, H3K9me3, but not H3K27, marks were increased by 

hypoxia and modestly reversed by KMT2E-AS1 knockdown (Fig. 2M), a finding consistent 
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with previous studies showing that KMT2E deficiency can induce a histone demethylase, 

lysine-specific histone demethylase 1A (LSD1), that specifically reduces H3K9me3 (23, 

24). Similarly, immunofluorescence staining of human group 1 PAH and group 3 PH 

demonstrated increased expression of H3K9me3 but not H3K-27me3 in diseased pulmonary 

arterioles (fig. S2, A to C). However, H3K4me3 reversal in PAECs by KMT2E-AS1 
knockdown was more robust than the reversal of H3K9me3 (Fig. 2M), consistent with a 

primary role of this lncRNA axis in H3K4me3.

KMT2E-AS1 drove hypoxic metabolic reprogramming

Because KMT2E-AS1 acted in conjunction with KMT2E to regulate primarily epigenetic 

H3K4me3, we sought to define the landscape of transcriptional alterations under this 

lncRNA’s control during hypoxic endothelial reprogramming. In PAECs, siRNA knockdown 

of either KMT2E or KMT2E-AS1 (fig. S3, A and B) phenocopied each other by reversing 

the expression of 2480 genes that were altered by hypoxia (Fig. 3, A and B, and table 

S3). Gene set enrichment analysis (GSEA) (25) of these RNA sequencing results revealed 

that >50% of represented pathways were “hypoxia” and “metabolism” gene networks (Fig. 

3A), consistent with the major activities of HIF-2α. Five hundred fifty four of 1285 

reversed metabolism genes (Fig. 3B) were related to energy generation and the tricarboxylic 

acid cycle. To determine which of these changes were controlled directly by H3K4me3, 

H3K4me3 ChIP-Seq was performed in hypoxic versus normoxic PAECs (fig. S3C and table 

S4). The promoters of many of the top dysregulated genes in hypoxia and metabolism 

networks regulated by the lncRNA-KMT2E axis carried more H3K4me3 marks in hypoxia, 

suggesting a direct epigenetic mechanism by which the lncRNA axis modulates HIF-2α 
metabolic phenotypes (Fig. 3B, fig. S3C, and tables S3 and S4). Furthermore, not all 

H3K4me3-dependent genes in hypoxia were regulated by the lncRNA-KMT2E axis (fig. 

S3C), emphasizing an epigenetic specificity of this regulatory axis. By RNA sequencing and 

ChIP-Seq overlay (fig. S3B) and further independent ChIP-qPCR (Fig. 3C), we confirmed 

the lncRNA mir210hg as one of several KMT2E-AS1–dependent and H3K4me3-dependent 

genes.

Consistent with KMT2E-AS1’s control over HIF-dependent metabolism, KMT2E-AS1 
knockdown mitigated the hypoxic induction of extracellular acidification rate (ECAR), a 

representative measure of glycolysis, as well as concomitant lactate dehydrogenase (LDH) 

enzymatic activity (Fig. 3, D and H); forced KMT2E-AS1 expression increased ECAR and 

LDH activity (Fig. 3, F and I). Moreover, in cultured PAECs, KMT2E-AS1 knockdown 

increased baseline oxygen consumption rate (OCR) (Fig. 3E), whereas forced KMT2E-AS1 
decreased OCR (Fig. 3G). Furthermore, vascular endothelial growth factor (VEGFA) was 

up-regulated by hypoxia, consistent with increased H3K4me3 at its gene locus (Fig. 3J). 

Both KMT2E-AS1 and KMT2E knockdown decreased VEGFA expression. Thus, these 

data demonstrated that KMT2E-AS1 regulates a gene network that decreases oxidative 

metabolism, increases glycolysis, and controls hypoxic PAEC adaptation.

KMT2E-AS1 induced HIF via increasing HIF transcription and controlling HIF degradation

In addition to the ability of KMT2E-AS1 to stabilize KMT2E protein, knockdown of 

KMT2E-AS1 reduced KMT2E transcript (Fig. 2I and fig. S3A). Guided by the identification 
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of “hypoxic” response pathway genes regulated by this lncRNA axis that control HIF 

transcription (miR210hg) and HIF protein degradation (ELOC) (Fig. 3B), we determined 

whether HIF-2α–dependent KMT2E-AS1 reciprocally regulates HIF-2α expression. siRNA 

knockdown of KMT2E-AS1 or KMT2E in hypoxic PAECs decreased HIF-2α expression 

(Fig. 4A), whereas forced expression of this lncRNA increased HIF-2α in normoxia 

and hypoxia (Fig. 4B). The hypoxia dependent miR210hg gene was induced by this 

lncRNA axis (Fig. 3B and fig. S3B). miR210hg is a lncRNA that directly binds the 5′ 
untranslated region of HIF transcripts (26), leading to increased translation and increased 

HIF protein expression. Moreover, for both RNA and protein, KMT2E-AS1 knockdown 

increased elongin C (ELOC), a crucial component of the Von Hippel Lindau complex that 

controls HIF-2α protein stability (Fig. 4, C and D), indicating that the lncRNA augments 

HIF-2α expression via modulation of the hydroxylase-ubiquitin-proteasome pathway. 

The proteasomal inhibitor MG132 reversed the down regulation of HIF-2α by lncRNA 

knockdown (Fig. 4E). Thus, hypoxic induction of KMT2E-AS1 and KMT2E participates 

in a positive feedback loop to increase HIF-2α expression via multiple epigenetic, 

transcriptional, and posttranscriptional mechanisms to activate HIF-2α transcription and 

translation as well as to alter HIF-2α protein degradation.

KMT2E-AS1 promoted endothelial pathophenotypes of PH

KMT2E-AS1 drove endothelial pathophenotypes linked to HIF biology and PH. Knockdown 

of KMT2E-AS1 increased PAEC apoptotic potential in hypoxia, whereas forced expression 

of KMT2E-AS1 via lentiviral transduction decreased apoptosis in normoxia (Fig. 4F). 

KMT2E-AS1 knockdown decreased PAEC proliferation in hypoxia, whereas forced 

expression increased proliferation in normoxia as observed by 5 bromo-2′-deoxyuridine 

(BrdU) incorporation (Fig. 4G). Thus, KMT2E-AS1 is necessary and sufficient to promote 

PAEC proliferation. Consistent with these alterations in cell survival and proliferative 

capacity, KMT2E-AS1 knockdown decreased PAEC migration in hypoxia, whereas forced 

expression increased such activity by wound closure assay in vitro (Fig. 4, H and I). 

Similarly, by quantifying gel contraction as a surrogate of smooth muscle cell contraction 

when exposed to PAEC conditioned media, we found that KMT2E-AS1 knockdown in 

hypoxic PAECs generated conditioned media that decreased contraction seen in hypoxia, 

whereas forced expression of KMT2E-AS1 in PAECs increased contraction in normoxia 

(Fig. 4, J and K). Consistent with these alterations in vasomotor activity, KMT2E-AS1 
knockdown decreased secreted endothelin-1 (EDN1) in hypoxia, whereas forced expression 

of KMT2E-AS1 increased EDN1 in normoxia (Fig. 4L). Via sequences different from that 

of the above siRNA, antisense oligonucleotide gapmers targeting KMT2E-AS1 phenocopied 

siRNA silencing of KMT2E-AS1 with knockdown of KMT2E-AS1 and downstream 

VEGFA and EDN1 expression (fig. S4, A to C). We found that KMT2E-AS1 inhibited 

PAEC apoptosis and enhanced proliferation, migration, and vasomotor tone, consistent with 

a role that promotes endothelial dysregulation and PAH.

KMT2E SNV rs73184087 (G) allele was associated with WSPH group 1 PAH risk

Genetic control of HIF-2α activity can be facilitated by SNVs (27) that alter transcription 

factor binding sites. SNVs alter HIF binding sites even outside canonical promoter regions 

(27) with consequent disruptions of long-range genomic interactions with active promoter 
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sites. Thus, we screened for such SNVs relevant to this lncRNA-K MT2E locus within a 

previously reported WSPH group 1 PAH discovery cohort (“PAH Biobank”) of European-

descent (N = 694) individuals versus individuals without disease (N = 1560) (28) (table 

S5). Among the 883 genotyped and imputed SNVs (with minor allele frequency > 1%) 

within and flanking (+/−200 kb) the KMT2E-AS1 KMT2E tandem locus, we prioritized 59 

SNVs (table S6) with predicted HIF-2α binding to one of either the minor or major alleles 

using position weight matrices (PWMs) derived from HIF-2α ChIP-Seq (19). Among these 

SNVs, by Firth’s penalized logistic regression, we observed a significant association for 

rs73184087 (GRCh38:7:105087911) with the risk for developing PAH, with the G allele 

conferring an adjusted odds ratio (OR) of 1.86 [95% confidence interval (CI):1.30–2.67; P 
= 7.40 × 10−4] in the discovery cohort (Fig. 5A). Linkage disequilibrium pattern analysis 

revealed that there was no strong association of SNV rs73184087 with other neighboring 

SNVs (fig. S5). PWM scoring predicted more robust HIF-2α binding to the effect allele (G) 

of this SNV (log odds score 10.01, P < 10−8) versus the non-effect allele (A) (log odds score 

4.56). We then replicated the SNV association with disease risk in a second, independent 

PAH cohort of participants of European descent from the University of Pittsburgh Medical 

Center (UPMC cohort, table S7, N = 96 cases versus N = 401 non-P AH individuals, 

adjusted OR 2.53 [95% CI:1.25–5.13]; P = 0.01). We also replicated the association of 

rs73184087 in the All of Us (dataset v6) cohort, using International Classification of 

Diseases 10 (ICD10) codes to identify patients with PAH (European-descent) and other 

filters (such as pulmonary vasodilator medication use) to increase confidence in diagnostic 

accuracy (table S8, N = 52 cases versus N = 11,821 controls, adjusted OR 2.44 [95% 

CI: (1.25, 4.79)]; P = 0.01). Last, we replicated the association of this SNV in a global 

meta-analysis of five cohorts (N = 2181 cases versus N = 10,060 controls; total N = 12,241) 

including the PAH Biobank, UPMC cohort, and three additional European cohorts from a 

prior study (OR = 1.30 [95% CI: 1.08–1.56], P = 0.005). On the basis of the association with 

disease risk, this SNV was further characterized by functional validation.

SNV rs73184087 displayed allele specific binding to HIF-2α and long range interaction with 
the shared lncRNA KMT2E promoter

SNV rs73184087 is located at a KMT2E intronic site 75 kb downstream of the lncRNA-K 

MT2E shared promoter. On the basis prior capture Hi C mapping in lung tissue (29), 

we found a long range genomic interaction between this SNV and the shared promoter 

(Fig. 5B), consistent with the notion that SNV-bound HIF-2α can readily gain access 

to the promoter for transcriptional activation. In hypoxic PAEC extracts, oligonucleotides 

carrying the risk allele SNV rs73184087 (G) displayed preferential and increased binding 

to HIF-2α, but not HIF-1α, as compared with the major allele (A) (Fig. 5C). Confirming 

the functionality of such binding, placement of SNV rs73184087 downstream of a luciferase 

reporter gene demonstrated increased reporter gene expression with the risk (G) allele 

versus ancestral (A) allele in the presence of constitutive HIF-2α expression (Fig. 5D). In 

transformed lymphocytes from patients with WSPH group 1 PAH carrying SNV rs73184087 

(G/G) versus (A/A) genotypes (table S2), ChIP-qPCR via pulldown of HIF-2α demonstrated 

enrichment of binding to the (G/G) versus (A/A) SNV in hypoxia (Fig. 5E). To confirm the 

long range interactions of this SNV regardless of its genotype with the shared promoter, 

using transformed PAH lymphocytes carrying SNV rs73184087 (G/G) or (A/A) genotypes, 
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3C assays revealed SNV promoter interaction driven by either the (G/G) or (A/A) genotype 

(Fig. 5F). A 3C assay using PAECs with the A/A genotype confirmed a specific interaction 

between the SNV and promoter (Fig. 5G) but not upstream or downstream of the TSS/

promoter (Fig. 5H). Furthermore, under cobalt (II) chloride treatment where HIF-α is 

stabilized in normoxia (Fig. 5, I and J), lymphocytes with (G/G) genotype increased 

KMT2E-AS1 and KMT2E more robustly as compared with those with (A/A) genotype.

To determine whether such HIF-2α interaction is observed in endothelial cells, we generated 

inducible pluripotent stem cells (iPSCs) from these transformed lymphocyte lines (30) 

followed by redifferentiation (31) of those lines into endothelial cells, iPSC-ECs (fig. S6). 

Consistent with our findings in transformed lymphocytes, ChIP-qPCR in these iPSC-ECs 

revealed that the G/G locus displayed greater HIF-2α binding versus the A/A locus (Fig. 

5K). This increased binding correlated with increased transcript expression of KMT2E-AS1, 

KMT2E, and downstream miR210hg (Fig. 5L). Together, these data define an intronic SNV 

rs73184087 (G) allele-specific mechanism by which HIF-2α controls the expression of the 

lncRNA-K MT2E pair, thus offering a mechanistic explanation underlying the enrichment of 

SNV rs73184087 (G) allele in WSPH group 1 PAH.

Mouse lncRNA 5031425E22Rik (E22) phenocopied KMT2E-AS1 via a 500 bp conserved 
sequence

We determined whether mouse lncRNA E22 carries similar activity as KMT2E-AS1 in 

PAECs. Hypoxia up regulated E22 and KMT2E in mouse PAECs (fig. S1, J and K), 

mirroring the regulation of KMT2E-AS1 in human PAECs (Fig. 1, I and J). Lentiviral 

forced expression of E22 (fig. S7A) drove consequent decreased oxygen consumption 

and increased glycolysis (fig. S7, B and C). As with KMT2E-AS1, this mouse lncRNA 

controlled similar endothelial pathophenotypes, including migration, contraction, and 

regulation of vasomotor effectors (fig. S7, D to F).

Computational predictions of secondary structures of E22 and KMT2E-AS1 revealed 

putative conserved similarities across these mouse and human isoforms (fig. S8A), 

indicating its importance in this lncRNA’s conserved functions. Yet, because of the genomic 

proximity of this region to the lncRNA KMT2E promoter (fig. S8B), it was possible 

that the chromosomal region encoding this sequence was also important in controlling 

canonical promoter function in cis rather than lncRNA function in trans, as reported for 

other lncRNAs (12). To clarify these roles, we used a deletion mutant analysis to map 

a sequence responsible for an lncRNA-dependent function, such as VEGFA induction. 

This approach identified a 550- to 600-bp region in the 5′ end of the lncRNA transcript, 

conserved in both KMT2E-AS1 and mouse E22 (fig. S8, C to K). This region corresponded 

to the same functional domain of KMT2E-AS1 that controlled the interaction of H3K4me3 

with KMT2E and thus the expression of H3K4me3 (Fig. 2, N and O). Last, by reporter 

gene assay, deletion of this region did not affect canonical lncRNA-K MT2E promoter 

activity (fig. S8L), emphasizing the specific importance of this region for lncRNA activity. 

Therefore, these data demonstrated that mouse E22 and its conserved 550-b p domain can 

serve as a surrogate to define the in vitro and in vivo pathobiology of human KMT2E-AS1.
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Overexpression of pulmonary vascular mouse lncRNA 5031425E22Rik worsened PH

To investigate whether forced expression of mouse E22 in pulmonary vasculature could 

promote these epigenetic and metabolic alterations in PAECs and thus cause PH, mice 

received orotracheal administration of a recombinant adeno associated virus (serotype 6) 

carrying the 5031425E22Rik transgene (AAV6-E22 ) 4 weeks before a 3 week exposure 

to normoxia or hypoxia (Fig. 6A). AAV was chosen for long-term transgene delivery, and 

serotype 6 was selective for optimal endothelial delivery based on in vitro infection studies 

of PAECs, as previously described (32). Compared with AAV6-GFP–treated littermate 

mice, mice that were administered AAV6-E22 demonstrated a selective up-regulation 

of E22 in pulmonary vascular CD31-positive endothelial cells, as assessed by in situ 

stain (fig. S9A and Fig. 6B). AAV6-E22 increased KMT2E expression, H3K4me3, and 

H3K9me3 (but not H3K27me3), and HIF-dependent and vasoconstrictive gene expression 

with greatest consistency in normoxia and across most of the same indices in hypoxia 

(Fig. 6, C to F, and figs. S9, A to C, and S10, A and B). AAV6 E22 increased the 

presence of proliferation markers (Ki67+) in CD31+ (endothelial) pulmonary arteriolar cells 

in comparison with AAV6-GFP mice, most robustly in normoxia and with a further trend 

in hypoxia (Fig. 6, G and H). As a result, in both normoxia and hypoxia, AAV6-E22 
increased pulmonary arteriolar muscularization but less robustly vascular thickness (Fig. 6, 

I and J), whereas forced lncRNA expression increased right ventricular systolic pressure 

(RVSP) (Fig. 6K) and right ventricular remodeling (RV to body weight ratio) (Fig. 6L) 

primarily in hypoxia. Delivery did not affect heart rate, systemic mean arterial pressure, 

or left ventricular (LV) function (fig. S9, D to H). Thus, the mouse lncRNA E22 alone 

was sufficient to promote epigenetic functions and metabolic reprogramming and to induce 

histologic and hemodynamic indices of PH. However, the effects of forced E22 expression 

in isolation were not equally robust across all indices. In that regard, H3K4me3, H3K9me3, 

and histologic muscularization all displayed higher signals with hypoxic exposure alone 

compared with normoxic AAV6-E22 delivery (Fig. 6, E, F, and J), potentially indicating 

the importance of the hypoxic milieu and precise endogenous and tandem transcriptional 

elevation of KMT2E to drive the full extent of disease.

Mice with a deletion in the conserved 5031425E22Rik/KMT2E-AS1 sequence were 
protected from PH

To investigate the full pathobiologic activity of this lncRNA KMT2E tandem, we determined 

whether E22 was necessary to drive PAH when both the lncRNA and KMT2E are up-

regulated. We therefore used CRISPR-Cas9 technology to generate a mouse genetically 

deficient specifically in the conserved 550-bp sequence in E22 responsible for the control of 

PAEC activity (Fig. 7A). These knockout mice displayed decreased active E22 and KMT2E 

in CD31 positive pulmonary vascular endothelial cells (Fig. 7B and fig. S11A), consistent 

with knockdown of KMT2E-AS1 in human PAECs (Fig. 2, E and F). Consequently, under 

conditions of hypoxic PH to model group 3 PH, in both lung tissue and CD31-positive 

PAECs, H3K4me3 and H3K9me3, but not H3K27me3, were down-regulated in knockout 

mice as compared with wild-type littermate controls (Fig. 7, C to E, and fig. S10, C and D). 

This was accompanied by downstream reduction of VEGFA and EDN1 (fig. S11, B and C), 

consistent with our studies of cultured PAECs (Figs. 3J and 4L and figs. S7F and S8, E, G, 

I, and K) and control of VEGFA by H3K4me3 in hypoxia (Fig. 3J). As in cultured cells, in 
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situ staining of PAECs displayed lower expression of the proliferation marker Ki67 (Fig. 7, 

F and G). Knockout mice were protected from histologic and hemodynamic manifestations 

of hypoxic PH, including demonstrating decreased pulmonary remodeling/muscularization, 

RVSP, and RV/body weight index (Fig. 7, H to K) but without other differences in heart rate, 

blood pressure, or echocardiographic measures of LV function (fig. S11, D to H). To address 

the possibility of off-target CRISPR-Cas9 editing, a separate mouse line using alternative 

guide primer pairing was generated with a smaller conserved sequence deletion (300 bp). 

These mice exhibited similar reductions of E22 and RVSP (fig. S11, I to K).

To model angioproliferative group 1 PAH, the same mice carrying the 550-b p deletion were 

crossed with the pulmonary interleukin-6 transgenic (IL-6 TG) mouse (33) and exposed 

to chronic hypoxia. We observed decreased E22 and KMT2E (Fig. 7L and fig. S12A), 

H3K4me3 and H3K9me3 (but not H3K27me3) (Fig. 7, M to O, and fig. S10, E and F), 

VEGFA and EDN1 (fig. S12, B and C), and Ki67 (Fig. 7, P and Q) in CD31 positive 

pulmonary vascular endothelium. This resulted in a reduction of vascular remodeling, RVSP, 

and RV/body weight ratio (Fig. 7, R to U) but no differences in heart rate, blood pressure, 

or LV function (fig. S12, D to G). These findings demonstrated that this E22 lncRNA is 

necessary for promoting experimental groups 1 and 3 PH in vivo via epigenetic control of 

endothelial proliferation.

The histone lysine methyltransferase inhibitor chaetocin ameliorated PAH in vivo

To determine whether histone lysine methylation, as regulated by the lncRNA-K MT2E 

pair (Figs. 2, 6, and 7 and fig. S10), promotes PAH, pharmacologic inhibition of histone 

lysine methyltransferase activity across H3K4me3 and H3K9me3 was pursued with the 

small-molecule chaetocin (34) in a rat model of PAH (SU5416-hypoxia). A disease reversal 

protocol was used, where PAH was allowed to develop over 3 weeks of hypoxia before 

rats were removed from hypoxia and serial intraperitoneal administration of chaetocin was 

performed over two subsequent weeks of normoxia (Fig. 8A). In these PAH rats, elevated 

expression of lncRNA rat homolog of E22 (Fig. 8B) was observed and was not altered by 

chaetocin. Vascular KMT2E was modestly reduced by chaetocin (Fig. 8C and fig. S13A). 

However, chaetocin decreased downstream H3K4me3 and H3K9me3 (Fig. 8, D to F, and 

fig. S13, B to D), VEGFA (fig. S13, E and F), EDN1 (fig. S13, G and H), as well as 

Ki67 (Fig. 8, G and H) in CD31-positive pulmonary vascular endothelial cells. Chaetocin 

reduced vascular remodeling, RVSP, and RV to body weight ratio (Fig. 8, I to L) without 

alterations in heart rate, blood pressure, or LV function (fig. S13, I to M). When considering 

these comprehensive gain and loss-of function analyses via both pharmacologic and genetic 

means, we conclude that the mouse E22 and human KMT2E-AS1 carry conserved functions 

as epigenetic mediators of hypoxic metabolic reprogramming, crucial to pulmonary vascular 

proliferation, remodeling, and overt PH in vivo.

DISCUSSION

Here, we defined the KMT2E-AS1/KMT2E pair as a lynchpin of HIF-2α–dependent 

endothelial pathophenotypes for promoting PH, encompassing robust and convergent 

genetic, epigenetic, and metabolic processes in this complex disease (fig. S14). These 
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findings established epigenetic, metabolic, and RNA-based paradigms that control HIF-2α–

dependent physiology and endothelial reprogramming. Furthermore, by describing the 

mechanistic underpinnings of large scale epidemiologic and genetic associations, this work 

offers insight into the genomic functionality of SNVs contributing to clinical manifestations 

of PH. As a result, these findings introduce the potential of this lncRNA KMT2E pair 

as diagnostic markers as well as the lncRNA-K MT2E and downstream H3K4me3 as 

therapeutic targets.

Our work describes an lncRNA-dependent mechanism by which HIF-2α controls 

endothelial pathobiology and PH, with implications for other ischemic and hypoxic 

diseases (1). Although HIF-2α is canonically considered a transcription factor that 

binds promoter elements directly, our findings add to the emerging roles of genomic 

architecture, epigenetics (10), and context-specific features (35) that modulate HIF’s 

functions. This is particularly relevant for HIF-specific control of endothelial metabolism in 

ischemia and hypoxia (36). Our work more specifically identifies poorly defined regulatory 

paradigms that govern HIF-2α activity, including allele specific intronic SNV binding, 

long-range chromatin interactions, and lncRNA-dependent modulation of epigenetic histone 

methylation. In the case of SNV rs73184087, HIF-2α complexing to this locus occurs 

independently of a canonical HIF response element. This suggests that other factors mediate 

the interaction of this SNV with HIF-2α and potentially aid additional long range genomic 

interactions. Whether HIF-2α uses such strategies to exert genome-wide effects (19) and 

whether other SNVs may control such binding and chromatin contact (27) in additional 

conditions is not known. Overall, our findings should guide further understanding of 

context-specific alterations of local hypoxic or HIF-dependent cellular states, such as those 

described for senescent cells in PH (31) and beyond.

The connected biology between this lncRNA and KMT2E offers guidance in functional 

understanding of human lncRNAs. Defining the pathobiologic actions of lncRNAs is 

challenging because of the lack of full sequence conservation among most human lncRNAs. 

In this study, partial conservation of lncRNA sequence and secondary structure (fig. S8A) 

coupled with tandem gene chromosomal location guided our investigation. It is possible 

that other head-to-head chromosomal arrangements among multiple lncRNA-protein coding 

gene pairs also predict lncRNA activity based on the protein coding gene’s binding or 

functions. The connected biology of this gene tandem may underlie their cell type specificity 

and promoter-specific epigenetic activity (fig. S3C). For example, on the basis of our 

findings that endothelial cells, but not smooth muscle cells, displayed robust KMT2E-AS1 
up-regulation (Fig. 1, I and J), the context dependence of KMT2E function may be critically 

dependent on this lncRNA partner. KMT2E also controls diverse biological processes (37), 

across hematopoiesis, cancer stem cell renewal, spermatogenesis, autism spectrum disorder 

(38), and atherogenesis (39). Thus, similar to its binding partner, KMT2E-AS1 may also 

carry broad biologic actions in cancer as well as neurologic and cardiovascular conditions. 

Future studies should also explore whether this lncRNA integrates into a broader network 

of hypoxia-relevant noncoding RNAs—a process that could be aided by computational 

algorithms applied to pulmonary vascular biology (40).
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The identification of a noncoding SNV rs73184087 as a pathogenic mediator of HIF-2α’s 

epigenetic activity establishes a fundamental paradigm of a positive feedback loop that 

augments and sustains hypoxic reprogramming in PH. Although carrying a modest predicted 

effect on differential HIF-2α binding, SNV rs73184087 was the sole significant variant 

associated with PAH risk (P = 0.00074), perhaps reflecting the importance of genomic 

location and context in addition to binding. Other predicted HIF binding sites exist in 

the enhancer regions of the lncRNA-K MT2E gene locus (19), and these may be active, 

independent of SNV rs73184087 genotypes. Thus, such genetic control does not define 

a simple “on-off” switch for hypoxic reprogramming. Rather, our findings demonstrate 

that the presence of the G allele at rs73184087 augments an existing ability of HIF-2α 
to promote transcription of the lncRNA-K MT2E tandem, with more robust induction of 

downstream phenotypes. Such tunable activity could explain cell type differences, with the 

actions of the G allele at rs73184087 observed in normoxia in iPSC-ECs but primarily 

in hypoxia in transformed lymphocytes. These differences may stem from the fact that 

endothelium can carry augmented expression of HIF-2α even in normoxia and in PAH 

disease states (1). Thus, a more obvious display of the effects of the G/G SNP genotype 

could be seen in endothelium without an exogenous hypoxic trigger.

This positive feedback loop that augments HIF-2α expression offers a mechanistic 

explanation for the association between rs73184087 and the risk of PAH. The integral 

relationship of SNV rs73184087 with HIF-2α biology may also portend this SNV’s role 

in other hypoxic or ischemic conditions. In contrast, given the complex regulation of 

H3K4me3, this SNV may carry a variety of contrasting activities in such HIF-dependent 

conditions. Given the importance of histone methylation in a variety of chronic human 

diseases (41), well-phenotyped control cohorts without pre-existing chronic disease will be 

essential for appropriate interpretation of any further targeted SNV rs73184087 association 

studies. It is notable that the SNV rs73184087 risk allele (G) is known to carry a much 

lower prevalence in African, Asian, and Latin cohorts (42). Future work should prioritize 

determining whether variations of this allele drive ethnic differences in risk or outcome of 

PAH.

Last, the epigenetic action of KMT2E-AS1/KMT2E in hypoxic endothelial metabolism 

clarifies the pathogenic role of histone methylation in PH and beyond. It also establishes 

a platform to advance epigenetic and RNA-based diagnostics and therapeutics. Unlike 

other SET domain–containing methyltransferase family (MLL or KMT2) members, KMT2E 

promotes H3K4me3 indirectly (43) in a cell-specific manner. Whereas the KMT2E-

KMT2E-AS1 axis primarily controls hypoxic-driven H3K4me3, this axis also modulates 

H3K9me3, consistent with a therapeutic role of G9a histone methyltransferase inhibitors 

in PAH (7). Our genetic and pharmacologic data in vivo present an attractive opportunity 

for pursuing additive or synergistic therapy, with oligonucleotide inhibition of KMT2E-AS1 
coupled with pharmacologic inhibition of both H3K4me3 and H3K9me3. More precise 

targeting of specific mediators of HIF-2α activity rather than HIF-2α itself may carry higher 

efficacy for improvement of PAH and may better address the risks of broad endothelial 

HIF-2α inhibition in the lung (44). Beyond oligonucleotide technology targeting KMT2E-
AS1 directly, improvement of experimental PAH with chaetocin (Fig. 8) offers a foundation 

for optimizing small-molecule inhibitors that can target across both sets of H3K4me3 and 
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H3K9me3 marks. Because KMT2E and downstream histone methylation carry pleiotropic 

activity beyond the vasculature and lung, simultaneous, lung specific, and controlled release 

of drugs would be ideal, as shown with recent inhaled microparticle drug delivery in PH 

(45).

Our study has several limitations. Although multiple independent PAH versus control 

cohorts were used to establish SNV associations with PAH risk, the ability to match 

clinical characteristics completely across all PAH groups was not possible. Although the 

PAH Biobank discovery cohort and the UPMC validation cohort were adjudicated by expert 

physicians to ensure clinical accuracy, phenotypic information in the All of Us dataset 

relied on ICD codes and could be prone to error. This study also did not fully define the 

epigenetic pleiotropy of KMT2E-AS1, setting the stage for future work to analyze the link 

between this lncRNA and other KMT2 factors besides KMT2E. Moreover, the full context 

of how this lncRNA behaves in hypoxia was not defined. KMT2E-AS1 may require both the 

endogenous hypoxic milieu and precise transcriptional elevation of KMT2E, as suggested 

by our data showing that the pathogenic effects of forced lncRNA expression in isolation 

(Fig. 6) were not as consistently robust as PH improvement after lncRNA knockout (Fig. 

7). In summary, by coupling genetic epidemiology with mechanistic exploration, we have 

identified the KMT2E-AS1/KMT2E pair as a lynchpin of hypoxic, genetic, and metabolic 

endothelial reprogramming for promoting PH. These findings carry broad implications for 

understanding the fundamental molecular hierarchy driving HIF and hypoxic signaling and 

endothelial pathobiology. This work offers a roadmap toward more effective diagnostic and 

therapeutic opportunities focused on RNA-based and epigenetic platforms.

MATERIALS AND METHODS

Study design

This study was designed to investigate the role of lncRNA in pathogenetic development of 

PH and explore the potential of RNA-based and epigenetic platforms for early diagnosis and 

therapeutic opportunities. This objective was addressed by (i) identifying and determining 

the function of KMT2E-AS1/KMT2E lncRNA-protein complex in driving endothelial 

dysfunction via H3K4 trimethylation, (ii) identifying and determining functional SNV that 

mediates pathogenic epigenetic activity in orchestrating hypoxic reprogramming in PH, 

and (iii) determining the protective effects with knockdown of KMT2E-AS1/KMT2E and 

inhibition of H3K4me3 in hypoxic PH rodent models, revealing new prospective epigenetic 

and RNA-based diagnostics and therapeutics in PH.

Cell culture experiments were performed at least three times and at least in triplicate 

for each replicate. The number of animals in each group was calculated to measure at 

least a 20% difference between the means of experimental and control groups with a 

power of 80% and SD of 10%. The number of unique patient samples for this study was 

determined primarily by clinical availability. Animals sharing same sex, same genotype, 

and similar body weight were generated and randomly assigned to different experimental 

groups. No animals were excluded from analyses. Investigators performing hemodynamic 

data collection and histologic analysis were blinded to the groups.
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All animal experiments were approved by the University of Pittsburgh School of Medicine 

Division of Laboratory Animal Resources (DLAR). All experimental procedures involving 

the use of human tissue and plasMA and the study of invasive and noninvasive 

hemodynamics were approved by institutional review boards at the University of Pittsburgh, 

Brigham and Women’s Hospital, and Boston Children’s Hospital (studies 19070274, 

990835, 19050364, 19020233, 19050026). Ethical approval for this study and informed 

consent conformed to the standards of the Declaration of Helsinki.

Human patients

Informed consent was obtained for right heart catheterization and tissue sampling. For tissue 

samples derived from WSPH group 3 PH, diagnosis was made by an expert physician 

based on the criteria of having an elevated mean pulmonary arterial pressure (mPAP) > 

20 mmHg by right heart catheterization with PH deemed to be driven by hypoxic lung 

disease. For tissue samples derived from WSPH group 1 PAH, diagnosis was made by an 

expert physician based on the criteria of having an elevated mPAP > 20 mmHg, pulmonary 

capillary wedge pressure ≤ 15 mm Hg, and pulmonary vascular resistance ≥ 3 Wood units 

by right heart catheterization. For PAH cases, the expert physician adjudicated the diagnosis 

by ruling out left heart disease, hypoxic lung disease, or chronic thromboembolic disease. 

For OCT fresh frozen lung samples, human specimens were collected from unused or 

discarded surgical samples from participants diagnosed with PH (40). Nondiseased human 

lung specimens were described previously (40).

Statistical analysis

Numerical quantifications for in vitro experiments using cultured cells or in situ 

quantifications of transcript expression and physiologic experiments using rodents or human 

reagents represent mean ± SEM. Immunoblot images are representative of experiments 

that have been repeated at least three times and quantified using ImageJ. Micrographs 

are representative of experiments in each relevant cohort. Normality of data distribution 

was determined by Shapiro Wilk test. Means of two sample groups were compared by an 

unpaired two tailed Student’s t test for normally distributed data, whereas Mann Whitney 

U nonparametric testing was used for non-normally distributed data. For comparisons 

among different groups, one- or two-w ay analysis of variance (ANOVA) tests followed by 

Bonferroni’s post hoc analysis or Kruskal Wallis tests (where appropriate for non-normally 

distributed data) were performed. A P value less than 0.05 was considered significant.
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Fig. 1. Human KMT2E-AS1 and neighboring KMT2E are up-regulated across in vivo and in 
vitro models of PH.
(A) Gene structure of mouse lncRNA 5031425E22Rik (E22) located adjacent to protein-

coding gene Kmt2e is encoded on the opposite DNA strand and positioned in the opposite 

transcriptional direction. human lncRNA ortholog KMT2E-AS1 and neighboring gene 

KMT2E show similar genomic architecture; sequence conservation (purple box 500 bp 

region) is shown within mouse E22 and human KMT2E-AS1. (B to E) human lncRNA 

KMT2E-AS1 and KMT2E transcripts in lung tissue (B and C) (n = 7 to 10; *P < 0.05, 
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unpaired Student’s t test; data represent the mean ± SEM) and cd31+ cells (d and e) (n 
= 3 or 4; *P < 0.05, **P < 0.01, unpaired Student’s t test; data represent the mean ± 

SEM) of patients with WSPH group 1 PAH (table S1). (F to H) representative FISH and 

immunofluorescence (IF) staining and quantifications of KMT2E-AS1 (red; F), KMT2e 

(red; G), and h3K4me3 (red; H) in cd31+ endothelium of human lung from individuals 

with group 1 and group 3 PH versus non-PH controls (n = 5 to 8; ***P < 0.001, ****P < 

0.0001 versus no PH, one-way ANOVA followed by Bonferroni’s post hoc analysis; data 

represent the mean ± SEM). Scale bars, 50 μm. (I) KMT2E-AS1 transcript in cultured 

PAECs, adventitial fibroblasts (PAAFs), and PASMCs (n = 4 to 6; **P < 0.01, ***P < 

0.001, unpaired Student’s t test; data represent the mean ± SEM). (J) KMT2E transcript 

in human PAECs, PASMCs, and PAAFs (n = 4 to 6; ****P < 0.0001, unpaired Student’s 

t test for PAECs and PAAFs, Mann-Whitney test for PASMCs; data represent mean ± 

SEM). (K) KMT2E-AS1 (right graph) in cytosolic and nucleic fractions of human cell 

types [glyceraldehyde phosphate dehydrogenase (GAPDH) and U1 small nuclear RNA 

(snRNA) served as cytoplasmic and nuclear controls, respectively; left graphs] (n = 3; *P 
< 0.05, ****P < 0.0001, unpaired Student’s t test; data represent mean ± SEM). DAPI, 

4′,6-diamidino-2-phenylindole; AU, arbitrary units.
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Fig. 2. KMT2E-AS1 interacts with KMT2E to enhance protein stability and increase histone 3 
lysine 4 trimethylation (H3K-4me3).
(A and B) KMT2E-AS1 (a) and KMT2E (B) transcripts in hypoxic human PAECs with 

knockdown (siRNA) of HIF-2α and/or HIF-1α versus normoxic scramble control (NC) 

(n = 4 to 6; **P < 0.01, ***P < 0.001, ****P < 0.0001, one-way ANOVA followed by 

Bonferroni’s post hoc analysis; data represent mean ± SEM). (C) KMT2E-AS1, KMT2E, 

and HIF-2α transcripts in normoxic human PAECs with overexpression of a constitutively 

active HIF-2α (lV-HIF-2α versus LV-GFP control) (n = 4; ****P < 0.0001, unpaired 

Student’s t test; data represent mean ± SEM). (D) HIF-2α and KMT2e proteins in normoxic 

human PAECs transduced with lV-HIF-2α versus LV-GFP control (n = 3; ***P < 0.001, 

unpaired Student’s t test; data represent mean ± SEM). (E) KMT2E-AS1 transcript in 
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human PAECs under hypoxia and siRNA knockdown of KMT2E or KMT2E-AS1 (n = 4; 

***P < 0.001, one-way ANOVA followed by Bonferroni’s post hoc analysis; data represent 

mean ± SEM). (F) KMT2e protein in human PAECs under hypoxia and knockdown of 

KMT2E or KMT2E-AS1 (n = 4; *P < 0.05, **P < 0.01, one-way ANOVA followed by 

Bonferroni’s post hoc analysis; data represent mean ± SEM). (G) KMT2E-AS1 transcript in 

human PAECs posttransduction with KMT2E-AS1 lentivirus (LV-AS1) versus GFP control 

(LV-GFP) under normoxia (left) and hypoxia (right) (n = 3; **P < 0.01, unpaired Student’s 

t test; data represent mean ± SEM). (H) KMT2e protein in human PAECs transduced as 

in (G) by (n = 3; *P < 0.05, **P < 0.01, two-way ANOVA followed by Bonferroni’s 

post hoc analysis; data represent mean ± SEM). (I) KMT2E transcript in human PAECs 

under hypoxia and KMT2E-AS1 knockdown or 4 hour (4h) exposure to the transcriptional 

inhibitor actinomycin D (ActD) (n = 6; *P < 0.05, **P < 0.01, ****P < 0.0001, one-way 

ANOVA followed by Bonferroni’s post hoc analysis; data represent mean ± SEM). (J) 

KMT2e protein in human PAECs after KMT2E-AS1 knockdown or actinomycin d (ActD) 

exposure under hypoxia (n = 3; *P < 0.05, **P < 0.01, one-way ANOVA followed by 

Bonferroni’s post hoc analysis; data represent mean ± SEM). ns, not significant. (K) RNA 

immunoprecipitation (RIP)–qPCR [IP: KMT2e versus immunoglobulin G (IgG) negative 

control] of KMT2e protein in normoxia and hypoxia (left immunoblot). KMT2E-AS1 
transcript in the IP fraction of human PAECs after KMT2E-AS1 knockdown or ActD 

exposure (4 hours) under hypoxia (right graph) (n = 4; *P < 0.05, **P < 0.01, Kruskal 

Wallis test followed by dunn’s post hoc analysis; data represent mean ± SEM). (L) KMT2e 

protein in human PAECs after KMT2E-AS1 knockdown or proteasomal inhibitor MG132 

in hypoxia (n = 4; *P < 0.05, **P < 0.01, ****P < 0.0001, one-way ANOVA followed by 

Bonferroni’s post hoc analysis; data represent mean ± SEM). (M) h3K4me3, h3K9me3, and 

h3K27me3 in human PAECs after hypoxia and KMT2E-AS1 knockdown (n = 3; *P < 0.05, 

**P < 0.01, one-way ANOVA followed by Bonferroni’s post hoc analysis for H3K4me3 and 

H3K9me3, Kruskal-Wallis test followed by dunn’s post hoc analysis for H3K27me3; data 

represent mean ± SEM). (N) nuclear interaction of H3K4me3 marks and KMT2e protein, 

measured by proximity ligation assay (PLA; red, left images) and quantified by PLA counts 

per cell (right graph) in human PAECs after lentiviral expression of KMT2E-AS1 (full 

length) or KMT2E-AS1 deletion mutant (fig. S8) versus GFP control (n = 3 or 4; ***P < 

0.001, one-way ANOVA followed by Bonferroni’s post hoc analysis; data represent mean 

± SEM). Scale bar, 20 μm. (O) H3K4me3 in human PAECs under lentiviral expression of 

KMT2E-AS1 (full length) or KMT2E-AS1 deletion mutant (n = 3; **P < 0.01, one-way 

ANOVA followed by Bonferroni’s post hoc analysis; data represent mean ± SEM).
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Fig. 3. KMT2E-AS1 regulates a gene network driving hypoxic metabolic reprogramming.
(A) RNA sequencing of human PAECs revealed that 2480 genes are altered by hypoxia and 

reversed by either KMT2E-AS1 or KMT2E in hypoxia. GSEA reveals the major biological 

processes represented by these reversed genes. (B) heatmaps display genes in hypoxia and 

metabolism networks that are altered by hypoxia (leftmost column) and are reversed by 

KMT2E-AS1 (middle column) and KMT2E (rightmost column) knockdown in hypoxia. 

Adjusted P < 0.05 for each gene shown. H3K4me3 ChIP-Seq was also performed in 

hypoxic versus normoxic PAECs. A subcohort of these genes displays increased h3K4me3 

marks in hypoxia by co-analyzing these ChIP-Seq and RNA sequencing data (* indicates 

methylated genes with adjusted P < 0.05). (C) ChIP qPCR of h3K4me3 binding at the 

promoter site of the lncRNA miR210hg (n = 3; **P < 0.01, ****P < 0.0001, two-way 

ANOVA followed by Bonferroni’s post hoc analysis; data represent mean ± SEM). (D and 

E) extracellular acidification rate (ECAR) (d) and baseline OCR (E) of human PAECs after 

KMT2E-AS1 knockdown and HIF-2α overexpression (n = 10 to 12; *P < 0.05, ****P < 

0.0001, one-way ANOVA followed by Bonferroni’s post hoc analysis; data represent mean 

± SEM). (F and G) ECAR (F) and baseline OCR (G) after KMT2E-AS1 overexpression 

(n = 12; *P < 0.05, ***P < 0.001, unpaired Student’s t test; data represent mean ± SEM). 

(H and I) LDH enzymatic activity of human PAECs after KMT2E-AS1 knockdown (H) 
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and KMT2E-AS1 overexpression (I), a representative measure of glycolysis (n = 4; *P 
< 0.05, ***P < 0.001, ****P < 0.0001, two-way ANOVA followed by Bonferroni’s post 

hoc analysis; data represent mean ± SEM). (J) VEGF abundance in hypoxic PAECs after 

knockdown of KMT2E and KMT2E-AS1 (n = 4; **P < 0.01, ***P < 0.001, ****P < 

0.0001, one-way ANOVA followed by Bonferroni’s post hoc analysis; data represent mean 

± SEM), overlayed with ChIP-seq of h3K4me3 at the VEGFA gene in hypoxia versus 

normoxia.
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Fig. 4. KMT2E-AS1 induces HIF-2α activation and prevents HIF-2α degradation in driving 
endothelial pathophenotypes.
(A and B) HIF-2α protein in hypoxic human PAECs after knockdown of KMT2E-AS1 
(a) and overexpression of KMT2E-AS1 (B) (n = 3 or 4; *P < 0.05, **P < 0.01, ***P < 

0.001, one-way (A) or two-way (B) ANOVA followed by Bonferroni’s post hoc analysis; 

data represent mean ± SEM. (C and D) ELOC RNA (c) and protein (D) expression in 

human PAECs after hypoxia and KMT2E-AS1 knockdown (Fig. 3B) (n = 3 to 5; *P < 0.05, 

**P < 0.01, one-way ANOVA followed by Bonferroni’s post hoc analysis; data represent 

mean ± SEM). (E) HIF-2α protein in human PAECs after KMT2E-AS1 knockdown and 

MG132 treatment (n = 3; **P < 0.01, one-way ANOVA followed by Bonferroni’s post hoc 

analysis; data represent mean ± SEM). (F) apoptotic caspase 3/7 activity in human PAECs 

after KMT2E-AS1 knockdown under hypoxia (left) and KMT2E-AS1 overexpression under 

normoxia (right) (n = 3; **P < 0.01, ****P < 0.0001, unpaired Student’s t test; data 

represent mean ± SEM). (G) BrdU proliferative potential after KMT2E-AS1 knockdown 

in hypoxia (left) and forced KMT2E-AS1 expression in normoxia (right) (n = 3 to 5; *P 
< 0.05, **P < 0.01, unpaired Student’s t test; data represent mean ± SEM). (H and I) 

Scratch wound healing assay (h) measures migration of human PAECs after KMT2E-AS1 
knockdown under hypoxia (left, I) and KMT2E-AS1 overexpression in normoxia (right, I) (n 
= 6; ***P < 0.001, ****P < 0.0001, unpaired Student’s t test; data represent mean ± SEM). 

(J and K) human PASMC contraction in gel matrix (J) with conditioned media from PAECs 
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after knockdown of KMT2E-AS1 under hypoxia (K, left graph) and after forced expression 

of KMT2E-AS1 under normoxia (K, right graph) (n = 6; ***P < 0.001, unpaired Student’s 

t test; data represent mean ± SEM). (L) endothelin-1 in conditioned media from human 

PAECs after KMT2E knockdown under hypoxia (left) and forced KMT2E expression in 

normoxia (right) by enzyme linked immunosorbent assay (n = 3; ***P < 0.001, unpaired 

Student’s t test; data represent mean ± SEM).
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Fig. 5. G allele of KMT2E SNV rs73184087 binds HIF-2α to control the KMT2E-AS1/KMT2E 
pair.
(A) among 883 genotyped and imputed SNVs in the PAH discovery cohort (table S5) within 

and flanking (+/−200 kb) the lncRNA KMT2e locus, SNVs (table S6) are displayed with 

predicted HIF-2α binding to either the minor or major SNV allele. independent effective 

SNV test count was calculated at 53.84 (46). Of those, SNV rs73184087 ranks the highest 

and meets the P value threshold of 0.00093 (as indicated by the dashed line on the plot). 

(B) high throughput chromatin conformation capture (HI-C) in lung tissue (29) displays 

long range interactions between SNV rs73184087 and the transcription start site/promoter 

region of KMT2E-AS1/KMT2e (as indicated by the blue arcs below the graph). A distance-

normalized frequency (magenta dots) greater than the threshold of 2.0 by default (green line) 

defines a significant interaction with a SNV. (C) SNV binding of HIF-2α and HIF-1α is 

Tai et al. Page 30

Sci Transl Med. Author manuscript; available in PMC 2024 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



compared across the SNV a versus G allele (n = 3; *P < 0.05, unpaired Student’s t test; 

data represent mean ± SEM). (D) Luciferase activity in protein lysates of human embryonic 

kidney 293T cells transfected with a constitutively active HIF-2α plasmid and a luciferase 

reporter plasmid carrying the lncRNA-KMT2E promoter and SNV rs73184087 (A versus G 

allele) (n = 4; *P < 0.05, unpaired Student’s t test; data represent mean ± SEM). Luciferase 

activity is normalized to constitutively secreted alkaline phosphatase (GLuc/SeAP). (E) 

ChIP qPCR of HIF-2α binding to SNV in hypoxic transformed lymphocytes from patients 

with WSPH group 1 PAH carrying SNV rs73184087 (G/G) versus (A/A) genotypes (table 

S2) (n = 4; *P < 0.05, **P < 0.01, Kruskal-Wallis test followed by dunn’s post hoc analysis; 

data represent mean ± SEM). (F) In a chromatin conformation capture (3c) assay (top 

diagram) with three pairs of matched transformed lymphocytes (A/A versus G/G) from 

patients with WSPH group 1 PAH, PCR is used to detect transcription start site (TSS)/

promoter + SNV fusion products indicative of an interaction between SNV rs73184087 and 

the lncRNA KMT2E promoter. (G and H) detection of a lncRNA-KMT2E promoter and 

SNV fusion product (G) by 3c assay in human PAECs versus detection of negative control 

ligation products representing SNV interactions upstream or downstream of the promoter 

(h). (I and J) KMT2E-AS1 (I) and KMT2E (J) transcripts in transformed lymphocytes 

carrying A/A or G/G genotype with HIF-α induction by cobalt chloride (50 μM) by 

RT-qPCR (n = 3; *P < 0.05, **P < 0.01, ***P < 0.001, two-way ANOVA followed by 

Bonferroni’s post hoc analysis; data represent mean ± SEM). (K) ChIP-qPCR of HIF-2α 
binding with SNV in inducible pluripotent stem cell differentiated endothelial cells (IPSC-

ECS) carrying G/G versus A/A genotype (n = 3; *P < 0.05, two-way ANOVA followed by 

Bonferroni’s post hoc analysis; data represent mean ± SEM). (L) KMT2E-AS1, KMT2E, 

and miR210hg transcripts in IPSC-ECS carrying A/A versus G/G genotype by RT-qPCR (n 
= 3; *P < 0.05, ***P < 0.001, unpaired Student’s t test; data represent mean ± SEM).

Tai et al. Page 31

Sci Transl Med. Author manuscript; available in PMC 2024 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. Pulmonary vascular delivery of an AAV6-E22 transgene promotes PH in mice.
(A) experimental design for an AAV serotype 6 (AAV6) carrying either GFP or E22 
transgene delivered orotracheally to wild type c57Bl6 mice 4 weeks before exposure to 

3 weeks of chronic hypoxia. (B and C) E22 (B) and KMT2e (c) expression in mouse 

AAV6-GFP or AAV6-E22 mouse lung CD31+ endothelial cells by FISH and IF staining 

(n = 4; ***P < 0.001, two-way ANOVA followed by Bonferroni’s post hoc analysis; data 

represent mean ± SEM). (D to H) representative IF images for H3K4me3 (red; d) and 

Ki67 proliferation marker stains (red; G) in AAV6-E22 versus AAV6-GFP mouse lungs. IF 
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quantifications in pulmonary CD31+ vascular endothelium of H3K4me3 (E), H3K9me3 (F), 

and Ki67 (H) expression (n = 4; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, 

two-way ANOVA followed by Bonferroni’s post hoc analysis; data represent mean ± SEM). 

Scale bars, 50 μm. (I and J) Vessel thickness (I) and muscularization (J) for normoxic 

and hypoxic AAV6 E22 versus AAV6 GFP mouse lungs as indicated by α-S MA staining 

(white; d, G) (n = 4; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, two-way 

ANOVA followed by Bonferroni’s post hoc analysis; data represent mean ± SEM). (K and 

L) right ventricular systolic pressure (RVSP, K) and RV/body weight mass index (l) in 

AAV6-E22 versus AAV6-GFP mice (n = 6 or 7; *P < 0.05, **P < 0.01, ****P < 0.0001, 

two-way ANOVA followed by Bonferroni’s post hoc analysis; data represent mean ± SEM).
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Fig. 7. E22 knockout mice display decreased KMT2E and H3K4me3 along with disease 
improvement in mouse models of WSPH groups 1 and 3 PH.
(A) CRISPR-Cas9 edited mice deficient in a conserved 500-bp sequence (denoted a and 

d) shared between human KMT2E-AS1 and mouse E22. (B) FISH and IF staining for 

full-length E22 and KMT2e expression in CD31+ lung endothelial cells of hypoxic E22 

knockout (KO) mice with ad deletion versus wild-type (WT) controls (n = 4; **P < 0.01, 

***P < 0.001, ****P < 0.0001, one-way ANOVA followed by Bonferroni’s post hoc 

analysis; data represent mean ± SEM). (C to G) representative IF images of H3K4me3 

(red; C) and Ki67 (red; F) in hypoxic E22 (KO) mice versus wild-type (WT) controls. IF 
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quantifications in CD31+ PAECs (green) for H3K4me3 (D), H3K9me3 (E), and Ki67 (G) 

expression (n = 4; ****P < 0.0001, one-way ANOVA followed by Bonferroni’s post hoc 

analysis; data represent mean ± SEM). Scale bars, 50 μm. (H to I) Vessel thickness (H) and 

muscularization (I) for E22 ad KO mice versus WT controls as indicated by α-SMA staining 

(white; C and F) (n = 4; ****P < 0.0001, one-way ANOVA followed by Bonferroni’s 

post hoc analysis; data represent mean ± SEM). (J and K) RVSP (J) and RV remodeling 

(RV/body weight ratio, K) in hypoxic E22 KO mice versus WT controls (n = 10 to 16; 

**P < 0.01, ***P < 0.001, unpaired Student’s t test; data represent mean ± SEM). (L) E22 
and KMT2e expression in lung cd31+ endothelium of interleukin 6 transgenic (IL-6 TG) 

mice crossed onto E22 KO (ad deletion) mice by FISH and IF staining (n = 4 to 6; **P < 

0.01, ****P < 0.0001, Mann-Whitney test for E22, unpaired Student’s t test for KMT2e; 

data represent mean ± SEM). (M to Q) representative IF images of h3K4me3 (red; M) and 

Ki67 (red; P). IF quantifications of h3K4me3 (N), h3K9me3 (O), and Ki67 (Q) in hypoxic 

IL-6 TG E22 KO mouse lung endothelium versus hypoxic IL-6 TG PAH mice [n = 4 to 

6; *P < 0.05, ****P < 0.0001, unpaired Student’s t test for h3K4em3 (N) and Ki67 (Q), 

Mann-Whitney test for H3K9me3 (o); data represent mean ± SEM]. Scale bars, 50 μm. (R 
and S) Vessel thickness (R) and muscularization (S) for IL-6 TG E22 KO mice versus WT 

controls (n = 4 to 6; **P < 0.01, ****P < 0.0001, unpaired Student’s t test; data represent 

mean ± SEM). (T and U) RVSP (T) and RV remodeling (U) in IL-6 TG e22 KO mice versus 

controls (n = 5 to 10; *P < 0.05, **P < 0.01, unpaired Student’s t test; data represent mean ± 

SEM).
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Fig. 8. The histone lysine methyltransferase inhibitor chaetocin alleviates PAH in a disease-
reversal dosing protocol for SU5416 hypoxic rats.
(A) experimental design whereby Sprague-Dawley rats were dosed with SU5416 (SU) and 

exposed to chronic hypoxia for 3 weeks to generate PAH. Subsequently, PAH rats were 

dosed with chaetocin versus dimethyl sulfoxide (DMSO) vehicle control by intraperitoneal 

(IP) injection daily for 2 weeks in normoxia. (B) E22 transcript in lungs of DMSO- and 

chaetocin-treated SU + hypoxic rats compared with normoxic controls (n = 4 to 6; *P < 

0.05, one-way ANOVA followed by Bonferroni’s post hoc analysis; data represent mean 
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± SEM). (C) IF staining quantification of KMT2E expression in CD31+ lung endothelial 

cells of DMSO and chaetocin-treated SU + hypoxic rats versus normoxic controls (n = 

4 or 5; ****P < 0.0001, one-way ANOVA followed by Bonferroni’s post hoc analysis; 

data represent mean ± SEM). (D to H) representative IF images of H3K4me3 (red; D) 

and Ki67 (red; G). IF quantifications for h3K4me3 (E), H3K9me3 (F), Ki67 (h) in CD31+ 

PAECs (green) in SU5415 + hypoxic PAH rats versus controls (n = 4 or 5; **P < 0.01, 

***P < 0.001, ****P < 0.0001, one-way ANOVA followed by Bonferroni’s post hoc 

analysis; data represent mean ± SEM). Scale bars, 50 μm. (I and J) Vascular thickness 

(I) and muscularization (J) for chaetocin treated SU5415 hypoxic PAH rats versus controls 

as indicated by α-SMA stain (white, d and e) (n = 4 or 5; *P < 0.05, ****P < 0.0001, 

one-way ANOVA followed by Bonferroni’s post hoc analysis; data represent mean ± SEM). 

(K and L) RVSP (K) and RV remodeling (RV/body weight ratio, l) in chaetocin-treated 

SU5415-hypoxic PAH rats versus controls (n = 4 or 5; **P < 0.01, ***P < 0.001, ****P < 

0.0001, one-way ANOVA followed by Bonferroni’s post hoc analysis; data represent mean ± 

SEM).
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